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Preface

During the sumer of 1953, Dr. Raymond Wexler carried on his
research in cloud physics at this Institution, as a part of the
program in marine meteorology. His study of warm rain from trade-
wind cumulus clouds near Hawaii, which was carried out during thie
period, appears herein, Much of the data used in this study was
kindly provided by Mr. Alfred Woodcock and Mr, Duncan Blaachard and

many helpful comments were provided by them along the way,

Joanne S, Malkus
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Abstract

Observaticns and theory of rain from warm clouds are reviewed.

An analysis of the role of glant sea nuclei in these clouds indicates
that there ls a critical nucleus size which can becoms the largest
raindrops, while larger nuclei become smaller raindrops.

A theoretical analysis is made of the production of rain in wamm
clecuwds, The theory is applied to the mean data taken by Blanchard in
orographic rain in Hawaii. Mean liquid water contents of about 1 g =3
and updraft velocities of about 1 m sec=l in light rain and about 3 m

sec~l in bheavy rain are found.
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I. INTRODUCTION

In previous studies, measurements of temperature, water va,or content,
and turbulence in trade wind cumulus clouds, made from slow flying aircraft,
were analyzed, (Malkus 1954). Using a theoreuical steady-siate entrainment
model, nur-rous calculations of entrainment, liquid water content and up-
draft velccities were made from the observations., Mean liquid water contents
in trade wind cumulus were found to be considerably less than that derived
from the adiabatic ascent of a parcel of air, In genersl, updraft velocities
were found to increase with height above the cloud base, attaining values
of a few m/sec in the upper portions of the cloud, More recenily, the
data has been analyzed to determine the life history of large convective
bubbles of rising air in cumulus clouds (Malkus and Scorer 1954). Indi-
cations were found that the bubbles erode at a constant rate as they
ascend in the cloud, The interaction of bubbles tc form large cumulus
clouds was discussed.

In these studies no observations or analyses were made of clouds
producing rain, which frequently occur in trade wind cumulus of appropriate
depth, Temperatures throughout many of these clouds are entirely above
0°C (referred to hereafter as warm clouds), It is the purpose of this
paper to discuss some aspects of the production of rain from warm clouds,
and to present a methed of analysis of rainfall data msasured at different
levels in these clouds, By means of such an analysis it will be possible
W deternuine other properties of the cloud, such as liquid water content

and updraft velocity,
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II, OBSERVATIONS AND THEORY OF WARM RAIN*

Previous to World War II it was believed by many meteorologists that
only the ice phase could initiate precipitation in clouds, but many obser-
vations, both from temperate and tropical latitudes, show conclusively thati

rain may occur from clouds entirsly above freezing., Rain from warm clouds

has so far been observed over or near oceans and generally in tropical
regions, In the Bahamas wam rain falls frequently from a combination of
stratocumulus and cumulus clouds (Virgo 1950), In the trades near Guam,
moderate rain showers have fallen from warm stratiform decks 4,000 feat
thick, A survey of warm rain from orographic clouds in Hawaii (Mordy and
Eber 199;) reveal that the thickness of such clouds are generally 5,000
feet or more, although on one occasion appreciable rain fell from a cloud
less than L;,000 feet thick, During a 10-day period of observation, during
which appreciable rain fell, the clouds were cumuliform with base at 2,000
feet above sea level and were capped by a thin stratiform layer, a few
hundred feet thick, at the base of the inversion at an altitude of 7,000
feet, In Anstralia observations of warm rain clouds from aireraft and by
radar show that in L cases the depths of the cumulus clouds producing heavy
rain irtensities (15 to 70 mm/hr) were between 9,000 and 10,000 feet; there
was one case of light rain from a cloud 6500 feet deep (Styles and Campbell
1953). In genersl the duration of the rain was only about 15 minutes, Ob-
servaticns of trade wind cumulus indicate that appreciable wind snear wiihin

the eloud inhibits the production of rain,

Some of the information in this section is included in a chapter by the
author in a forthcoming books Tropical Meteorology by H. Riekl,
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Radar observations in Ohio show that the first radar echo irom dsvelap=-
ing showers in cumuius clouds occur frequently at temperatures abcve 0°C,
Subsequently the echo elongates, both upwards and downwards, and soon extends
to heights where the temperature is considerably below 0*C, Although ths
cloud tops may be several thousand feet abcve the top of the initial radar
echo, nevertheless the interpretation is made thet warm rain occurs initially
in these clouds (Battan 1953), These observations are the first indication
that warm rain may occur over continental interiors,

