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prec L b of this article, which does not include

The basic physics of the three he . heation pe occurring
inside clouds is now weil established, slthough in the cage of the formation of the
ice phase some more apecific informstion i required.  Accursie quantitative
predictions of the nuclearing sciivity of artificially produced es are gradually
tmerging, ‘The calculated Rrowth ssten of & populstion of cloud droplets growing
by condensation within o rising percel of wir sgree well with observation only if
mining between the parcel and ity enviranment is considered, The efficacy of the
collision snd coslescence hanism which suppl the cond ion procesa s
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axwramaly sensitive W the valum of the collision efficiencies for amall clowd dvop-
lem, The most recent calculetions suggest that the 18 pm thrwshold s incerrect
snd that droplem of ller redii can collide. This point end the pamible
imporuncs of electrical forces in triggering the coalesconce process require further
cxperimenial study. The bination of the hastic approsch with by
dewmrmined collision eficiencies have produced lioth putations of the
growth of populstiona of cloud droplets by mesns of coslesomce. The extremely
tapid growth rates observed in cortain situstions are probebly & consequence of
eluctrical forces. The majority of conditions under which mindrops becoms
unstabls whils falling thivugh a choud have been blished end are supp d by
. T' theory. Experi ] dias of the of growth layers
m'unmmmhun-mmulyumﬂnhhitnﬁumhhmunﬂ-dby
variations in the surface migration di of molecules, but further work on the
qt'-nl'n-diu'-. quired bafore o defnitive lusion can be drewn. Collec-
ponﬁeienci-dhmhhnhmmndndunhmﬁmmly
Whymdnmicﬁflvhpod, itati - ding now existe
of the hest and mass exchange of hailatones of uenplified gesmetry, permitting
muMhthlhv-mmmmm
wm.mm-mmd—mwmdm.-a

mhv-nhqhnn " blished. H , the physics of tha individual
muom.oemmdmﬂ\e g P is not well und d. None of
the skplanations thet have beun p d for the F sons and multiplication of

hmh-ﬂh“nw:humo'cmhmvﬁpco\ﬂy
explored, sithough shecorofreesing is supp d by sppraciable evidence snd may
be respansible for the prisnary crystals in cenain situstions.

1. Introduction

In order to achieve s comprehensive understanding of the properties and
he!mriour of atmospheric clouds it is necessary to approach the problem from two
quite scpante viewpoints, which should ultimately converge. On the macroscopic
scale attention is devoted to the dynamical properties of clouds, the movement of
sir within and sround them, the exchange of energy between the clouds snd their
environment, the stshility of the stmoephere, and the meteorological conditions
under which particular cloud types develop, mature, snd dissipate. The micro-
physics of clouds, on the other hand, is concerned with the constituent doud
particles, their interactions, and their growth to produce rain, snow, hail, and other
forms of precipitation. 1t is this second line of approach that i adopted in the
present srticle, the overall objective, an defined by Fietcher (1962 1), being to
expluin the behaviour of the cloud as a macroscopic entity in terms of the micro-
scopic entities that compose it. Since it is difficult 10 obtain an overall perapective
of the causal relationships and general continuity involved in the develapment of
clouds from the discrete subdivisions utilired in the remainder of this article, o
.llelelnl description of the essentisl microphysics falling within it» scope is prenem.ed
in the following paragraph.

Clouds are formed because the relative humidity of moist air incresses as it in
conled by expansion. At s supersaturation ranging from « few hundredths to several
m.uh_- af 1%, condensation occurs on microscapic neutral or charged dust panicles,

4 1 1L

plets, ar crystala,  Abave the condensation level the most

sctive nuclei grow into droplets, and the supersaturation passes through a maximum.
The m?mbet of fltople!l formed depends upon the number of nuclel sctivated,
which is & function of the maximum degree of supersaturation attsined. This
depends upon the nucleus spectrum, the air temperature, and the updraught
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velocity, At temperstures below 0 °c cloud droplets become supercooled. These
droplets will not freese homogeneously unless the temperatures are extremely low,
and freesing is generally a consequence of heterogeneous nuclestion by foreign
particles. Alternstively, ice msy grow directly from the vapour on sublimation
nuclei. The threshold temperature st which en ice-forming nucleus hecomes
effective depends upon its dimensions, surfsce and crystatiographic structure, and
physical properties. In view of their scarcity, ice crystals are not generally observed
in clouds until their summits have penetrated to temperatures as low as sbout
~20%, slthough evidence exists for the formation snd multiplication of ice
particles at much warmer temperatures in certsin types of cloud. 1n the early stages
of cloud development the particles are extremely small and grow only slowly. The
cloud in therefore relatively siable, If growth continues the microstructure of the
¢loud eventually becomes unstable either by collision and coslencence of hecause of
intersctions between water droplets and ice crystals. The relative motion of amall
cioud particles involves complex seradynamic snalysis, snd collision cfliciencies are
difficult to determine. The probability of coslescence or aggregation on collision
depends upon a variety of factorn including electrical effects and can range from zero
1o unity; the coexistence of ice crystals and supercooled droplets is immediately
unstable in view of the difference in vapour pressure over ice snd water. The
growth of ice crystals from the vapour is mast rapid when the crystsis are amali,
because the diffusion gradients st the crystal surfaces are then very sharp. Once the
crystals have become apprecishly larger than the coexisting supercooled droplets the
difference in their fall velocities produces an sccelerating collision rate resulting in
the formation of granpel or hail. Snowflakes are formed in glaciated regions of
clouds by the aggregstion of ice crystais. T'he develop of precipitation particles
may be significantly affected by electrical forces at many stages of their growth.

In view of the desite 1o provide a comprehensive discustion of the micro-
physical processes outlined in the preceding paragraph, limitations of space have
preciuded consideration of several topics of importance in cloud physics. These
include cloud modification, cloud dvnamics, radat studies, sources of atmoapheric
puclei, the nucleating ability of apecific materialn, descriptive material obtained from
atudies of natural clouds, current technigues of measurement, and the physical
ptoperties of water snd ice. A final subject to be exctuded from consideration in the
clectrification of clonds. ‘This topic is of great importance but ia covered fully in
the companion article by Stow (1969)

Despite these restrictions it has been necessary to devote less consideration than
it desieable 10 many excellent microphysical stndies. For a more detailed snd com-
prehensive coverage of the varinus aspects of cloud physics the resder is referred to
the excellent textbooks of Mason (1957) and Fletcher {1962 a). For s less advanced
but hroad coversge of the aubject matter the reader is referred to the hooks of
Mason (1962) and Byers (1965}

2. Nuclention processes within clouds

"I'hree phase-changes may be nanociated with the formation and growth of clowda:
the condensation of water vaponr tie foren clownd dropleis, the growth of ice fiom the
vapour by means of sublimation, and the freezing of supercooled water droplets,
A common characteristic of all three phasc-changes is that they require nuclestion.
In sny phase near the transition point there are microscopic variations in structure,
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dint':n—ad by Frenke! (1939, 1948} under the description * heterophase " fluctustions,
which correspond to the transient appearsoce of embryos of the neighbouring phase.
An undersanding of the nuclestion process can be schieved from s study of these
fluctuations,

Although nuclestion i effected in the atmosphere by mesns of foreign particl
snd is therefore heterogeneous, the essential physics of these phue-chargeo c:;
most cleasly be illuminated by consideration of the basicslly similar snd simpler
process of homogencous puclestion and then extending this trestiment to take
sccount of the nuclesting particles. This procedure is sdopted in $§2.1 and 2.2,
which are concerned respectively with the condensation of water vapour and the
nuclestion of the ice phase within clouds.

2.1. Condensation of weter vapour

7 In the case of the homogeneous nuclestion of water-vapous condensation the
fr.ee-encrq change AG asscciated with the formation of an embryo droplet of radiua
7 in & supersatursted vapour of pressure p ot & tempersture T in given by

4
8G = -3 wr*w, ATIn (P';-)um-.,,, @1
where w, is the numbe‘r_of- molecules per unit valume of liquid, & is Boltzmann's
Constant, p. is the equilibrium vapour pressure at the tempersture T over a plane
liquid surface, and o, ; is the interfucial Free energy per unit area between liquid
snd vapour.
This frec-energy change must be a minimum foe a system in equilibri

d
the values of AG and r st this point sre determined by setti . D¢ 0
equstion (2.1), which yields 7 seing 9AGH3r = 0 in

. 16wo, o?
and 89" = SR AT (FI ¢
. 2o
" TIn(lp) @

for the equilibrium values. Equation (2.3) is the classi i igi
by Kebeetiren Eq (2.3) is the clasical formula devived originally
Droplet embryos with radii r < * sre unstable and tend to di ‘

A h s isa r under the
bnﬁ‘mng: of thermal ayitation. However, embryos that have excer::; the cr:ticnl
radiun r* tend to grow without limit and become macroscopic droplets, It is
therefore necessary to evafuste the rate at which embryos of this critical size sre
(g‘e;:ze;ted d'l]t:l!.l'l the vapour. This calculstion was firse made by Volmer and Weber

, snd their spprosch was subsequently improved by Beck i
and by mote recent workers. " yimP ¢ e and Doring (1935)

Il we ssaume that the total number of emb i igi i
v A ryo droplets is negligibly small in
c'tl)tnpll’lml‘l with w1}, the ber nf isted mnlecules per unit voh,lme, then
the number of embryos #{r*) having the critioal radive #* may be represented by

m{r*) x n{1)exp{~ AG*/AT), (2.4)
and the flux of embryos through the vslue r* is then
J = Ba{l}exp( - AG*{AT). 25

The canstant B, representing the net rate st which an embryo of critical size gains
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one molecule through collisions with surrounding vapour molecules, can be deter-
mined from kinetic theory, Substitution of numerical values into equation (2.5)
shows that the critical supersaturation far homogeneoua nuclestion of water-vapour
condensation is extremely insensitive to the value of B, which explsine why ¢ dense
fog suddenly appesrs s the saturation ratio in increased in expansion-chamber
experiments, but in markedly dependent upon tempersture. A comprehensive
discussion of thermodynamic and kinetic sspects of the homogeneous nuclestion of
vapour condensation han heen provided by McDonald {1962, 196 a).

A similar procedure can be adopted in calculations of the nucleation rates
governing the formation of droplets within atmespheric clouds by means of hetern-
geneous nuclestion on condensstion nuclei. In the case of the condensation of
water vapour on a plane surfsce of an insoluble particle, which was first treated in
detail by Volmer (1939), the critical supersaturation dependn upen the angle of
contact ¢ of the liquid on the sbstrate, which controls the curvature of the embryo
droplet, "The critical free energy is found tn be

16wy *

B = g AT In(pip. )P

f{M), (2.6)

where M = cond and

I(M)'(Z+M)£1—ﬂ”'_ 2n

“T'he value of the critical (ree encrgy in equation (2.6) is different from that for
the homogenecous case, presented in equation (2.2), only by the fector f(AM). Since
—1¢ Mg ! it follows from equation (2.7) that 0 € /(M) < 1, so that foreign surfaces
huve the genersl property of reducing the free energy necessary to form a critical
embryo. Calculation of the numher of embryos of critical size and the pucleatinn
rate per unit area follow the same lines an hefore and will not be presented. A
detsited conniderstion of the kineticn of this process has been presented by Prund
et al. (1954). Valuen of the critical saturstinn ratio required 10 produce a flux
J of 1 cm-Ys-% upon a plane substraic of given contsct angle at O °c have heen
shown by Fletcher (1962 a) to vary from 1 st ¢ = 0, through 2:9 at 4 = 9%, to 4-4,
the homogeneaun nuclestion value, at ¢ = 1R, Confirmation of these calenlations
was found by Twomey (1959 1) uning glase surfaces covered with flms of more or
less hydrophobic substances in a conti cloud chamber,

A further extension of the Volmer Weher theory has been made by Fletcher
(1958, 1959 a), who included the etfects of particte size. 1 the nuclesting pacticle is
considered to he & aphere of radiun r then the critical free energy can be evaluated
as outlined previously except that the genmetry is more complicated. The final
remilt i

Herery o ?

8G* =~ 5, kT tngpip /A8 X (28

where

. g ATIn(plp.)

Nea o= P 29)

and

1- AX\? X-A (X - AR X—M

MX)=t4|-28 O Dol DY s . 2= 1),
fiM,X) +( "')+lz o(*s )+( ")]x»,mx( . )
(2.10)
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with

= {14+ X°-2MX ). (21%)
The nucleation rate per particle, based on the spproximation thet the kinetic
cosfficient is simply proportional to particle ares, is given by

Ix o ,ﬁ‘ﬁt 4 1 w([) exp( - AGY/AT), 2.12)

where m is the mass of a vapour molecule and a’(1) is the number of single molecules
sdsorbed per unit area of surface. When r > ¢® the pre-exponentisl factor hes the
approzimate value 10% 4wr®.