Although Findeisen (1939) rejected as contrary to experience the theory
that cloud drops can grow by colliision with smaller drops to raindrop size,
nevertheless his calculations showed that a drop l.4 mm in diameter can grow
by this process in a cloud 2,000 meters thick. The theory was revived by
Langmuir (1948) who showed that large drops wiil overtake and collide with
snaller droplets in its path, due to differences in fall velocity. Because
of the aerodynamic flow patterp, some of the smaller drops would flow
around the large drop without being caught, He introduced the concept of
collection efficiency E;, defined as that fraction of tne liquid water in its
geometric path caught by the larger drop., A theory was developed for com-
puting E, which was later found to be valid for large drops (Gunn and
Hitschfeld 1951), but his values for drops smaller than 0,1 mm in diameter
are probably invalid since he assumed the small droplets to have negliigible
dimensions, Langmuir calculated the time required for Grops oi various sizes
to grow to a diameter of 6 mm, approximately the size at which falling rain-
drops break up into smaller ones, and reasoned that a chain reaction of drop
growth would cccur thereafter. However, drop size measurements in warm rain

indicate that the drops & not reach break-up size (Blanchard 1953).
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Bowen (19%) computed the growth of a drop 25/4, in diameter in a
cloud containing 2% drops and a liquid water content of 1 g/m3. Using
Langmuirts colisction efficiencies he computed time-height trajeciories
of the large drop for various updraft velocities, He showed that the
final drop size depends primarily on the updraft velocity and is independent
of the assumed values of the colleetion efficiency or liquid water content,
His results show that in a cloud with an updraft of 1 m/sec, a drop is
carried aloft about 7,000 feet and then descends, attaining a diameter of
1.5 mm at the cloud base,

K basgic difficulty in the theory «f the growth of drops by coalescence
is the initial slow rate of growth. In a cloud containing 1 g/xx.\3 of
liquid water, a drop initially 20/bin dianeter would grow to hO/L in
about one hour, even if a relatively high value of the collection efficiency
were assumed, During this period 1n cumulus clouds the droplet would be
carried by the updraft to the cloud top where it would be unable to resist
evaporation and to descend through the updraft., A solution to this difficulty
was suggested by Ludlam (1951), who postulated that large drops LO to 80'/ov
in d ameter é.re already present near the cloud base, He attributed their

origin to the giaut sea salt nuclei found by Wesdeock (1952) to exist in

the atmosphere over or near the sea at altitudes up to 10,000 feet. When 4

brought into clouds these nuclel can grow by direct condensation to diameters

of kO to 80 M, within several hundred feet above the cloud base, Ludlam com-
‘

puted the subsequent growth of these drops in a cloud in which the liquid

water content was govermed by the adiabatic ascent of a parcel of air. Eis

calculations indicated chat if rain is to be initiated in a cumulus cloud, a

drop must attain a diameter of 0,3 mm by the time it reaches the cloud top.

Sy —y -
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This size is sufficient for the drop to resist evaporation during a fall
of several hundred meters from cumulus peaks and to settle back into the
cloud bulk and resume growth., His results indicate that for an updraft
of 2m/sec a minimum cloud depth of L4500 to 6,00C fsct is required for
the formation of rain,

Measurements by Weickmann and AutaKampe (1953) reveal that the drop
diameter in small cumulus clouds ranges from 6 to &0 W whereas in cumulus
congestus and cumulcnimbus it extends to 0.2 mm or more, An analysis of
their data by Bast and Marshall (1954) indicates that turbulence in
cumulus clouds increases the collection efficiency of emall cloud dre.s
thereby facilitating their.growth to raindrups,