These enpressions were wtilised by Fletcher to derive curves, illustrated in
figure §, showing the nuclestion behaviour of insoluble particles 3 a function of
radive and contact angle. It con be scen that in order to be an efficient condensation
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Redivg ieim)
Fi.upl. Cﬁlhlmrlﬁmnﬁohnuhdmd-mdwhhI-upnnnp-niehol‘
givin nd-mmdmthmrﬁumdcﬁndbyu-m‘. [From Fleicher 1938,)

nucleus & particle must not only have & ressonably large diameter, but must also have
a small contact angle for water. It is therefore incorrect to follow the procedure of
many workers who have eimply used the Kelvin equation to determine the nuclea-
tion efficiency of small particies; this saumption is correct only if coa b = 1.

Evidence in favour of the curves presented in figure 1 has been provided by the
messurements of La Mer and Gruen (1952), Twomey (1959 5), and Fictcher (1959 b).

Flewcher (1962 ) pointed out that the existence of surface imperfections such
# pits or steps, which will generally oceur on nucleating particles, will slways
lower the supersaturstion requited for nuclestion upon & plane or convex surface
il the imperfections are lurge in comparison with the critical embryo. Indeed, if the
contact wngle is small enough and the angle of the step sufficiently scute for the
emhbryo 10 possess & concave surface, then the emhryo may be retsined under
unssturated conditions, ss it would also in & conicsl cavity, a3 demonstrated by
Turnbull (1950). I the surface features are small-scale, such se the growth eteps
produced by the emergence of screw dislocations on crystal faces, the critical
saturation ratio ie not significantly altered. No qusntitative studies have yet been
made of the influence of surface features on the condensation criteris.

Cloud phynics

Condenestion on ions is of little stmospheric interest, although nuclestion
theories would benefit from an explanation of the observation of Wilson (1899) thae
negative ions aro active as condensation nuclei at much lower supersaturations than
positive ione.

‘The aucleation of water draplets by small soluble particles is of grest importance
in the stmosphere. In panticular, sodium chloride particles produced by the
bursting of bubbles at the ocean aurfaces are plentiful and highly efficient condensa-
tion nuclei, especially in maritime regions. The droplets involved are so large that
it is & valid spproximition to neglect the effects of statintical Auctuations and treat
the droplets from s macroscopic equilibrium point of view, in which the behaviour
of an individual particle becames completely predictable. Since the water-vapour
presauce over an squeous solution is less than over pure water it is pomible in many
situations for droplet growth to nccur in undermrurated conditions. Thie problem
har been solved 10 a ressonably high degree of accuracy hy the wark of Kohiler
(1926), Wright (1934), Howell (1949), McDonald {1951 a), Dufour and Dufay
(1953), and many others, and the values of the critical radius and raturation rstio
are given approximately by the equatinns

W

e (213)

{:;)‘ - l+(%.}2)"', (214

where @ 2 3-3 % 10-4/Tand b= 4-Jim{IV; m is the mase of solute of gramme molecular
weight I¥, and i is the van "t Hoff factor. These relations were utilized by Howell
(1949) and other workers to derive Kohler curves giving the equilibrium radii of
solution droplets a» s function of the saturation ratio and to cslculate the rates of
growth of populations of cloud droplets by condensstion. Thia latter topic is
discuaned in §3.2,

Fletcher (1962 x) luded from = brief discussion of mixed nuclei that con-
densation is pasticularly favoured upon particles consisting of & mixture of soluble
and insoluble components. The presence of the insoluble companents enbances the
effectiveness of the moluble salts, since less water in required to make s droplet of
given size, snd the resulting solution is more concentrated. This important topic
has received no detailed stention, however.

and

2.2. Nuciration of the ice phase

Although condensation occurs in the stmosphere st temperstures very close to
the dew-point, marked supercanling of cloud droplets below °c ia generally
observed. These observations are & consequence of the fact that forcign particles
that are active in the nucleation of the ice phuse are present inside clonds in con-
centrations much less than these of condensstion nuclei. The nuclestion of ice
crysina within clonds may, in principle, be effected cither by the freezing of super-
conted water dropleta or by direct sublimation of vapour upon fareign particles,

A theory of the homogeneous nucleation of ice crystals within s volume of
supercooled water in formally almost identical with the theory of the nucleation of
water droplets from a superssturated vapour, which was comsidered in §2.1.
Based upon the originsl anslysis of Becker and Doring {1935) it has been extended
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by several workers, notsbly Mason (1952), McDonald (1953 b, 1964), and Fletcher
(1962 b, 1963 6). Within the supercooled liquid there in a population of water
molecules which have combined to form embryonic groupe of ice structure, the
numbers of groups of a given size depending exponentially upon the free eneryy
required for their formation,

Because ice in a crystslline structure it is no longer generally sufficient 10 con-
sider the embryos to be spherical, and a more general polyhedral form must be
considered. The exposed faces of the embryo will be those of lowest free energy,
and the equilibrium habit can be determined by minimizing the total free energy
of «n embryo of given size with respect to its habit. Since no definite information is
svailable concerning the free energics of different crystal faces it is necesssty to yse
an average free encrgy op, per unit ares,

H we assume o particular cryseal habit for the embryo then it is convenient 1o
consider an inscribed sphere of radius r so that the volume of the embryo is fnr¥a
snd its surface sres 4nr*f, where a snd B sre both grester than unity but approsch
unity as the polyhedron tends 10 o epherical shape.

Following the procedure sdopted in §2.1 it can be shown that the nucieation

Tate in given by the equstion
Ag) -ﬂG')
= elp( ) (2.15)

LA =
S Pl ( x
where A is Planck's constent, Ag is the sctivation energy for self-diffusion scross the
liquid-solid boundary, and the critical free energy is
16moy, * ¢
AG* ~ yaz At 216

where « = Ba%, AT is the degree of supercooling, snd AS, is the entropy of fusion
of ice per unit volume, Since the coefficient of exp(~AG*/AT) is of order
10% cm %41 the nuclestion rate may be expected to have o very sharp threshold.
This prediction is quslitatively consistent with the observation of an extremely well-
defined freexing threshold close to — 46 °c.

Accurate computstions of the rate of production of embryos as s function of the
degree of supercooling cannot be made at present in view of uncertsinty as to the
geometry of the embryo, the value of Ag, snd, particularly, the correct values of
oa;,. However, Muson {1952), utilizing the assumption that the embryo
the form of an isometric hexagonal prism and values of oy, calculated from the
messured freeting temperatures of extremely pure dropleta in the dismeter range
1-50 um, derived curve (ii) of figure 2, which is seen to be in excellent agreement
with experimentally determined freezing temperaturey of very pure drops over an
extremely wide range of dismcters. More recent mesturements by Hoffer (1961)
sre alse in good sgreement with Mason's curve. Figure 2 aleo demonatrates that the
median freezing temperature of impure water drops of dismeter ranging from shout
20 um to 2 mm is related 1o the drop volume ¥ hy the equatinn

logV = A-B(273-T), 217

where £ wnd B sre constants for the particular sample of water under test,

The formsl theory of the hemogeneous nuclestion of ice by sublimation has
been covered essentinlly by the foregoing discussions of cond ion snd freezing,
and will therefore not he presented, However, because of the rough vimilarity in

g
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the surface (ree energies of ice snd wster, the processes of homogencous condensa- !
tion snd homogeneous sublimation proceed under similsr conditions, snd when the i
tempersture is below 0 °¢ it is interesting to determine which procens will occur

more rapidly. Fletcher {1962 a) has shown that the rate of formation of crysials will : |
exceed thase of droplets if I‘

In(pipn) , . (2ur)™ 218
m(oirey> (o) @1

where py and p are the satuested vapour pressures over s plane surface of ice lll.d I
water reapectively, ma and ny, are the corresponding numbers of molecules per unit

o1y

volume, and ogy and oy the carresponding interfacial free energies. From a
“10,~
t
i
|
E .
s :
E !
4 l
E v
|
|
£ !
A A J
') nS.- oG pem 1 lem 10cm
Orep dipmeter
Figure 2. Freezing temperatures of superconied water dmpe a2 ¢ function of their d .. i '.l
(i) Experimental points of Figg (1953 ») for drope eomtaining Inreign nuclei; curve hased B
on equation (2.17); (i) experimental points of Massop (1955), Jecobi (1955), Pound et of.
{1953}, Fogm (1953 &}, Meyer and Phal (1935), Bayardelle (1955%), Wylie (1951). Carte
(1958), end Langham and Masnn (195R) for extremely pure drops, sd curve for homa-
geneous nuclestion from equation of Mason (1952): @ Bige: + Corte; .\ Mossop;
. I Langham and Mason.

Median freezing temprrstures for dismeters <05 mm; otherwise lowest freezing
temperstures. (From Magon 1962}

consideration of equation (2.17) and the experiments of seversl workers Fletcher
concluded that sublimation will not bhe important st temperatures above about
-65°c,

The most setisfactory method of incressing the amount of precipitation from
supercooled clouds ia to initiste the ice phase by introducing seeding material, such
s4 silver iodide, in the form of smalf particles, However, the degree of quantitative
control over precipitati in extremely small, since the physics and
dynamics of cloud modificstion is imperfectly understood. The practical problem |
it to predict the nucleation behaviour of sn serosol of given size distribution when
introduced into & cloud ut » particular temperature. Before this problem con be '
solved it is necessary to understand the moleculsr kinetica and energetics of the

———
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h 1

oge ion of the ice phase. A detailed review of curreat thinking

on this topic bas been preseated by Fletcher (1968).

lnlmcmgemnud-ﬁnnmiderthe[rmholnniumbryoupona
small foreign particle. The presence of the perticle eliminates many of the statistical
difficulties encountered in the theory of s nucleation, and since the
experimental conditions ase g ly such that the embryo ins many th d
of molecules the validity of spplying macroscopic concepts such as surface free
energy is not reslly in question.

Following Fletcher (1960, 1963 b, 1965) we consider s small crystaliine embryo
2 of prismatic habit growing upon & plane substrate 3, in an environment |, The
free energy AG required for the formation of this embryo depends upon the inter-
faciel free energies o, between the different phases snd the (ree-energy difference
AG, per unit volume between phases 2 and 1. If the embryo has m prismatic faces,
s thickness A, and & minimum width 2r, then sn explicit expression for AG can be
whitten

AG = wrrth AG, +wmNay— oy +og)+ 2umrha,,, (2.19)
where
- -! n)
w="tn (; : (2.20)
The expression for AG can be simplified by introducing the parameter
ma B (2.21)

Oia

which s the competibility of the embryo with the substrate; m lies between
~ 1 and + 1 and spprosches + 1 for complete compatibility.

The critical free enerky AG* can be determined in the manner described pre-
viously, snd it is then possible 1o estimate the distribution of embryos of various
sizes upon the nucleating substrate. A similer procedure can be folfowed for shapes
other than prismstic. [n undersaturated conditions the distribution will be static,
slthough individusl moleculsr clusters will continually form snd disperse. In
supersaturated conditions the nuclestion rate of free-growing crystals can be written

Ju KEIP(-e‘g’:),

where the kinetic factor X involves both the number of sdsorbed single molecules
per unit sres and & factor describing molecutar capture. For the growth of ice
crystals from the vapour K is extremely lacge (~ 10% em~"5-1), and the suclestion
behaviour is therefore very sharp,
More general considerstion of nucleation , r with a di j

of the nuclestion behaviour of stepped mﬁpmitmﬁllnh m
particles, has been presented by Tuembull (1950), Fletcher (1958, 1959 s, 1960,
1962 a, 1963 ¢}, Head (1961), and Higuchi and Fukuta {1966). Jn general, stepe

(2.22)

famucm-mwmmdw.

et hwmfmﬂmquhuwmdlﬁnﬂ' the tempers-
turcbelnv.hichnpnrtickohginnm-ndlurfmpunmr-wiuuucl—um
ice crymal within & particuler time interval either by direct sublimation from the
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vapour or by freezing. The calculations in each case involve seumptions as to the
free energy of an ice-vapour or ice-water intecface, but the curves are not critically
dependent on the values sssumed snd are alwo fairly insensitive (o the shape of the
particles involved. It ia therefore possible to predict the nuclestion behaviour of an
strosol from these curves pravided it in known whether it ety by direct sublimation
or by condensation fallowed by freezing, and that ity particle-size distribytion and
the appropriste value of m can be found. In practice, however, it is difficult to
establish these facts directly. For instance, in the case of silver iodide Fletcher
(1959 b) has presented evidence suggesting that ice-crystal formation occurs by
direct sublimation, and he derived on this sssumption a theoretical curve of sctivity
agsinat temperature (Fletcher 1959 ¢} which wen in excellent sgreement with most
experimentally determined actevity enrves. However, in the detsiled studies of
Bryant ¢ al. (1959} snd of Mason and van den Heyval (1959}, who examined the
nuclestion behaviour of ementially plane and nestly monocrystalline substsates of
silver iodide, it was found that at temperatures sbove — 12 °c ambient conditions
slightly exceeding water saturation were required hefore ice crystals nuclested upon
the aubstrate. This work suggests that hetween — 12 °c and the threshold tempeta-
ture of ~ 4 °cice-crystal formation is initisted by condensation followed by freezing.
There exista 2 conflict, therefore, between the measured relstionship between
huclesting ability and particle size, which cannot be explained il nilver iodide
particles act m freezing nuclei, and the observed nucleation threshold of - 4 *c
which is spparently inconsistent with the sublimation mechanism.

Further information which illuminates this problem ia provided by the careful

of the nuclestion behaviour of nesrly monodisperse milver indide
stroscls performed by Edwarde and Evans (1960, 1961, 1968) and Edwards o1 of.
(1962). ‘They established that silver indide particles prepared st the isnclectiric point
are generally more efficient sa freezing nuclei than as sublimation miclei, and that
even in carefully prepared manndisperse acrosols particles of the same size and
habit may have different mucleation thresholds. ‘This second finding is probably
ssmocisted with the state of ionic sdwnrption or surface charge on the nucleating
crystal, as predicred by Fletcher (1959 d). Fletcher (1965) considered it unlikely that
the particles posscssed surfoce features of dimensions sufficiently large to con-
tribute significantly to this varisbility.

Fletcher concluded that freezing was probably the operstive nuclesting
mechaniam in the lshoratory experiments deseribed previously. In stmospheric
clouds, however, the supersaturation rarely exceeds 0-1%,, which is not sufficient to
osusc condensation upen a plane silver indide surface, sithough some capillary
condensation could occur in re-entrant cavities. The nucleation behaviour of o
smoke under these rircumstances will thus depend in detail upon its mode of
preparstion and injection into the cloud, and may well differ grestly from the
predictions of lsboratory messurements.

Clarification of the conflicting evidence concerning the mechaniem responsible
for the nucleation of the ice phase in stmaspheric clods and maodification experi.
menta is provided hy the recent atwlirs of Fletcher (1968). dle made 8 revised
calculation of the nuclestion efficiency of sitver iodide smokes aa produced by res
burners. In his original treatment Fletcher {1963 b) obtained theoretical activity
curves on the amumption thet the smoke particles ected s sublimstion nuclei with
8 threshold tempersture of — 4 %c. Hlis revised calculsti took of the
studies of Pruppscher and Neiburger {1963), Linke (1965), and De Pens and
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Caimi (1967), together with the Fact that the smokes comtain » hygroscopic com-
penent which causes cobdensation on the particles in » cloudy environment.
Nuclestion then occure by freesing with a threshold of — 4 *c, s shown in figure 3,
and sublimation is not of spprecisble importance. The output curves predicted
from thie revised s are very similar to those derived from the sublimation
mechanism but are about one order of magnitude higher, and in good agreement
with experiment. This, however, is 8 much smaller output than would be predicted
for simple freezing behaviour without the intervention of the soluble tomponent.

Tempeeatars (')
1)

-3

A A
0 o 10 [
Lquivalort radinn of AqY compongmt (1)

Pil'nu_J.f" letod nucleation threshold for smoke p of{i)(Agll..l(lnd(iilA..Kl
i & cloud envirenmant, Curve fiin) indicates the freezing threshold for Agl particles
suspended in pure weser, (From Fletcher 1961 )

Fletcher concluded that shthough the calculstions were carried out for a silver-
indide—p ium-iodide complex the hehaviour is not serwitive 10 the exact nature
«r mole fraction of the soluble companent, so that the results may be regarded as
having wide generality,

The consensus of evidence suggests thet ice crystals are genentlly formed in
situstions of atmospheric importance by condensation followed by freeting, and not
directly by meuns of sublimation. In this connection it should be noted that once s

sufficient for this purpose, so that no m,
detection techniques would merely reveal the growth of an ice cryotal. In addition,
Fletcher {1962 &) has pointed out that & composite nucleus containing & soluble and
an insoluble particle can sct m » freesing nucleus st less than ice seturation,
From a discusion of the molecular sspects of nucleation und the studies of
Fletcher (1959 ¢, 1962 b, 1963 o, 1964), Edwarde and Evane {1962), Zettlemnyer
o &l (1961, 1963), Msson o of, (19634}, Van der Merwe (1963), and Miloshev
and Krmm (1963), Fletcher (1965) has proposed severul criteria for efficient
nuc! agenta:
L mhﬁtfmdlhnukuhlmwmuumdlﬂnmmd
mmkahudntmdontothemormmolecﬂaiumelow-
index plane of ice.
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2. In order 10 reduce the entropy penalty the set of sites conidered should
contein spproximately equst numbers of positively snd negatively charged
members.

3. The material should have & low shear mudulus in order 1o minimize the
clastic strain energy.

4. The nuclesting surface should he hydrophobic and, in the casc of sublima-
tion, show finite but minimal water-vapour adsorption.

Fletcher concluded that » proper understanding of nuclestion phenomena will
be detived primarily from further fundamental studies of the structure and
energeticn of the interfaces involved, and of the sdsorption and growth phenomena
associated with then,

3. The grewth of ralsdreps within clouds

Reindrops may be formed by the interaction of cloud droplets or by the melting
of ice particles. Tn this section we are cancerned with the former procesa, in which
the growth does not involve the ice phase. The initial growth of cloud droplets
occurs by condenmation on active nuclei. This process becomes increasingiv
ineflective a the dropleta grow, primerily because the concentration gradients of
water-vapour molecules st the droplet aurfaces diminish with increaning size, and is
supplanted st a radius around 20 um by collision and cnalescence, 8 mechanism that
becomes increasingly powerful as the droplet size increnses. A knawledge of the
coliision and coslencence efficiencies of colliding droplets is of crucial importance
for calculstions of the rates of grawth of droplets. These efficiencies are extremely
sennitive to droplet aizes and the strength of electrical forces in the early stages of
growth,

In calculstions of the rates of growth of populations of c¢loud drapleta by
condensation or coalescence it in necesnary to consider the combined influence of the
growing particles upon their mutual environment.

3.1 Growth of individual droplets from the vapour

In §2 « discumsion was presented of the nuclestion of a liquid dropiet on &
foreign particle. Inside 8 cloud the concentration and distribution of droplets
formed by this condensation process will depend upon those of the available sctive
nuclei, The next stage of the growth process is continued growth by diffusion of
water vapour to the droplets in 2 supersaturated environment,

We consider initinlly the growth of s solution droplet of radius r and density g,
8t rest in a supersatursted environment in which the concentration of vapour
molecules at & grest distance from the droplet is n,. This vapour diffuses towards
the droplet and condenses upon it, and from the requirements of continuity of Aow
we can write the concentration of vapour molecules at any point R by the approxi-

mate equation
V'a(R) = 0. {3.1)
Bolution of this equation with sppeoprinte boundary conditions gives
dr Dy, P-»
0= v, ( ? )- 62

where D is the diffusion coefficient of the vapour molecules, p, the density of water
L]
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vapour in the environment, p the partial pressure of vapour st s large distance from
the droplet and p,’ that in equilibrium with the surface of the droplet.

The growth rates predicted by equation (3.2) are applicable, with a high degree
of accuracy, to droplets at rest in their environment. In clouds, of course, droplets
will be falling at their termins! velocities relative to the immediately surrounding
sit, and this ventilation effect increases the rate of supply of moisture. The corrected
growth equation is given by

& Dox (00) 1 py
@™ e (50 ) 1R, o, 3.3
where the ventilation factor f(Re, Pr’), involving the Reynolds number Ry and P,
the snalogue of the Prandil number, has been caleulated by Squires (1952 8) and
ranges from 103 for droplets of 10 um radius to 166 when r = 100 pm.

‘The next stage in the development of the growth equations is to cvaluate the
vepour pressure p,’ in equilibrium with the droplet during its growth. This
involves the curvature of the droplet suriace, the presence of solute, and the hesting
of the droplet by release of latent hest of condensation, 8 process that is governed
by & continuity equstion identical to (3.1) except that n is replaced by the temp
ture T. Incorporation of these factors slong the lines slready discuseed revuhts in &
final growth equation, correct 1o & high degree of accuracy,

dr
dt
where 5 is the superseturstion of the environment relstive to s plane surface of pure

water, @ snd & invelve respectively the effects of surface curveture and solote
concentrstion upon p,’, and

Dp, |, DL p, MyJ(Re, v')

G- fr+2 RTSRj(Re. Py |" (3:5)
where M, is the gramme molecular weight of water, R is the gus constant, . is the
latent hest of vaporization of water, k ia the thermal conductivity of air, and the
dimensionles function f(Re, Pr), involving the Prandtl number Pr, i & ventilstion
factor associsted with the removal of hest from the dreplet. Equation (3.4) ia quite
general and spplies to the evaporstion of Isege raindrops as well aa to the growth or
evaporation of cloud droplets. Equations governing the evaporation of rsindrops
in the presence of vertical gradients of temperature and relstive humidity have been
derived by Caplan (1966).

r

= G(s-%+ 5) /(Re. v, 3.4

L A cmq-mchwaw.bcm

Equation (3.4) describes the growth of & single droplet in & supersaturated
environment. Hawever, in the stmosphere we are concerned with the growth of o
lorge populetion of droplets in & rising sir mass. Although it can be shown that in
the early stages of growth, corresponding to drop sadii of less than 10 or 20 um,
the lsrge separstions of individual droplets render their probability of mutual inter-
sction negligible, the droplets nevertheless infl each other through their
combined influence on their common environment.

A qualitstive picture of the condensation process in s rising current of air cen
readily be presented. As the air ascends it expand imately adiabatically, snd

r¥
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the saturation ratic increases. As soon s the saturation point hes been passed
condenastion occurs on the available suspended nuclei, the most efficient being
activated first. For a period of time theresfter the supersaturation i to
increase, an incressing number of nuclei are activated, snd the mte of production
of liquid water continues tn rise. Eventually, however, the increased rate of vapour
removal associsted with the growth of cloud drmplets, which can be deduced by
re-t1pressing equation (3.4) in termn of the rate of mase incresse of droplets, pro-
duces s reduction in the degree of supersaturation which falls towarde zero. Since,
a8 can be seen from equation (3.4), dr/de oc -+ 5 the initisily wide range of droplet
sizes produced by the hroad activity apectrs of condensation nucles will be narrowed
us the smaller droplets grow more rapidly than the larger ones.
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Figure 4. Growth of & populstion nf draplets from a miven distribution of NaCl nuclei s
romputed by Motdy for air sacending ot 15 am s-). The varists of the super i
it given hy the hroken curve in dance with the scale at top. Each growth curve is

labelled in rerme of the number of moles of NsCl contained. (From Mordy 1959)

The growth of populations of cloud droplets has been studied quantitatively by
several workers using computationsl techniques, snd the predictions of the pre-
ceding general sigument have been confirmed. The general procedure sdopted by
Howell (1949), Mordy (1939), and Neiburger snd Chien (1960) has been to aseume
un initisl spectrum of nuclei and updraught apeed U snd to compute the rate of
growth of droplets by conderisation in n environment whose supersaturation can be
calculated from the value of U/ by mesanas of equations of the type lormulated by
Squires (1952 b), which sssumes adishatic ascent. Twomey (1959 b) han mede
similar calculstions using observed nucleus apectra.

Typical growth curves of » population of droplets from a given distribution of
sodium chloride nuclei computed by Mordy, which illustrate the narrowing of the
droplet spectrs and the increase and subsequent decresse of the superssturation,
sre presented in figure 4, These curves slso demonsteate that extremely smail
nuclei ure ineflective in promoting growth at superssturstions of magnitude com-
parable with those occurring within clouds, and that gisnt sodium chlotide nuclei
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grow extremely rapidly snd fall out of the cloud. A further point evident from
figure 4, which is aiso borne out by the calculations of the other workers, is that the
superssturstion in & growing cloud is extremely emall, typically sbout 0-19%,
surpaming 1%, only under extreme conditions.

The calculations of Howell, of Neiburger and Chien, and of Mordy were all
baned on the asumption that no mixing occurred between o parcel of air containing
o specified populstion of cond i lei and its surroundings. However, the
mixing parsmeter deduced by Mason and Emig (1961) permitted Mason and
Chien (1962) to compute the growth of draplets by condensation upon s spectrum
of salt nuclei as they are carried up in 2 small cumulus which mixes and exchanges
heat, momentum, and water vapour with its surrounding. They showed that the
fact that some droplets remain in the cloud longer than others is largely responsible
for the evolution of a brosd drop-size distribution which much more closely
resembles observed spectes than those obtained from the previous calculations for a
closed patcel. They conclude that it is difficult 1o explain the appearance of droplets
larger than 30 um radius in concentrations of order I em=* in terms of their growth
on reported concentrations of giant hygroscopic nuclei.

The narrowing of the deoplet spectra as condensation continues, predicted by
Twomey, Mordy, and Neiburger and Chien snd confirmed by East (1957), exposes
s central problem of cloud physics. Since condensation produces a narrow spectrum
of droplets of radii mainly of the order of 10 um, how does & cloud produce rain ?
Although it has been demonstrated that mixing between different air parcels and
varistions in nuclei spectrs and updrsught velocity can produce some modifications
of the predicted spectra, it ia evident that condensation alone cannot produce
precipitation within the svailsble time. In the following sections the varioue mech-
anismu arc discussed that may operate 1o produce the growth of precipitation within
water, ice, and mixed clouds.