The growth of drizzle in stratiform clouds less than 2,000 feet
thick has been analyzed by Mason (1952). He considered thet turbulent
d ffusion limits the 1life of droplets im clouds and showed from probability

thsory that a few drops are lilely to remain within the cloud for a period

of a few hours, during which they may grow by condensation and by coalescence

0 a drop diameter of 0.2 to 0.3 mm,

In conclusion, although it has been shown theoretically that gizat
sea salt nuclei are sufficient to initiate rain in wam clouds, it is not
kmown whether they are a necessary condition for its formation, It is
doubtful. whether these nuclei are present over continental interiors, such
as Ohio, where radar evidence indicates the presence of warm rain initially
in cumuliform clouds, Many of the direct observations of waru rain have
been from clouds with some stratiform characteristics., If the drops remain
within such clouds for a period of the order of an hour, they may aitain the

size of a small raindrop without the aid of giant salt nuclei,

@
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IIT, GROWTH OF SEA SALT NUCLEI IN WARM CLOUDS

—_———-

The growth of sea salt nuclei by rondensation for varicus relative
hmnidities and temperatures have been analyzed theoretically and experi.
mentzlly by Keith snd Arons (1953). From their work it may be shown that
drops containing sea salt nuclel of mass 100,1:[J-g and 1,00C7u/wg are likely
to have respective diameters of 20,‘# and L0 /u, at the base of a cloud,
Their further growth within the cloud by condensation and by coalescence
may also be computed providsd that suitable values of the collection
efficiency may be assumed. Kccording to Langmuir (19%8) drops smaller
that 30 ,p have zero collaction efficiencyﬁand therefore must grow entirely
by condensation. Drops with diameter grecter than 0,1 mm have collection
efficiencies (for aerodynamic flow) approaching 0,9; these drops grow
mainly by coalescence, For the purpose of estimating the action of sea
salt nuclei in warm clouds, let us assume a model cloud 5,000 feet thick
with a mean liquid water content of 1 g/m> and an updraft velocity of
60 cm/sec, As will be shown later from the Hawaiian data, light rain may
be expected to fall from such a cloud, For ithe computations the following

collection efficiencies are assumed:

Tabie I

Assumed values of éolleci;ion efficienciss it

Panatar R |
) (%) ‘ |
£ 30 0 I
30-40 30 |
60=100 60 |
4 100 90 3

-—



With the aid of the graphs of Eeiilh and Arons and equation (1) (below)

and Table I, it may be found that the 20/4,drop containing the lool(lug sait

mcleus, is carried aloft to a height of 5900 feet in the model clond; 2t

which level it has acquired a fall velocity equal to the updraft wvelocity.

Thereafter it descends through the cloud and attzips a raindrop diameter of
0,%: ma at the cloud bass; the total time for the trajectory is 50 mirutes,
On the other hand the kO/!« drop, containing the 1,000##g nucleus, is

carried up to & height of L4700 feet and then descends to She cloud base

with a diameter of 0,63 mm; the total time for this trajectory is 30 mimutes,

It is apparent that drops with nnclei larger than 1,000/763 will
become raindrops zmaller than 0.5 mm, Nuclei smaller than lOW(g will

be carried tc the top of the clond without attaining a f8l]l velocity equal

to the updraft, In cumuliform clouds such droplets will evaporate into the

¢loudiess air above., If, however, there is a ctratifom layer caused by

the spreading out of cumslus clsuds at the base of am inversiom, such as

exists frequently in Hawali, a few of toiese droplets may remain in this
laysr sufficiently long to zattain a size and £211 velocity to descend
through the clouvd talk and =aitain mactimum raindrop size,

&lthough it has been demnnsirated by Woodcock that both raindrops
and sea salt nuclel have size distributions showing an exponential decrease
in pomber with increasing size, it cannot be concluded that there is 2 one
to one correspondence between nuclei and raindrops, such that large nucled
become large rsindrops and small nmuclei become small raindrops., The sample
analysis above indicates that for nuclei introduced near the base of a

clowl there exists a critical size which may reach maximum raindrop size

while Jarger nuclei become amaller raindrops. The reason that thers are so

— — e 7 BT
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few large raindrops is to be found in the time of grewth, 4 largs nucleus
attains the size of a small raindrop in a relstively short time, DBecauss
of the much longer times of growth for the amaller nuclei, many aay never
reach raindrop size besause of evaporation at the cloud boundaries during

changing cloud conditions.