3.3. Calexlations of the collinon efficiencies of clowd droplets

Despite the narrowing of draplet spectra which has been shown to sccompany
continued growth of cloud droplets by condensation, the differences in radii and
consequently in terminal fall velocities of droplets under Eravity may cause droplets
of different sizes to collide and coalesce. This mechanism will be' particularly
effective if giant salt nuclei are svailable to act s condenstion centres, thereby
producing larger droplets and correspondingly greater differential velocitien and
initisting an avalanche process in which the number of collisions and coslescences
incresmes rapidly with time and results in the formation of raindrops. The
efficacy of this growth process i crucially dependent upon two parameters: {i) the
collision efficiency, which may be defined as the probability that a larger droplet
will collide with a emaller one in its direct path, and {ii) the conleacence efficiency,
defined ae the fraction of colliding droplets that coslesce. The values of both para-
meters are expected to be senaitive functions of the radii of the interscting drop
peive snd the steength of prevailing electrical forces. In view of the necessity for
effecting & broedening of the narrow spectrs of droplet radii produced by con-
denaation, perhaps the mowt vital requirement i for accurste values of the collision
efficiencies of cloud droplets in the radius range 10-30 um,

In the coss of the interactions of small droplets of similar size it is necessary to
treat paire of spheres in viscous flow. The Stokes spproximation can be spplied to
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the hydrodynamical equations describing the mation of two neighbouring spheres
at low Reynolde numbers, taking sccount of the mutual interference of the flows.
In an important paper Hocking (1959) found « solution for small dreplets (of radive
less than about 30 4m) by computing the drag force due to the Row field around
both spheres. Since the accuracy decreases when the spheres are of very different
vizes the method was not applied if the ratio #/R of the smaller 10 the larger droplet
wee less than 0-Z. 1f, however, r/R is very close to unity the spheres repel cach other.

Hocking's results for collecting droplets of radii 19, 20, 25, and 0 pm are
reproduced in figure 5, where the collision efficiency £ is plotted agsinst the rediue
tatio r/R. K in defined as the fraction of those droplets, whose centres lie within the
volume swept out by the falling drop, that sre ultimately collected hv it. The
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Figure §. Colli!ioncﬁ:icnqmd't'tolv!nchin.fofdwolndimﬂlnddmplt-of
mdius ~. (From 1loching 1959}

collision efficiencies are seen to be extremely scmsitive to variations in R and ¢/R.
Efficiencies exceeding 1-0 are scen to be powible in some cases, indicating 2 capture
effect. However, the most important point that emerges from this calculation is
that when the collecting drop has u radius of 18 xm or less its collision efficiency
is essentially zero for all smaller droplets. The stability of most non-precipitating
¢louds is almost certsinly a consequence of this sharp cutoff in colfision efficiency,
since droplets of radii greater than 20 um sre generally present imside such clouds
only in extremely low concentrations. However, sa pointed ont by Fletcher (1962 1),
the computed trajectories for small droplets jum escaping collision shows that the
droplets roll around esch other with & spacing between their surfaces smounting to
only s few per cent of the radius of the smsll droplet. This suggests that any
mechsnism thet might cause distortion of the droplet surfaces st their closest
approach might be effective in increasing the collision eficiency for such droplers
from zero to some finite value,

For droplets Inrges than those considered by Hocking, collision efficiencies lie
generally in the range 0-5 to slightly grester than unity. Accurate knowledge of
collision efficiencies is therefore not so crucial a requirement since growth by
collision and coslescence will sssurediy vecur, and varistions of E will not influence
growth rates profoundly. Neverthelens, the collision efficiencies at Reynolds
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numbers up to about 20, ing to water droplets of radiue below 136 um
falling in uir &t 900 mbd and G °c, which have been calculated by Shalrir snd
Neiburger {1963), are extremely useful for computations of the rates of growth of
raindrops within clouds. In their study the drag force on esch sphere was approgi-
mated using only the disturbance of the flow field due to the other sphere. The flow
fielda, including the noalinesr offects, were evalusted by s modification of & method
followed by Jenson (1959), Using these Row fields for various opheres, trajeciorion
focuchpnirmintqnudmdtheeollhioneﬁciquﬂmnimd. Their pre-
dicted collision efficiencies were close to | over an extremely wide range of r/R,
Ialling fairly rapidly towards zero for values of r less then sbout 40 xm and more
sharply towsrds zero for values of 7IR greater than shout 0-95. They conclude
fromn this sudden reduction in £ calculated for spheres of similar size that the wakes
developed behind them are too wesk to influence significantly the trajectories of the
droplets. For drops of radive grester than 136 um colliding with much smaller
droplets the collision efficiencies deduced by Langmuir (1948), on the ssumption
that the droplet exerts & negligible influence on the sirflow sround the drop, appear
to be sdequate,

Despite the genersl acceptance of Hocking's calculated collision eMiciencies and
some experimentsl corroborstion of his predictions provided by the experiments of
Picknert (1960) and Woods and Mason (1964), recent calculations employing two
independent methods of spproach by Devis (1966), Saror (1967 s), and Davis and
Sartor (1967), weing a much larger computer than was available to Hocking,
suggest that his values arc insccurate and, in particuler, the finite collision
sfficiencies do eximt for larger droplets of radius lesa than 19 #m. Davis, following
an spprosch used by Stimeon and Jeflrey (1926) and Mande (1961), obtained a
closed-form anafytical snlution 1o the two phere hydrodynamic problem. On the

of linear equations with an infinite number of unknowns, two of which are the drag
coefficients. Hocking was forced 1o truncate the equation in o way that retains
terms for his solution only as far ss the seventh power in the reciprocal of the
distance between the droplet separation expressed in units of R. This litnitation was
responsible for restricting Hocking's solution to radius ratios greater than 0-2. Sartor
was able to retsin many more cqustions and unknowns, obtsining the deasg co-
efficients through matrix inversion techniques. In the methods of both Davie and
Sartor the hydrodynamic forces were combined with gravieational forces to obialin
relative droplet trajectories, Although the two spproaches are quite distinct the
results obtsined by Davie snd Sartor sre identical within computational esror.
Collision efficiencics computed by Sartor (19671) are illustrated in figure 6. It
can be seen that over & wide range of #/R the values of E predicted by Hocking and
Sertor are in close sgreement for values of R close to 30 num, but that significant
devistions occur for smaller values of R and for values of r/R close to unity. In
purticular, Hocking's prediction that droplets of rediua less than about 18 Hm will
not collide with droplets of smalles sixe ia completely at varisnce with Sertor's caleu.
Isted appreciable values of £ occurring for R = 8 um over & wide mnge of r/R.
Another major discrepancy between the two studies illustrated in figure 6 is that
8artor predicts significant values of E for droplets of almost identical radii, whereas
Hocking computed the probability of collision to be zero. The differences between
the calculsted collision efficiencies of Sertor snd Hocking, shhough restricted 10
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extremely small droplets, may be crucial to an explanation of the development o:
precipitation in water clouds. On the banin of his more extensive c:t'm'll'n.llfimt:;i
trestment, his excelient agr with the indep u_lcul i of Davis, a /
the observed development of rain within warm clouds, in _wluch the leﬁecu o

electrical forces or giant nuclei would nnt be expected to be important, it lppelr;
feasonable to conclude that Sartor’s values of E are more accurste than those h:

Hoching snd that the probsbility of collision of _cloud dm_pkh. of nc!u lese than
19 um may be grester than zero. Support for this conclusion is provided by the
model experiments of Telford and Cottis (1964).
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earcey and Hill (1957) utilized Gween's approximate solution of the h.ydm-
dya:mict?qumiom lo(mmp}ule the velocity ficld sround a water dr'opla falling at
teeminal velncity, They predicted a paralwolic wake !o‘r lph{n of udmr greater than
sbout 35 um, in which the velucitien incrense rapidly with incressing Reynalds
number. A falling droplet of radiue greater than lhl.l critical value may therefore
capture a larger overtaking drop by sucking it into its wake. Th.n eﬂm may he
observed even with droplets of the same aize if they approach m_!lnn u few drop
dismeters, Pearcey and Hill deduced thet the collision ctoss section for drope of
equsal or nearly equal size will be many times the geometrical value, in view of the
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long interaction times resulting from their small relstive velocities. On the other
hand, the computstions of Shafrir and Neiburger, supported by the snalysis of
Shafrir (1965), suggested that the collision efficiencies of drops of nesrly equal nize
sre zero. The large disagroement existing between these studies bas been moderated
by recent refined calculations by Neiburger (1967), who obtsinied values of collision
efficiency thst approsch unity for radii of the bigger drop larger than 63 #m and
decrease as though tending towssds zero for smaller radii.

It in possible in principle that the number of collisions between cloud dropiets of
different size might be appreciably increased in a turbulent air stream, since velocity
fluctuations of 2 pasticular frequency may incresse the relative velocities between
the Incge and amall droplets owing to differences in their inertis. Mason (1957)
concluded feom a detailed discussion of this problem, based an the studies of Fant
and Marshalt (1954} and Saffman and Turner (1956), that the influence of small-
scale turbulence in modifying the development of precipitation in all types of cloud
is insignificant.

The strength of the electric fields within clouds ranges, in genersl, from several
times the fair-westher valye in aon-precipitsting clouds end clouds in the early
stages of their development to breskdown magnitudes in thunderclouds. Median
values of the charges carried on droplets in various types of cloud are approximately
proportional to the radiue of the droplets (Krasnogorskays 1961, 1968, Petrov 1961)
or the square of the radiun (Twomey 1956, Krasnogorskays 1968), and incresse with
incressing field strength, The collision efficiencies of cloud droplets will be
influenced appreciably when the electrostatic forces between a psir of interacting
droplets become comparable with the acrodynamic snd gravitationsl forces,
Computations of the effect of electric forces on droplet collinion efficiencies have
heen made by Sartor (1960), Lindbiad and Semonin (196), Krasnogorskeys (1945),
Plumlee and Semonin (1965}, Davis (1965), Sartor and Milier (1965), Semonin and
Plumlee (1966), and Sartor (1967 8). ‘The clectrostatic forces between charged
clous:l droplets situsted in an electric field have been derived in the majority of these
studies from the equations of Davis (1964) for conducting spheres, which have been
verificd experimentally by Seunders (1968 u).

Broad general agreement exists between the results of these various studies.
The calculstions predict that for highly charged droplets interacting in fields
spproaching breskdown magnitudes the collision efficiencies can be’ drastically
diﬁe'rem from those existing in the sbeence of electrical forces. The collision
cﬂic:e.neiu wre incressed or decreased accerding te the balance between the sign and
magmm_de of the field and the individusl droplet charges, slthough the majority of
permutstions favour an incresse, For instance, Krasnogorskeya predicts that twg
uncharged droplets of radii 15 and 25 #m, which poseess s collision efficiency of
about 0-8 in the sbsence of o field, will possess values in vertical electric felds of
strength 2, 6, and 10 kycm - of 1-8, 5-2, and 84 vespectively, If the radii of the
unc!'urg.ed interacting droplets are reduced 1o 8 and 10 pm, the predicted collision
efficiencies are found 10 incresse even more rapidly, from tero in the absence of s
field to unity et & field strength of whout S0 vem-! end spproximetely 4 ot
lﬂf.lﬂ yem=', Agmin, Krssnogorskays computes that droplets of radii 6 and 10) pam
which do wot collide in the sbsence of electrical forces, possess s collision eﬂ"u:ienc;
of 931 if_ they carry charges of 10~ and 10-¢ €.2.u. reapectively in tero field
tnd_ !-20 i they interace, carrying the same charges, in the presence of a verliui
positive field of strength 1200vem-1. The effect of electric fields of thunderstorm
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magnitudes upon the collision efficiencies computed by Bertor (1967 &) for un-
cherged droplets of various sixes and redius-ratios is illustrated in figure 6,

Approximaie equations of motion of two oppositely charged spheres moving in
paraliel electrical and gravitational fielda through & motion-resisting medium were
integrated numerically by Atkinson and Pafuch (1968) to determine their effective
crose section for collision. The 10 input parameters that determine the collision
efficiency under the limitstions imposed were smigned velues appropriste for
studying the motion of highly charged droplets in s thunderstorm. This study
provides useful information concerning relative trajectories of droplets and the
influence of electric forces on collinion efficiencies. However, since the average
separation of small dropleta within clouds is sbout 100 radii, and the influence of
surrounding droplets on the interaction of & droplet-pair becomes spprecisble at
scparstions below thin valie, the extremely high values of collision efficiency
computed in certain situstions by Atkineon sad Pstuch on the sssumption of an
isolated droplet-pair can have no atmospheric relevance.

An sdditional insight into the problem of the influence of electric forces on the
growth of cloud particles has heen provided by Colgate (1967). He comiders the
macroscopic process of the interaction between the intense pre-dischsrge fields
within 2 thundercloud and the individual droplet charges. The stresa due to an
electric field in a cloud results in an unstable hydroatatic equilibrium, and so only »
turbulent kinetic energy strems will lead to & steady state. The magnitude of the
turhulence for s particular eddy size in relsted to the field energy density by the
Kolmorgorov specttum, and an eddy size of about 150m is predicted for
the initiation of lightning discharges. The charge separstion required to give this
breskdown electric field results in an average drop charge of 9% 10" e.0.u. and &
relative scceleration between positive and negative drops of 15 times gravity. T'his
s aufficient to ensure repid conlescence throughaut the whole condensation drop
spectrum. Although this mechaninm will he inefectual in weak fields, and therefore
could not contribute significantly to the initial growth of drops by coslescence, its
efficacy increases rapidly with increasing field strength, and it may be of raramount
importance in fields of breskdown magnitudes. It is probahle that this process
contributed significantly to the observed rapid growth rates of precipitation dis-
cussed in §3.4.