I¥. THEORTY OF GROWIH BY COALESCENCE

e e e ——— s

ifter a droplet has reached 2 dismeter of about &Df,, its subssquent
growth in a water cloud is almost entirely by coalsscence., 1In a steady
rain it may be assumed that the differencs in rain intensity or maximm
drop size at two levels in a cloud is derived from the growth of the
drops by coalescence with cloud liquid water between those levels, In
this section a theoretical anslysis is made of the information that may
be obtained from measurements of the rain intensity and maximam drop siss
at different levels of a cloud from which steady rain is faliling,

The growth of raindrops of mass m and diameter I by coalescence with
gnaller cloud drops is given by

a _ wD° EVL (1)
at -5

where E is the efficiency of catch, V iz the fall velocity of the raindrops
relative tc the cloud drops, and L is the cloud liquid water content. PFrom
(1) we obtain

d . -' 2
2-z @

If w is the updraft velocity and z the height, (2) may be written:

a . EL (3)
bz IM-w
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If drops of diameter D, grow to drops of diameter Dy over a height interval

Oz, then

3.
DZ-DI-KLAz % wjg (4)
D

where L and w now represent mean values over the given height interwval,
The integral on the right side represents the time for a drop to grow
from D) to D, in a cloud of effective liquid vater content EL = 2 g =3
and is plotted in fig. 1,

The variation of liquid water content with height may be determined
from an equation of continuity representing cloud production by the up-
draft, advection, the storage and precipitation of liquid water:

d (q+1L) = 1OR (5)
dt P e 92
where q is the specific humidity, eis the air density, and R is the

rain intensity, Hence

’a__(q+ L) ﬁul(q-»&) +v'a(q«_1_.) 0u'_a_(q++£) =1
at Q dx e I 4 rX; ] P9z

I+ will be agsumed that. the change of q and L with time (first t

£t hand side) are comparatively zmz2l, Horizouial advection (second
and third terms)} of the specific humidity may alsc be neglected, but
horizontal advection of L may be important., 7This latter term will be
included only implicitly by modifying the term w'aj which represents

the rate at which liquid water is being created b’grztm updraft. Equation
(6) then becomes:

Az 9z ¢

where f may be defined as the percentage effectiveness of the updraft in
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creating liquid water. For a parcel ascending adiabatically f = 1,
The portion 1 - f muy be considered to be lost to the cloud due to
horizontal mixing or entrainment, The liquid water content of a parcel
of air ascending adiabatically may be derived from (7) by setting R = O
and £ = 1,

We may define the efficiency of rain production by a cloud as the
ratio of the rair intensity at the cloud base to the amount of condensa-
tion made availabls by the updrait:

F = R (8)
Q"Aq

where /\ q represents the difference in specific humidity between the

clnud base and top.
The rain intensity is defined bys
R = 7oV - w) 9)
where n is the numbsr of drops of mass m. From continuitjr in steady
rain the number of drops entering a given volume is equal to the number

of drops leavings

n{V = w) = constant (10)

provided no drops originate or evaporste within the volume: Adderley ‘
used the equavionz nV = constant for drops greater than a given size,

and concluded from his data that the efficieucy of catch of large drops,

greater than about 1 mm in diameter, is about four times that of drops

smailer than 0,5 mm, This conclusion is contrary to experimental and

theoretical evidence., Adderiey neglected the updraft velocity which

affects the small drops more than the large ones., Furthermore the time

spent within a given height interval is considerably greater for the small {
drups, so that steady conditions; required for the use of (10), ars more

unlikely,
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V. TIiE HAWAIIAN DATA

In this section the theory wiil be applied to the data for orographic
rain in Hawaii (Blanchard 1953).. Much of this data was taken at two stations
on the northeast slope of the island of Hawaii: Station i at 3,000 £t msl
and Station S at 5,500 ft msl, The stations are located along the slope
leading to the saddle between two mountain peaks: Mauna Loa and Mauna Kea,
both extending to heights near 1,000 ft. A schematic diagram of distance,
wind and cloud conditions in orographic¢ rain is shown in fig. 23*

In order to apply the theory to the data it is assumed that the mean
rainfall at the higher elevation (Station $) is representative of the mean
rainfall at the same elevatiocn iu the free atmosphere from which the rain
at the lower elevation (Station ) iz derived. This assumption is admit-
tedly difficult to justify for individual observations since, due to the
motion of the air upslope, the rain would in general occur at an earlier
time than at the higher elevation, Moreover, the salt nuclei that ini-
tiate the rainfall may be quite different at the twv lccations, However,
the assumptuion may be valid for mean rainfall data because the cloud
depth decreases uniformly up the slope due to the constant level of the
inversion on the windward side of the slope. Since most of the growth
of the large raindrops occui's during their descent through the cloud,
the mean maximum drop size and the rainfall intensity should decrease
with haioht 15 s cloud in appivxXimailely ihe same manner as 1i decreases
along the mountain slope. The proportionality of rainfzll amounts to cloud
depths is indicated by annual rainfall maps of the region which show a
maximum at Station Li and a uniform decreasa of rainfzll amounts upward
along the slope.

-o--nmp----—-_---»-m--.—------c——--------ﬂ-

Thankz are due Mr, A. H, Woodcock cf the Woods Hole Ocesanographic Institution
for suggesting this diagrem.

B e Py ———— "
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The data for orographic rzin were taken on four separaie desys during
1952: for Staticn L, May 6 and July 8 (after 17l Hawaiian time), and
for Station 5, April 28 and 29, On these days the height of the inversion,
as revealed by the Hilo radiosonde, was between 7,000 and 8,000 feet.
Beiow the inversion the temperature followed approximately the moist
adiabatic lapse rate with a mean of 15C at 3,000 feet and 11C at 5,500
feet. The mean temperatures on May 6 and July 8 were about 1°C higher
than on KApril 28 and 29, but the effect of these differences on the
rainfall is considered to be small,

The data for orographic raln appear to be divided somewhat naturally
intc two categories: light rair and heavy rain., For Station 5 the data
for light rain range in intensity from 0.05 to 0.7 mn hr'l, and heavy
rain 1,1 to 2.5 mm hr~l, For Station & light rain ranged from 0.5 to
3 mm hrl and heavy rain 3.6 to 13.0 mm hr~l, Table IT shows the mean
number of drops arriving on a horizontal area of 1 me in 1 second for
each drop size interval, The mean rain intensities, as computed from

the drop size data, are included,

Table II

Mean nrumber of drops (m=2sec 1) and rain intensities (mg m~2
sec~l) at Station i (3,000 feet) and Station 5 (5,500 feet).
(Computed from Blanchard 1953).

Rain No. of
Drop diam. (mm): 0.l 0.3 0.5 0.7 0.9 1.1 1.3 Int, cases
light rain
_Statien S: 15,100 3160 105 100 13
Station L: 990 L760 1920 650 157 L20 1
Heavy rain
Station 5: 10,050 11,350 2420 158 15 450 é
Station kg 3,830 6,560 4LOT0 2110 1060 L25 103 1670 6

¥
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It ie aggsumed from ths data for light rain that yaindrops 0.5 mm in diameter
at 5,50 feet grow by coalescence to 0,94 mm at 3,000 feet and that the
respective rain intensities at the two levels are 100 and 420 mg m~2sec-l,
It is likewise assumed for heavy rain that 0.9 mm drcrs at 5,500 feet
grow to 1.35 mm at 3,000 feet with respective rain intensities of 450
and 1670 mg mn~’gec™L,
Fig. 3 illustrates the method by which the liquid water contents
and updraft velocities are derived from the above data, The straight line
represents the solution of (L) for drop growth, while the curved lines
represent the solution of (7) using rain intensity differences, A linear
increase in the liquid water content batween 3,000 and 5,500 feet was
assumed for the solution of (7)., For light rain with adiabatic conditions
(f = 1) and a liquid water content of L = 0.5 g m=> at 3,000 feet, it
is seen from the diagram that a mean updraft velocity of 60 cm sec—l
and a mean liquid water content of 1,0 g m™> satisfies the data. If the
liquid water content at 3,000 feet were L = O, then w = 1.5 m sec™! and
L=0,66¢g n~3 would satisfy the data, In view of the fact that the
cloud bage was frequently at an elsvaiion of 2,000 feet a value of
L0 = 0,5 g m3 at 3,000 feet appears more appropriate. For non-adiabatic
conditions, where £ = 0,6, then w = 1.1 m sec™* and L = 0,80 g m™3
satisfies the data., There is no independent way of estimating the value
of £, so that the solution may only be derived within certain limits,
Turning to the heavy rain case (fig. };) it is found that a mean
lJiquid water content of 0.95 g n=3 and a mean updraft velocity of 2 m mac-l
satisfies the data for adiabatic conditions, For non-adiabatic conditions