The calculations of these various workers demonstrate that, in general, the

influence of electrical forces is most pronounced for smalter droplets, specifically for

interscting pairn of droplets with low relstive velocities. Perhaps the most important
conclusion emsnating from these compitatione is that electrostatic forcen will
promote collisions between droplets that would not come into contact in the absence
of such forces. Hocking's cutofl radius is certainly inapplicable to interactions in the
presence of strong electrical farcen. The computations indicate that fields of
magnitude below about 1M vem-! probably exert an insignificant inflvence upon
the collision efficiencies of droplets, in which case the electrical forces operating
within the grest majority of cloidds will be insufficient to modify the growih of rain.
drapa. On the other handl, the influence of electric fields and charges will he greatest
precisely in situstions where the cffect of an incresse in the collision efficiency is
most profound, namely where » cloud consists of extremely smail droplets that
possess zero or minimal efficiencies in the absence of a field. Under these con-
ditions electrical forces may provide o trigger for the growth by coalescence of
precipitation elements within & cloud. A more definitive assessment of this
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possibility must wait upon the messurement of experimental valuce of collision
efficiencies and further information concerning the electrical propertics of non.
precipitating clouds.

3.4, Experimental studies of the collision and coslescence of cloud dropiets

Presently svailabie techniques do not permit direct lsborstory messurements to
be made of the collision efficiencies of water droplets. The parameter that has been
messured is the collection efficiency, which is the product of the collision efficiency
snd the coalescence efficiency; slthough the coalescence efficiency will, in principle,
be s function of the sizes of the interacting droplets and the mrength of the pre-
vailing clectrical forces, considerable justification has been provided for considering
its value to be unity for smal! cloud droplets,

Sartor (1954), Schotlend (1957), Neiburger and Pruppacher (1965), and others

viscous medis. The sequirements for dynamical similarity are that the Reynolds
numbers, the radiua fatio, and the ratio of the densitics be matched, but the third
condition is impossible to achieve in such experiments. The occurrence of a collision
was determined from visusl obeervation, changes in momentum, or charge transfer
between the spheres. Over quite a considersble range of redii Sertor’s values of
collision efficicncy agreed with those of Hocking, those of Schotlend with those of
Pearcey and Hill, snd those of Neiburger and Pruppacher with those of Shafrir and
Neiburger. However, in al! three studies significant deviations occurred in certain
situstions, which were probebly s consequence of the difficulty of determining
whether the interacting simutsted droplets sctuslly ceme into contact. For this
reason, together with the insbility to sttain complete dynsmical similarity and the
probability that the haninms of ol of barrier films of oil and air are quite
different, these model experiments, although uscful in illuminating many sspects of
the relstive motion of interacting cloud droplets, cannot be regarded s providing
independently relisble values of collision efficiencies,

puted by Langmuir. Kinzer and Cobb (1958) traced the growth of single droplets
a they fell through & dense and fairly uniform fog of droplets of radii 5-5-4 pm
snd thereby obmned collection efficiencies for & wide range of collector drop sizes.

20 um radius, but the messured collection efficiencies for smaller collector droplets
were much higher than the calculsted values and, s suggested by Fletcher (1962 »),
sre probably a coneequence of experimentsl difficulties and should be discarded.
Carefully controlled experiments which permitted the messurement of collection
efficiencies in the size range covered by the calculstions of Hocking have been
performed using similar techniques by Picknert 1960) and by Woods snd Mason
(1964). Tn a particuisr experiment several thousand equally sived water drops
produced by s spinning disk or, preferably, the vibrating needle device of Mason
o &l (1963 b), were sllowed to fall through & I m depth of cloud composed of
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saline droplets of radius between 1 and 12 um maintsined at theis equilibrium
tadii in an ambient humidity of 84%;, and then to fall onto o gresee-coated slide.
A drop landing on this slide quickly evaporated, lewving behind » smal! salt paericle
if it had previously collected one of the saline deoplets, Racondenul,ort upen !he
salt particle in a chamber which reproduced the temperature and humidity existing
within the cloud produced s ssline droplet of volume equal to that originally
captured. Since the probability that the collector droplets had undergane more than
one collision was negligible, it wae possihle to determine by microscopic examinstion
of the slides the proportion of callector droplets that had undergone coalescence and
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Figure 7. Compatieon of experi ] collection efficiencies and puted velum of collisi

efficiency. Faperimentsl: —— Picknert (R = 30 and 40 wm), Woode snd Mason
(R = 33-5, 375, 485, ond §S um); —-— . Hocking (R = 25 and 30 um), — — Fhatrir
and Neiburger (R = 40 and 60 ym), - - = = Moann (R = 60 and 100 um). (From Wooda
and Muson 1964.)

the fraction of this that had voalesced with each size of salt droplet. Having
determined the tots! number and size of collector droplets introduced into the cloud,
and also the sizes and number cancentrations of the ssline droplets, the collection
efficiency of drops of thin one particulsr size for amaller droplets of different sizes
could be evaluated,

These experiments confirmed Hacking's prediction that dropa of radiue less than
18 um sare unable to capture droplets of radius between 1 and 15 um, Figure 7
shows that for drops of radius between 30 and 60 pm the experimental collection
efficiencies agree, within the limits of experimental error, with the theoretical
values of collision efficiency calculsted by Hocking, Mason (unpublished data 1960},
snd Shafrir and Neiburger, except for values of r/R < -1, where the experimentsl
values of collection efficiency are conmstently higher than the caiculated values snd
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fail to show the sharp cutoff predicted by theory. As pointed out by Mason (1965 2)
the theory is thought to be unreliable in this regime. Although these experiments
spparently corroborate the threshold value predicted by Hoching it is possible, in
view of the immenee experimental difficulties in producing water droplets of radius
fesa than 18 um, which would cvaporate to some extent during their passage through
the undersaturated cloud, that the small but finite collision efficiencies predicted
hy Davis and Sartor may nevertheless be correct, sithough undetectable in these
experiments,

The calculstions of Pearcey and Hill sppear to be confirmed by the experimental
observations of I'eiford ef al. (1935), who took streak photographs of groups of
interacting, nearly equal-vized drops of radius about 75 um rising slowly in s vertical
wind tunnel and obtained enormous collection efficiencics of 126 ¢ 3-4. Further
sgreement with these calculations is provided by the experimente of Telford and
Thorndike (1961) who studied colfisions between freely falling drops of diameter
ranging from 20 to 60 pm. Coalescence was occasionslly ohserved of droplets of
dismeter about 45 yun but never in the case of smaller droplets. Collision efficiencies
were not measured in these experiments.

Further qusntitative information concerning the wake-capture of dreplets of
tqual size is provided by the experimments of Woods and Mason {1965), who
developed an ingenious technique for determining the collection efficiencies entirely
from streak photographe. Many thousands of photographs of stresms of droplets of
radius r less than 35 um failed to show a single coslescence event. With droplets of
redius between 35 and 40 um coal e was occasionally observed, which may
have been u result of small-scale eddying in the sir stresm. Droplets of radius
between 40 and 100 pm had well-developed wakes, and coslescences between
droplets of equal size were relntively frequent, with the corresponding collection
efficiencies incressing from 0-5 10 09 with increseing radius within this range. The
seperation of consecutive droplets in the experiments of Woods and Mason wan less
than 10 radii. They conceded, therefore, thet the differences between their mensured
collection efficiencies and those of Telford ot al. may possibly be a consequence
of weak intersctiona acting over large distances for fong times. However, they
concluded that a more probable resson for the discrepancies is that the relative
motion of the interscting drops may be influenced at large separations by fortuitous
eddies in the air stream, Although these various discrepancies are not Iul{y resolved,
the excellent quantitative agreement between the calculstions of Neiburger and the
messurements of Woods and Mason for r>63 pm suggest that the collision
efficiencies of drope of nearly equal size are close to unity for values of R in excess
of a value between 40 and 63 um and tend towerds zcro for lower values. The
¢cquisition of 1 more sccurste value for this threshold value of r, although interesting,
s of little practical importance in cloud physice, since the concentration of droplets
of radii grester than 40 um in non-precipitating clouds is very smali, 1t therefore
sppears unlikely that wake-capture contributes significantly 1o the development of
precipitation within clouds. It i slsa prahably of little consequence in precipitating

clouds, in view of the cheervation of Nakamura (1964) that droplets of diameter
ranging frots 30 to 200 um were never captured in the wske of drops of dismerer
6-2 mm falling ot their terminal velocities.

It is immenaely difficult to study the final sage of the approach of two colliding
droplets, culminating in their coalescence, in view of the mi and i ibl
volume and short time intervais in which the crucisl processes occur. M the droplets
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come into close proximity the barrier (o coslescence is presented by the asir !ilm
between the droplet surfaces, which has to be expelled by the action of dynamical,
gravitational, or electrical forces working ageinst |h$ vincous resistance of the air.
Schotland (1960) stdied the coslescence of electrically neutral water drops, of
diameter ranging from 200 to B0 wm, falling on large hemiapherical water arfaces,
He found that the minimum height from which the drops had to fall in order to
coslesce with the target was greater when the drops impin.ged at smailer sngles of
incidence and when the dennity of the surronnding gas was incressed. A much more
comprehensive investigation of thin problem has been perforined by Jaysratne and
Masan (1964), who studied the impaction, houncing, and co-leu:lrncc of small water
drops of radius renging from 60 to 20 i on plane snd curved air- water interfaces.
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Figure 8. Varistion with drop radive nf the criticsl valurs of the | P of incid
" wvelacity Vy 5 and of the impact angle & 3t which an uncharged drop cralesces with » plane
water gurface. (From Javerstne and Mason 1964.)

The influence of drop radius r, impact velocity V, angle of impect 8, drop charge ¢,
and vertical field strength F upon the probability of coalescence was meuu.red tret
s wide range of values. For instance, figure 8 presents the measured relstionshigs
between drop radius snd the critical values of ¥ and # ot which coalescence occurs
between uncharged droplets and a plane water surface. Uncharged drops impacting
st nearly normal incid were found to inin c with the surface for
sbout | ms, to lose shout 95%, of their kinetic energy during impact, and to rebound
with an effective coefficient of restitution of about 02. Drops carrying s net charge
and drops polsrized in an applied clectric field were found to coslesce more readily
than unchurged drops of the same aire and impact velocity. Accurste mesaure-
ments were made of the magnitudes of the critical values of ¢ and F required to
canse conlescence as & function nf ¥, A, end r. Typically, droplets of radive 150 um
impacting st 100 cm e ! coulence if the charge exceeds shout 10+ e.o.u. or if the Reld
exceede about 100 vem-1. ,

1f an impinging drop is to coalesce with & water surfece it must first expel and
rupture the intervening sit film. By tresting the undersurface of the dr!:p »e
fisttened circular disk Jayarstne snd Mason cslculated that the minimum thickness,
3, achieved by the film during the period of contact is relsted to ¥, &, and r by the
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equation
W
ba (’_" - : ‘) (Veind)sr, (1.6)

qhereciﬂbocoeﬂicientofreuimtion,‘-ll,yiuhcuurfwem-ion.am!-;iothe
viscosity of air. This equation predicts values of 3~0-1 um, below which Fusion
may well take place under the influence of van der Waals forces. Several features of
the observed relstions between V. 8, and r are sccounted for by this simplified
thmy. but the behaviour of drope impacting at nearly glancing incidence, and of
relatively large enerm draps impacting normally, is not. Jeyarstne snd Mason

produced by deceleration of the impinging drop. They concluded, thercfore, that jt
is difficult to understand why charging or polarization should promaote coalescence
unless the electrical forces distort the liquid surfaces in such o way that drsinage

drope of radius 750 um spprosching esch other in silicone oil under an external
$eld of 1000 vcm-', and they suggested that distortion may not only cause more
repid thinning of the sir fitm but may sleo induce its rupture by means of a micro-
discharge.