with £ = 0,6, mean values of 3.4 m sec™l and 0,77 g m™> are found.

g P — AN
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In the upper portion of the cloud there are two more unknowns: the
height of the cloud top and the maximum drop size at the cloud top. Further
assumptions are therefore necescary in order to determine an approxizate
solution, The assumption will be made that the terminal wvelccity of the
maximum drop size at the cloud top is equal to the average updraft velocity
between the 5,500 foot level and the cloud top. It is also necessary to
estimate the mean liquid water content of the top portion of the cloud by
means of continuity from the lower portion., For the light rain case where
Iy=0.5¢ m=3 and £ = 1, we know from fig. 3 that the liquid water content
ét 5,500 feet is about 1.5 g m-3, We thereforé estimate that the mean
liquid water content from that Levei to the cloud top is petween 0,9 and
1.2 g m~3, Using these values as limits it is found by the use of
equation (L) that the cloud top is between 7,100 and 6,600 feet for a
mean updraft velocity of S0 cm sec~l, Higher updraft velocities would
mean a lower cloud top. Since the height of the inversion was observed
to be between 7,000 and 7,500 feet, the above solution appears reason-
able fer the light rain case,

For heavy rain it is estimated in a similar manner that the mean
liquid wa£er content in the upper portion of the cloud is about 1 g m-3.
From (3) it is found that a mean updraft velocity of 1.5 m sec™l gives a
cloud top of 7,100 feet, while a 1.0 m sec™l updraft gives 7,900 feet.,

The only information that equation (7) gives us for the upper
portion of the cloud is that most of the iiquid water produced by the
updraft in this region is wasted away into the environment. Much of the

growth that occurs in this region is at tne expense of liquid water
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carried up from the lower portion of the cloud. We may estimate the
efficiency of rain producticn for the above solutions by applying (8).
For light rain an efficiency of 29% is found; for heavy rain it is
Y%, For thunderstorms an efficiency of rain production of about 20%

was found by Braham (1952),

VI. THE AUSTRALIAN DATA

Beczuse of the large interval between measured drop sizes in
the Australian data, the computed rain intensities at different
lavels are subject to considerable error, Due to such errors, the
results of applying (4) and (7) to the data are frequently either
unreasonable or inconsistent with cther observations, In particular
the computed mean liquid water content in the lower portion of ths
cloud is often found to be greater than the maximum possible mean
liquid water content as derived from the parcel method, For this
reason, the measurements for only one case from the Australian
data will be -analyzed heres March 18, 1950 as listed in Adderley's
Table ¥, 4&lthough this case is not completely consistent with
observation, the results wili illustrats the ’gype of problem that
arises in the analysis of the data, In the following table are
shown the rain intensities at diffe-ent levels and the drop diame
eters for n(V - w) = 25 m~2 sec"l; where n refers ic ths aumber

of drops greater than the indicated diameter,




Table III

Rain intensities and dmp' diameters (Adderley's Table 3).
The OC level is at 13,000 feet,

Reight Rain intensity Drop dianeter
(feet) (mg n-2gec~1) (=m)
2,000 225 1.30
10,000 140 i.13
11,000 oL 0.93
12,000 65 0.78
13,000 56 0.70

Applying (4) and (7) to this data, it is found that the following dis-

tribution of liquid-wa.ter and updraft velocity represent a solution:z

Table IV

Mean liquid water conﬁents and updraft velocities,

Helght interval Liquid water Updrafi by
(thousand feet) g m~2) (m sec-1) (%)
9-10 0.7 2,0 100
10-11 1.10 1.0 L5
11-12 1 000 0 .5 0
12-13 0,h8 0,5 0