Subsequent work hes confirmed these suggestions concerning the role of
electrical forces in inducing coaleacence, and it has provided a more dersiled
physical nphq-t.ian of this phenomenon. Photographic evidence for the deforms.

distortion followed by disintegration will occur o close separstions even if the
external forces are extremely weak, owing to the mutusl intersction of the polariza-
tion charges. As has been demonstrated by Miller ot al, (1965), the oneet of nets-
bulity_ of the droplets in thie situation is generally accompanied by the ejection of a
fine jet of water, evident in piste 1, which teavels along the ficld lines to strike the
second droplet. ‘The penetration of the sir film by the water filament may therefore
Promote coslescence of the droplets. This argument is consistent with the observy-
tions of Allan and Mason (1961), Hendricks and Semonin (1962, 1963), Lindblad
(1964), Plumiee (1964), and Jaysrstne and Mason that the delay time between
apparent collision and coalescence of two droplets decreases with increasing external
field strength. A mare detailed *xposition of the calculations of Latham and Rox-
burgh is presented in §3.6, in o discussion of the disintegration of raindrops.
Fn.mher information on the coslescence process has been provided by the
sxperiments of Hendricks and Semonin and of Lindbled. A pair of hemiapherical
witer drops were formed ot the snds of twe Yertical tubes In & sealed chamber,

provide “‘“d""ud 152 umo-t, The delay time before coslescence and the
surface deformetion dthomomuidin.dmpomddied by photographing with
ah;hlpudmmlhmnginghudemmmfmnmhmmﬂc light
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source reflected from the spproaching surfaces. The delay time wee found to
increase with incressing relative humidity and temperature. The photographs also
showed, in sgreement with the earlier studies of Derjaguin and Kussakov (1939)
and of Prokharov (1954), that the spproaching surfsces became increasingly
fluttened as the separation decreaned and that eventually » dimple formed in the
middle of the deformatinn. All of these reaults are consistent with the idea that the
barrier to coslescence in provided hy the sir film trapped between the adjacent
surfaces. "The influence of relstive humidit y and temperature on the delsy time are
consistent with Prokhorav's suggestion that the outflow of vapour from the liquid
surfsces creates  hydrostatic presaure which prevents the surfaces from immedintely
merging together. It won aleo found that the delay time decrensed rapidly with
increasing potential difference between the spprosching drops, and that small
protuberances on the surfaces sometimen occurred in the presence of these electrical
forces; similsr resitlts were nhtsined hy Owe Berg e al. (1963). These observations
are consintent with the suggestion of Latham and Rosburgh that coslescence msy be
triggered by the penetration of the air gap by a filament of liquid ejected from one
of the aurfaces, which has hecome unstable because the surface tension pressure has
been overcome by the disruptive electrical pressute. A dewiled theoretical and
experimental study of the disintegration of pairs of water drops raised to equal snd
opposite potentisls has been described by Azad snd Latham (1968). Further
cvidence in favour of the suggestion that conlescence in the presence of electrical
forces is initisted by electrohydrodynsmical instability involving the ejection of
liquid from onc drop is provided hy Plumlee's observation of s Aow of current
between two suspended drops scroes which & poteatial difference existed hefure
visual coslescence was oberved. In these experiments the potential differences did
not exceed 1) v, 00 that dielectric breskdown of the sir could not have been involved
in the cherge transfer.

Gayer ¢t al. (1960) studied collininns hetween drops of dismeter ranging from
600 to 790 um snd droplets of dismeree 100 um. They found that in the ahsence of
an electric ficld 29-4%, of the collisions resulted in coslescence. An incresse in held
strength was accompanied by an incresse in coalescence efficiency, which possessed
& value of 95-3% in & field of 384 vem V. Unfortunately, however, the impact
velocities and general experi | srrang t employed in these experiments
wert not representative of collisions occurring between drope of these dimensions
inside clouds, and the quantitative values of coalescence efficiency are therefore
inspplicable to stmospheric situstions. Similar limitationa spply to the results of
Magono and Naksmurs {1959), Freier (196i#), and Cotton and Gokhale (1967).

Telford and Thorndike {1961) observed in wind-tunnel experiments that the
collection efficiency of uncharged droplets of radiue 45 um for uncharged droplets
of radii ranging from 30 tn 35 um was zern in the sbsence of an electric field and
incressed steadily with incressing strength of sn spplied vertical ficld. Woods (1965)
showed that the coalescence rate of identically wisedd droplets of radios bese than
A pm incressed Jinestly with spplied charge shove & threshold value of
5% 10-* e.0.u.; if the dropa carried charges of the sarne size coalescence war found
to be totally inhibited. In the experiments of ‘Telford and Thoradike sad of Woods
the electrostatic forces between the interacting dropiets were insufficient to exert o
significant influence upon their relative trajectories, and the incressed collection
efficiencies were almost certsinly u cnneeq e of enh d coslescence efficiencics.
This conclusion is reinforced by the fact that the minimum charge observed by
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Woods to produce coalescence agrees closely

with the value predicted from the

cquations of Latham and Roxburgh if the thickness of the air film separating the
surfaces of the droplets at the momemt of local disintegration is equal 1o that

calculated by Jayaratne and Mssan.

Gunn (1965) performed photographic studies of the collisions in free fall of

water drope of radius around 0-1 cm produced

by means of & synchrodropper. He

showed that es the energy of impact increases the type of coilision changes pro-
gremively from recoil to coalescence or disruption (depending upon whether the
collision was direct or glancing) 10 spatter, in which numerous tiny droplets are

expelled radislly st high velocitics from the

periphery of the interscting drops.

Large numbers of droplets were also produced if drops made collisions with
artificial hajletones nt relstive velocities comparsbie with those occurring imside
natural clouds. Fields of sbout 400 v cm! were found to be sufficient to promote

the coalescence of drope that would otherwise
in typical heavy rain esch drop in the millimet

have recoiled. Gunn calcuisted that
re size range wndergoes about seven

collisions with drops of comparable magnitude. He estimated that this collision
frequency ia sufficiently great to produce significant modifications of the drop-size
distribution and, through inductive eflects, the electrical properties of the entire
rein cloud. Similer studies were made by Magarvey snd Geldart (1962) using drops
of equivalent diameter ranging from 05 mm to 1 e¢m.

Moore end Vonnegut (1960) observed intensc rainfall from highly electrified
clouds in New Mexico shoetly after the initisl detection of & radar echo, They
cstimated that the values of the droplet collection efficiencies conmistent with the

out by Sartor (1967 a) these rstes

Plsce o savere requirement on Rrowth processes that cannot be met by the coltision
and coalescence of cloud particles when only gravitational and serodynamic forces

are acting. Vonnegut and Moore (1960) and

Moore ¢ al. (1962, 1964).observed

gushes of rain or hail 1o follow lightning Asshes in thunderclouds within even
shorter w. of time. They pmpoud that in this situation drops in the vicinity

stisining precipitation dimensions with extreme rapidity. At present, no experi-
ments have been perforraed 10 vent this interesting and plausible hn'!ounur' it
should be emphasized, however, that the fact that electrical forces can protnote the
growth of precipitstion within doudl does not eliminate the possibility that the

droplets con e markedly influenced by eloctrical forces. However, it in apparent
that an spprecisbie amount of further research is required in order to establish the

oxsct conditions under which the role of ef

ectrical forces is dominant, The
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deficiencies are primarily experimental. Messurements sre required over a wide
range of droplet sizes of collision and coslescence efficiencies as & function of Feld
strength and the sign end magnitude of the droplet charges. The miceophysics of
the coalescence procesa and the reslity of the rain-gush hypothesin should be
investigated in the laboratory. In all cases it will be necesaary to ensure that the
experiments sccurately reproduce the essential characteristics of the natural inter-
actions, The tentative conclusion to be drawn at this stage is that the rofe of
electrical forces in the production of rain by the coslescence of cloud droplets is
probably significant in certain circumstances

3.5, Growth of popuiations of clowd dropters by collision and coalescence

In view of the computationsl dificulties of comidering every possible coalescence
of all existing cloud droplets, and the sdincrete manner in which new droplets sre
formed by coalescence, early studies of the growth of droplet populations utilized ¢
*eontinuous’ model, in which larger droplets were sssumed to grow ss a group by
continuous collection of water masn represented by a group of smaller droplets.
‘This model was used by Rowen (19%0) to calculste the rate of production of eaindrope
in clouds. Telford (1955) examined the discrete nature of droplet collection by
allowing a portion of the droplets of the callecting group each to coalesce with one
small deoplet and thereby to form a small number of largee collecting droplets.
Draplets of this new size themselves collect small draplets, and »0 on. As this
process in repeated smsll numbers of succesively larger droplets are formed. The
number of new droplets formed by each group at each time step is governed by the
probability of & large droplet collecting & amaller droplet in the given time interval.
In thin way Telford ahowed that the statistical nature of droplet collection would
produce large drops st a much fester rate than predicted by the continucus model.
An illustration by Berry (1967) of the difference between the continunus and
stochastic models in presented in figure 9.

The discrete nature of droplet cnllection is embodied in the equation

Y J: ") Viste. o f(e) de - J': [ V(s ) f(e) de, 3.7

which considers cvery possible coalencence of the droplets snd dencribes the
instantaneaus change in the distribution function for esch valve of droplet size. In
this equation f(x)dx is the number concentration of deoplets having masses in the
range x 1o x +dx, x, is the mans of » droplet which collects a smaller one nf mase «
to form s droplet of mass x = x, + «, x, is the smallest mass 1o undergo callection,
and xp, (= {2) in the mass of the largest draplet collected. The factor ¥(x, ¢} is the
effective rate of volume sweep-out of the Iavger droplet with respect to the amaller
and is defined by Berry (1965) aa the ‘collection kernel® of the integrsl equation,
Tt is related to the linear collectinn efficiency ¥, by the equation

V(r,e) = wrtY(r, pp an(r,r), (1.8}
where r and r, are respectively the radii of the larger and smaller droplen, p = r,fr,
and Ay is the difference in termingl velocities, Melzak {1957) demonstrated the
existence and uniqueness of solutions to equation (3.7) and sdded a term for
particle breakup. In » comprehennive study Chandrasekhar (1963) discunsed the
formulation of the collection problem with wpplication to collaidal particles.
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Analytic solutions of equation (3.7) have been found by Golovin (1963) and Scott
(1965} for special methematical forms of ¥, while for more realistic forma it has been
necessary to wse numerical methods of solytion. Numerical integration of cqua-
tion (3.8) applicd 1o the problem of serosol growth has been presented by Zehel
{1938), Hidy (unpublished dats 1964), and for the case of 20 seconds of droplet
growth by Twomey (1964), who demonstrated that the compiete collection
cquation, a continuows droplet distribution, and Hoecking's collection efficiencies
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Figure 9. Continucus snd stachastic models of droph Maction. The i model (i}
mhmﬂdupﬁ.mwmui‘dﬁrmmdﬁhﬂmﬁmnbh
space; 100 large dreps grww ot the sns rete and become 100 similer Surger drops.
Thm'noﬁ(ﬁ]-—m.-y,linlOollmhmdlopltlwillmlhnl
MMM.WM,MMIhIOdmhhmhwillnﬂntl
-mhﬁwh;hpdmhﬂnnmndihcm;hﬁﬁmm.
(From Berry 197.)

combined 1o give sn cven grester growth rate of large droplets than calculated by
Telford. Twomey suggested that the importance of the statistics] effect is grestly
dependent upen the probability of collection increasing with drop size, This
suggestion was confirmed by Reery {1965), who conducted an extremely compre-
hensive numarical study of the effects of collection efficiencies on droplet growth,

Beery utilised the compiete collection equation, s continyous droplet distribu-
tion, and a wide variety of collection efficiencies. He was able to petiorm calcula-
tions covering growth over s period of up to 30 minutes. His model sssumed on
infinitely high, isstropic, homogeneous column of sir and cloud draplets, esch
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droplet falling at it terminal velocity, He assumed sn initial distribution of the
form
Js) = Ae, ‘ (3.9

where A is s constant, + = r/x,, and x is the mean droplet masa at time ¢ = (). The
mean droplet radius was taken to be 10 um, and the liquid water content wes
normalized to | gm-* giving an sverage droplet concentration of 227 cm->.
Computations were carried out for 16 different forma of the collection efficiency.
Berry found that when his results were displayed as » liquid-water content die-
tribution over the logarithm of droplet radius four basic patterns of distrihution
change emerged. In the patteen produced by all reslistic forms of the cnllection
efficiency the pesk of the initial distribution remaina but is reduced, and a seconp
mazimum develops st higher valuer of droplet radivs. The crucial parameters
affected by the particular collection efficiencies selected sre the height of the 'tunnel’
connecting the two humps and 1he position and time of occurrence of the second
maximum. Berry found thet geometric sweep-out produces & high tunnet snd a
hump on droplets of B0 um radius, wheress the collection efficiencies of Shafrir snd
Neiburger produce & very low tunnel and s hump st 150 um. In general, the time
required for the production of the second maximum incresses with decressing
wunnel height. A low tunnel height is associsted with o rapid incresse of the coltec-
tion kernel with drop size, while the hump is sasocisted with & diminishing incresse
of the collection kernel at the larger drop sizes. Berry's calculstions illuminste the
sensitivity of the growth rates of drops to the asssumed values of collection efficiencien
and thereby underline the necessity for sccurite measurements of this parameter
over the entire sise range of interest,

A similar conclusion can be drawn from the computstions of Bartlett (1966}, who
cancentrated on the development of drope with radii up to 40 um by the coalencence
mechanism. He did not use the stnchastic collection equation but sssembied new
dropleta by the sddition of categories and an interpolation scheme designed to
preserve liquid water. He utilized seversl differem distributions considered to be
characteristic of the early stages of various types of cumuli, and he sssumed collec-
tion efficiencies identical with the collision efficiencies calculsted by Hocking. He
found that large drops develop rapidly in maritime clouds, and that for clouds
charsctcristic of continentsl climates the coalescence mechanism is effective only if
the maximum drop rudiue exceeds shout 22 um. A further condition for sub-
stantisl growth i the exist of an ad supply of droplets of radii between
14 and 20 um. Bartlett abo studied the effects upon the growth rates of amall
increases in collection efficiencies, which may be caused in the stmosphere by
factors such se turbuleace or electric fields. He found that the most important
single parameter in determining the omset of the coalescence mechanism is the
minimum drop size capable of cepturing still emaller droplets. Generally, s
significant effect was found if the change in the collection efficiency was equivalent
to incressing the radii of the interacting drops by more than about 2 um. Hartlen
concluded that sny future camputations of experiments to determine changes in the
onliection efficiencies should Inok for effecta of thin magnitude.

Twomey (1966) extended his earlier model to include the radius range 1- 1000 um
by using sn irreguler apacing of intervals. 1le concluded thet varying the reletive
dispersion of the initisl spectrum, while keeping the total liquid-water content
constant, made no great difference 1o the evolution of larger droplets.

it
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ﬂerr_y (1967) refined and developed his previous work snd has presented
caleulations of cloud droplet growth over the rads range from 4 to 200 um for
collerlm_n kernely representing hydrodynamic capture, electric field cnptu:‘e and
geomettic aweep-out, Jlin camputed growth curves for the hatier lituaﬁo;'n are
presented in figure 10; the unsts of the droplet mass demity function g{inr) are
mam of droplets pee unit of Inr, where 7 is the droplet radiue. e finds in oll cases
that the rate of droplet growth is proportional to the magnitude of the kernel, snd
the pattern of growth depends upon the derivative of the kernel with respect l'o the
droplet size. Helow 60 pin 2 larger kernel derivative causes the distribution to

gltn s

Figure 10 Crenpoted droplet growih due to The
Lo plet REnmetric sweep-out over s perind of 850 g,
heullu-r tine 81 700 indicates the appesrance of the srcond manimum, (The units on the
vertical mxiws nre gm “fumit Inr ) (From lerey 1967}

spresd.  Abave 80 um the derivative nf each hernel decresses to a common value
I"Pll Caunes water to sccumulate on large drapn. Thin leadn to a self-preservin
s!ll".ﬂmlinn, winsiler to Golovin's ssymptotic sobution, in shout S minutes when !h:
liquich water comtent in | g *. Berry finda that the stachastic model produces »
gmw_th rate nesrly equsl tn the continunus model, contrary 1o the results of earlier
studies, but teansfera mich more water Ao larger drops.

36 Misintegration of raindraps

Uhe disintegration of a raindrop within a clemd under the action of mechanical
e!ttltl(ll, or aermlynamic Forces may signifivantly madify Jocal droplet cnncenlrl:
tmm_and apave-charge denuitien. The dininregratinn process may sleo initinte the
Ireezing of wupercooled drops and, in highly electrihed clowds, initiate lightni
strokes. In addition, the intersction of pairs of droplets in the pr‘eunce of el‘eclri:l'i
!'orres may promote their cnaleacence, sepacate apprecizble quantities of charge or
n l)l.Pﬂ’Cf‘l"I(‘il regions of the clowls, promate nucleation nf the ice phase '

Vhe pliysics of these procesnes han been extensively explored in rcc.ent years
Matthews and Mason (1964) atudied the deformation and breakup of inrge I'rcclg;
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falling water drops by means of high speed photography. They confirmed the
ohservations of carlier workers that the drops become distorted and flattencd, and,
if their velocity relative to the air exceeds a critical value, eventually blow up to
form a large hag supported on s toroids ring of liquid. Finally, the hag bursts to
produce s fine spray of droplets and the toroid bresks up into scveral large drops.
O Brien (1961) showed that this disintegration process is essentially the same
vortex inatability as is observed in miscible fluid vortex cascades. The critical
conditions for breskup were calculsted by Mutthews and Mason with a ressonsble
degree of accuracy by assuming that st the instability point » drop possessed 3 hemi-
apherical profile with its lower surface plane, and that equilibrium enisted between
the aerodynamic pressure snd the total firessure difference set up scross the vertical
extremities of the drop by surface tension and hydrostatic forces. Extension of this
simplified theory, however, to computations of the rate of expanion of the beg, did
nat provide good agreement with observation. Similar experiments in & super-
coaled wind tunnel by Koenig (1965 a) showed that the bursting of the bag was
often accompanied by the initistion of freezing. It is unlikely, however, that this
process is important in the glacistion of supercooled clouds, since ice crystsls are
generally produced by ather mechanisms inside such clouds before liquid drops have
grown to the enormous dimensions required for this mode of disintegration.

[t has been established fram the expetiments of severs! workers, notably Nolan
{1926) and Macky (1931}, that a liquid drop situsted in sn electric field will become
clongated slong the direction nf the field and will disintegrate if the field strength
mraine 8 well-defined critical value. ‘These studies provided sn spproximste
empirical relation F(R,[T}" = 1-6 between the external field strength F, expressed
in electrostatic units, the undistorted drop radius R,, and the surface tension T.
“TI'nylor (1964) treated the problem theoretically for uncharged stationsry drope by
sasumning that the drop retained & spheroidal shape until it reached the disruption
point, snd thst the equations of equilibrium between the stresses due to surfuce
tennion and the electric field, and the difference p between the external and internat
pressure, were satisfied st the poles and at the equator by the respective equations

2eb VT p = (RA), (3.10)
T(bat+b-1)—p = (RR)y = 0, ' [tA]))

where « and b are respectively the semi-major and semi-minor exes, and the
electrical pressute terms (#%), snd (), are relsted by known equations o Ry,
the field strength, and the degree of deformation of the drop provided that the
sphetoidal appronimation is retained. Elimination of p from equations (3.10) snd
{3.11) permits the deformation efb to be calculated a8 a function of F. Taylor
found & turning-point when afb = 1-9 and F(R,TY™ = 1-625, which he ssaumed
to be the criterion for inatability; these predictions are in excellent agreement with
measured values.

In clouds, of course, » raindrop falling at its terminal velocity will be subjected
1o serndynamic premsures and the hydrostatic pressure difference between its
vertical extremities ; quantitative considerations of the importsnce of these additional
factors have been presented by McDonald (1954, 1960). 1t is not surprising there-
fare that Auwsmen and Brook (1967} observed discrepancies of up to 15% from
“Taylor's eriterion for instshility in their studies of the disintegration of large
dropa falling through an electric field. The discrepsncy increased with increasing

snd
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Ky and wes prabably primasit J i
: ¥ & consequence of incressing values of -
:::;:‘lzr:uu;;-daﬂere:mce term. in addition, a raindrop falli:g inu;:ldl :b:"c ll':e’::h
reakcdawn values will almosl certainly be highly ch ibuti
ter the electrical pressure over ita surface wi Bie by b e hributions
Il he made by both
::::‘l ’An sttempi 10 lr_cnt”the problem of the stsbility of c:nnd :’I:eo:.h;:g;:;:dﬂ:e
umu::’nr:u:;‘hy ;g}uh'-p and Jen-chung (1968), but #n incorrect expresnion v:l:
dearenaried clectrical pressure snd their conclusions must therefore be
A theoretical and experimental stud i
ne . y of this problem was made b

.l"l:h;":‘“%q.')‘ Faylor s spheroidal sssumption was emp!oyed.l:d ze:o:h“ e
cn l_y ro;lauc pressure-difference terms were incorporsted int.o the uil’i::i:m
quations from which the fields required 1o produce instability were ;:Itermine:i"
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over a large fraction of the surface area of the lower hall of the drop. Further
studies of the stability of individual drops subjected 10 electrical forces have been
made by Ailsm and Gallily {1962), Garton and Krasucki (1964), and Abbae o ol
(1967).

The disintegration of highly charged evaporsting droplets was studied in some
elegant experiments by Doyle ot ol. (1964), who messurcd the strength of the electric
field required to support evaporsting charged droplets of initial radii ranging from
30 10 100 pm._ Their observations indicated that as a charged droplet evaporstes its
surfsce demity of charge incresses until the electrical pressure attsine & critical
value, sppronimstely consistent with the Rayleigh criterion, st which point the
dreoplet disintegrates. The disintegration wae panied by the ejection of one
or more highly charged droplets, corresponding to s charge loss of about 30%, of the
originsl value. These studies were extended by Abbes and Lathem (1967), who
meanured the radius R and charge ( continuously as the droplets underwent a series
of disintegrations. They showed that the relstionship between the charge loss AQ
snd the mass loss AM is such a9 to reduce the energy level of a droplet on disinte-
gration by s minimal smount and to yield a residuat drop of radiua r on the verge of
instahility, and that it can be expressed by the equstion

AQ Ti\% i
sn = (o) s o
where T and p are respectively the surface tension and the density of the drop.
Howevet, although this phenomenon will modify local dropler populations at the
edges of the clouds it is unlikely to be of appreciable significance in cloud physics.
When two water drops are situsted in an electric field whose direction is not
perpendicular to the line of centres of the drops, the electric field strength is
enhanced owing 1o the mutual intersction of the polarization charges. This
enhancement will be particularly pronounced if the separation is small snd the line
of centres of the drope is approximately parsilel to the dicection of the field. Under
these circumstances the drops will disintegrate in considerably lower external fields
than are required for individusl drops. A knowledge of the critical ficlds required to
produce disintegration of one of » pair of closely separsted drops se s function of
their radii and initial separation may be of importance in determining whether two
interacting droplets will coslesce, may provide & quantitative criterion for electro-
freezing, and may he of importance in determining the efficiency of an inductive
theary of clowl electrification which involves the transler of charge between
polurited drops spproaching to within small scparations in w cloud, and their
subsequent separation under gravity to enbance the prevailing electric field.

A theoretical and experimental study of the deformation and disintegration of
pairs of water drops situsted in an electric field was performed by Latham and
Roxburgh (1966). Their analysis utilized the sssumptions adopted by Taylor in his
treatment of individual drops and the theoretical values derived by Davis (1964),
and confirmed experimentally by Latham ¢t al. (1966), of the enhancement of the
field in the region between the near sucfaces of pairs of rigid spheres separsted in
an electric field. The equations of equilibrium st the poles and the equator were
combined to give the equstion, in the case of small drope,

F(RYTY = (?2y)'*'M(9)," (3.14)
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where o = Bat, Min) = a™2 —a'"— o) [ (-52-Vn {1+ () —e)}~ ¢, the
cc('cnlrucll]r e = (1 —#/a"}", and the enhsncement factor ¢ is n known fum:ti:)n of
the separstion of the drops. Solutions of €quation (3.14) for various separations and
dth-rmzn_nns are presented in figure 12, 1t is acen thet the criticsl feld required to
effect diintegestion decreases rapidly an the scparation of the dropa is reduced.
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Figure 12, Elongation a/b of small waler d ot
i ropa of initisl o i
Curve A, xy/H, = 1000; curve B, x,/R, = 30; curve C. 2JR, = lgﬁgp D,
/Ry = 08, curve I, 2,/R, = 11, (From Latham and Roabyrgh ma.i )

Table l. Cridical Beld F required for disiutegration
of & water drop of wadistorted radiue R, = 0-01 e
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t From Latham and Rozhurgh (1966).
1t Representa the elongatinn of the drop st the

mesment of dimintegration.

‘This paint is illustrated more sccurately in table |, which shows that the critical
valie of Frequited for disintegration of ane of a pair of closely scparated drops mw

be several nrders of magnitude Sower than that necensary to induce inntability in t:
inolated drop. For larger drope # hydrostatic pressure-diffcrence term incorporated
into the equilibrium equations provided mmnall hut significant reductions in the
predicted diintegration criterin. The caleulated critical fielda for drops of radiug

Cloud physics 108
around ! mm were found by Latham and Roxburgh to be in good agreement with
experiment over o fairly wide range of separations.

Although pronounced local effects will sccompany the disintegration of large
isolated rsindrops falling through the intense fields of a thundercloud, the most
important role of the disintegration proceas may well be to promote coslescence or,
by means of the interaction of droplet pairs, the glaciation or ¢lectrification of clouds
in weak fields. The exact electrohydrodynamics and metearological applicability of
this difficult two-body problem remain to be determined,

4. The growth of ice particles within clonds

‘The growth of ice particles within clouds occurs both by direct vapour tranafer
from cloud droplets to ice crystals, because of the difference in vapour pressure over
ice and water at the same tempersture, and by the process of accretion of super-
cooled cloud droplets. Ice-crystal habit is important in both of these processes.
In addition, snowflakes arc formed by the aggregation of ice crystals.

In this section sn ssaesament in given of present knowledge of the factorn
determining the habit of ice crystals growing [rom the vapour, together with o
discussion of growth by sublimation, sggregstion, and accretion,

4.1. Growth of ice crystals from the vapour

The growth of ice crystals from the vapour can be treated in essentially the
same way as the growth of droplets from vepour, which was discussed in an esrlier
section, Howerer, since ice crystals are not spherical o radiue cannot be assigned to
them. The diffusion of vapour to the crystat is treated in & manner desived from the
snslogous situation in electricity, namely that of » current flowing to an object in an
electric field spherically symmetric st infinity. Such an approsch can be shown to
be justifisble snd yields the equation of growth or evaporation for » stationary
crystal

dm o AwCe (4.1

at = LYMIKRTY+« RT|DMp, ’
where m is the mass of the crystel, T the sir temperature, o the super- or sub-
saturation, [, the lstent heat of crysullization, [) the diffusion coeficient of water
vapour in air, K the thermal conductivity of air, M the molecular weight of water,
. the saturation vapour pressure of the environment at the tempersture T, K the
universsl gas constant, and C a shape factor for the erystal equivalent to its electro-
satic capacity.  McDonald (1963 b) has calculated theoretical velues of C for
simple shapes most likely to be of interest in ice-crystal studies, and a8 illustrated
in figure 13, has messured values of C for brass models possessing the shapes of
typical snow crystals. The ohserved insensitivity of the values of C to reductions
in the surface ares of model crystals of similar maximum dimensions is probably
primarily o comsequence of the compensating incresses of total edge-length.