According to Adderley the base of the cloud was betwsan 9,000 and 10,000
feet, For any reasonable updraft velociiy, the druvp zize data require a
liquid water convenv greater than would be derived for a parcel of zir
ascending adiabatically from 9,000 feet, If a liquid water content of
0.4 g m™> at 9,000 feet were asswssd, implying a cloud base below 9,000
fost, than the v

EAR )

TavieIV are consisisnt with the drop

size data, A& mean updraft veloclty of 2 m sec~l in the lowest portion of

a stratiform cloud deck appears somewhat high, but appreciably lower up-
draft velocities would require impossible values of the liquid water

content,

o

1
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Between 10,000 and 11,000 feet somewhat different values of L, w and
f are possible for consistency with the data, However, appreciabiy lower
values of the updraft would make it discontinuous with the derdived values
in the lower portion of the cloud, and appreciably higher updrafts would
requive charply lowsr vaiues of f. Between 11,000 and 13,000 feet the
drop growth can be 8xplained almost entirely by liquid watsr being carried
aloft from lower elevations, an indication of considerable evaporation of
the cloudy air into the eanviromment at the upper levels of the cleud.
The values derived iu Table IVindicate +%hat only about 11% of the water

produced by the updraft precipitates from the cloud,

VII, SUMMARY

Although direct observations of warm rain have so far bsen made
over or near the sea, interpretations of radar observations indicate that
warm rain also occurs over continental interiors at least initiaily in
showers., More direct cbservations of the phenomenon over inland areas
are degirable, Theory indicates that giant szalt nucliei near the base
of a cloud can initiate warm rain in cumuliform clouds. Ia the absence
of these nuclel, cloud drops may grow to raindrop size if, perhaps with
the aid of turbulent diffusion, they rsmain within the cloud for a period
of about an hour,

On the assumption that giant salt nucleil are introduced into the
base of = werm cloud, il was shown that there exists a critical nucleus
sizs which can reach maximum raindrop size, while larger nuclei become

smaller drops and smaller nuclei, in general, do not attain raindrop size.



- 20 -

A theoretical analysis was made of the information that may be
obtained from rainfall data at different levels in warm clouds, If it
is assumed that the differences in rain intensity and maximum drop sisze
at the two levels are due to growth by coalescence between those levels,

the mean liquid water cornients and wdralt

<3l +3 batwaan thnaa lavals

may be camputed, provided that suitable estimates may be made of ths
entrainment of cloud free air, The theorjr, applied to the mean rainfall
data for orographic rain measured at two different levels along ths
slope of the island of Hawall, indicates a mean liquid water content

of about 1 g n~3 throughout the cloud, Mean updraft velocities in the
lower 3,000 feet of the cloud range from about 0.6 to 1 m sec~l for
light rain, and 2 to 3,5 m sec~l for heavy rain, About 30% of the
liquid water made available by the updraft falls from the cloud zs raln,
while the remaining 70% is wasted away into the environment mainly

from the upper portions of tle cloud,
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Pitles for Ilustrations
O

Fig, 1. Value of integral fgg for Dl = 0,1 om, The ordinate represents

the time in hundreds of g‘econds for a drop to grow by coalescence from
an initial diameter of C,1 mm. in a cloud of effective liquid water

content 2 g n-3,

Fig, 2, Schematic diagram of cloud forms in orographic rain on the
island of Hawail,

Fig, 3, Light rain, Hawaii: Mear liquid water contents and updraft
velocities required for observed drop growt. (straight line) and
observed increase in rain intensity (curved lines) from the 5,500
foot level to the 3,000 foot level, Values of L, represent the
liquid water conteat in g m=3 assumed for the 3,000 foot levels

f is a measure of the amount of entraimment and equals unity for

adiabatic condition,

Fig. 4o Heavy rain, Hawaii: Mean liquid water contents and updraft
velocities required for cbserved drop growth and increase in rain
intensity between 5,500 ard 3,000 feet.
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