If the ice crystal sttains an eppreciable fall speed it cannot be considered
stationary with respect 1o the diffusion field, which will now he limited 1o & boundary
Iayer atound the crysial in which the vepour concentration and tempersture
gradients will be lstger than those arcund s stationsry crystal. For a apherical
crystel of radive r Mason (1953) has shown that the concentration gradient st the
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cryatal surface at & tirue ¢ after being introduced into 1 new environment is given by
p ' '
i~ (o= e " 4 (xDI)), “2)

where p and p, are the vapour concentrations in the remote environment snd at the
sarface of the crystal respectively. ‘The second term in the curly brackets denotes
the enhancement of the concentration geadient at the surface relative to the steady-
state value, and th will be marked if (Di)gr. It implies that dm/dt will be
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Fupere 13, Forms snd relative capacitsnces of 14 dendritic models of ice crywtale. (From
McDonald 196) b.)

increased by a factor, determined experimentslly for (slling drops by Gunn and
Kinzer (1949) snd Kinzer and Gunn (1951)

4 {pr) " = 140285% Ren = 1 4022 Re% 43
+2;D=+ P Ne™ - b 4 e, {4.3)

where Re is the Reynolds number snd S¢ = v/1) is the Schmidt number, » being the
kinematic viscosity of the air.

‘The growth of cvaparstion of & ventilated ice sphere may thesefore be repre-
sented by the equation

dw  4nln
T An

where A = LYMKRTY and B = RT{DMp,. Thorpe snd Mason {1966) have
shown this equatinn to he valid over the range of Reynolds numbers 20-250 for the
evaporation of ice spheres suspended from s sensitive quartz microbalance in air
sireams of controlled humiday, tempersture, and wind speed ; excellent quantitative
sgrecment between theory and experiment was found if the ventilation factor was
increased stightly 10 o value of 1-0 + 0-26 Re'S. The sccuracy of this amended factor
was confirmed by {}rake and Mason {1966}, who messured the times of complete
melting of smsll ice spheres in air streams of controlled temperature, humidity, and
velocity. Their results agreed well with values predicted by a theoretical trestment,
baned on the consideratinna of Mason (1956), that involves hest transfer to the ice
particle by condensstion upon ita aurface, provided thst allowance is made for the
heat content uf the water retained by the particle during the melting process.

(14 0:22 Re'w), (4.49)
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For nonspherical ice crystals the ventilation factor must be determined experi-
mentally in order to determine accurate values of growth sates. However, messure-
ments of growth rates made under a variety of conditions by Reynoids (1952),
Mason {1953), Okita and Kimura (£954), lsono & ol. (1956), and others suggest
strongly that the sbove equation yiclds growth rutes of sufficient accuracy for most
practical purposes when McDonald's values of € and a ventilation term based on an
equivalent radius sre utilized. -

In 2 supercooled cloud ice crystals will grow much more rapidly from the vapour
than droplets, primarily because the equilibrium vapour pressure is lower over ice
than over water, but also becpune the nonspherical shapes of the crysialy accentuate
the Aow of vapour to their surfaces. In fact, in clouds containing sppreciable
quentities of ice crystals the environmentsl VAPOUT préssure may smume a value
intermediate between the equilibrium vslues over water and ice, and droplets will
evaporate to provide vapour for the growing crystals. The rates of growth of ice
crystals from the vapour within supercoaled clouds will therefore be expected to be
Rreatest at 4 tempersture at which the sbsolute vapour density difference between
water and ice is 2 maximum. This prediction was confirmed by the calculations of
Mason (1953), who found that the grawth rate is 3 maximusem at » temperature near
— 14 and decresses sather sharply at higher or lower temperatures. A more
extended treatment of this problem by Byers (1965) has vielded esscntinlly similar
results.

In field and inbocatory studies Hallete (1965 8) has shown that the tempersture
dependence of the habit of ice crystals growing in a water-vapour diffusion chumber
i related to the growth of ice crystals in s supercooled cloud. The rates of growth
occurring between —4 and — 6 °c a8 needies or between - 12 snd -16°Cc =
dendrites may be in excess of those st intcemediate temperatures by as much ss &
factor of 100. He points out that the effect of seeding « supercocied cloud or fog will
therefare depend eritically upon the temperature range within which it is confined.

4.2. Habit of ice crystals grown from the vapour

As painted out by Fietcher (1962 a), if the growth of an ice crystal were s simple
equilibrium process, then the resulting crystel habit could be determined by
application of Wulff's theorem, which states that in equilibriuny the distance of any
crystal face from the centre of the crystal is proportionsl to the fres energy per unit
sres of that face. Although no exact values of these free energies are known for ice,
spproximate values csn be found by sssuming that molecules intersct only with
their nearest neighbours, and counting the concentration of nearest-neighhour pairs
linked across any crystal plane. As shown by Krastanow (1943), Wulfl's theorem
then predicts that the equilibrium form should be » hexsgonsl prism, the ratio of
whoe axial length to hexagonal dismeter in 0-82,

However, although ice crystals formed in naturst clouds or grown in the
Ishorstory possess, in gencral, the shape of hexsgonsl prisme, the dimensional ratio
may vary from less then (1 to more than 10, In sddition, many complex forms such
n stars, hollow prismas, scrolls, and dendritic plates commonly occur. Although it is
difficult 1o imagine wurflace-encrgy ch ges adeq to explain the vasiati of
simple prismatic habit, it hecomes quite impossible 10 explain the more com-
plicated forms on the basis of any equilibrium theory. Fletcher therefore concludes
that the obscrved forma of ice crystals are not equilibrium structures but represent
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kinetic cflects Juc to thermsl or diffusion gradients, surface sccommodation
coefficients, and similar mechanisms, which have become ‘frozen in' before
attaining equilibrium.

Numerous attempte have heen made to estsblish the dependence of ice-crystal
shape upon the variables involved in crysial growth. Tempersture snd water-
vapour pressure have been shown ta be ol great importance in this reapect, and w2
lesnet extent the fall velocity of the gruwing crystal amd the presence of fog droplets,
organic vapours, or strong clectric ficlds may also be important. In view of the
cxistence of four hamic formm, namely needles, prisms, plates, and dendrites, each
of which is subject to s large number of variations, it hes proved necessary to
conduct rigidly contolled laboratory studies of ice-crystal growth. These con be
divided tnt two general categaries; in the first type, crystals have been grown under
conditions close to water saturation in a droplet fug, while in the second the crystals
have heen grawn in a droplet-free vapour whose temperature and superasturstion
could be varied independently. The conditions created in the firat type of experi-
ment simulsted mote cloacly those oconrning in natural clouds, but the second type
has provided more detailed information concerning the growth process.

Tuble L Veristion of lce-crystal habit with temmpersture !

e 1% thin hexagonel plates
BN T ] nerdles
-3t —-fc holtow prisme
-8 -2 hexagonsl pletes
-2t - 18" dendritic crystale
ER LY L I plates
~25te - 0 "¢ hatluw prisms

1 From Hallett pnd Magon (1958 g).

Studies of the growth of ice crystals in supercooled water clouds produced in

_envitaanients of controllable temperatures have been made by Nakays (1951, 1954),

sl Kampe ot of (1951), and Mason (1953). Unfortunately, the presence of the
dropiets makes it very difficult 1o estimate the true superssturation of the environ-
ment, snd the resulia are therefare hard to interpret. Nakays contluded from his
experimentia that the tempersture rather than the superasturstion was the mein
factor conteolling the draplet ahape, exvept for dendritic growth which occurred
only st relstively high superssturstions in the tempersture range — 14 10 ~ 17 °c.
On the other hand, the conchmion emansting from a reanalysin of Nakays's results
and aome clectrical analugne experinenis by Marshalt and Langleben (1954) wan
that the Jominant factor gnverning crysts! growth is the supersaturation,

Clarification of this problem was provided by the studies of ice-crystal growth
under controlied conditinna of temperature and supersaturation in the absence of
dropleta by Shaw and Mason {1955) who grew ice crystals on a metsl surface,
Kohavashi (1957) whe studied photomicrographicslly the habit of ice crystals
growing upon s fine thread or rabbit hair in a4 diffusion chamber, and Hallett and
Mason {1958 2) whn utilized a more elabarate diffusion chamber incorporsting
movahle ice platen to awint the atudy of growth st low superseturstions. These
experunents agreed in confirming that the hahit depends primarily upon the tem-
peratire, the predominant forma snd tramition temperatures sgreeing closcly with
thase presented in table 2.
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“The experiments of Hallett and Mason were particularly comprehensive. They
were sble to grow crystals over the tempersture range 0 to — 50 *c under super-
aaturatinns ranging from a lew per cent to about 400%,. Their technique of growing
crystals simultanenusly at sll temperatures over the attainable range on a single
nylon fibre, as illustrated in plete 2, revealed that the boundaries between one
crystal form and another ave extremely sharp. For instance, the transition between
the plates and needles st — 3 °C and that between hollow prisms snd platesat -8 °c
occurred within temperature intervals of less than 1 degc. Hallett snd Mason grew
crystals having an atmost identical variation of habit with tempersture from the
vapour of heavy wster, but with the transition temperstures sll shified upwards by
almost 4 dege, in conformity with the difference between the melting points of H,0
snd DO, Hallett and Mason studied the effect of supersaturation and temperature
upon the growth form of a particular crystal simply by raising or lowering the fibre
in the chamber. 1n all cases a crystsl that had been tramsferred to » new environment
assumed 3 habit characteristic of the new conditions.

The results of all of these studies are consistent with Nakeys's original contention
that temperature rathcr than supersaturation is the dominant factor controtling the
hahit of crystals grown (rom the vapour. This conclusion is reinforced by experi-
ments in which ice crystals were grown in air at reduced pressure or in other gases,
If, an suggested by Marshall and Langleben, the basic habit is determined by the
Aux of vapour towards the growing cryatal, which is proportional to the product of

the diffusion coefficient of water vapour and the excess of the ambicnt vapour density -

uver that in equilibrium 3t the cryatal surlace, the habit might be expected to change
if grown st lower sir pressures or in different gases. In fact, sithough reports of
habit changes resulied from the experiments of Isono et al. (1957), Isono (1958), and
Kobayashi (1958), some extremely comprehensive and well-controlled experiments
by van den Heuvst and Mason (1959} demonstrated that the varistion of habit with
temperature, involving plates, needles, hollow prisms, snd dendrites, wae unsffected
by reducing the air pressure to 20 mmHg or by replacing the air by carbon Jioxide,
hydrogen, or helium. Only the growth rates of the crystals were affected, which i
explicable in terms of the difference in the diffusion cocfficients snd thermel
conductivities of the various gases.

"The difficulty of growing ice crystals from the vapour st supersaturations of only
a few per cent, comparable therefore with those occutring inside clouds, wae
resalved by Kobayashi {1961), who mixed two eir streams satursted with respect
to ice at different temperatures in order to produce a supersatursted misture at an
intermediate temperature. In contrast to esrlier messurements {Kobayashi 196D)
made under more varinble conditiona, he found that st superssturstions of only a
few per cent the crystals tend to grow as nesrly isometric prioms, but in the tem-
peratuce range at which plates usually appear the crystals grow s very thick plates
and approsch a limiting cfa ratio of 0-8, whereas at temperatures normally associated
with prisms they approach a limiting ¢/a ratio of 1-4, The results of Hallett and
Mason and the later measurements of Kobsysshi have been combined by Mason
ot al. (1963 &) to produce the curves illustrated in figure 14, which they consider to
represent current knowledge of the variation of ice-crystal habit with tempersture
and supersaturation. 1t is clesr from the dingram that the principal factor con-
trolling the basic hsbit, us determined by the relative growth rates along the c and #
axes, is the temperature. It is also apparent, however, that the secondary growth
features are determined by the supersaturation or vepour flux. More recent
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experiments by Kobayashi (1965) have confiemed that the habit of ice in prismatic
over the temperature range — 22 1o - 90 ¥

_ _l.argc deviations from the pattern of cryatal habit with temperature illustrated
in liguse 14 have been observed when Organic vepours were introduced into the
titfusion chamber (Vonnegut 19495, Schaeler 1949, Nakaya 195§, Nakays ot ol
145K, Hallett and Mason 1954 b} ur when the crystals were grown in the presence of
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Figure 14, Esperimentelly determined varistion of ice-cryetal habit with
" femperevure and
superseturation. (From s synthesis by Musons of of. (1963 &) of the
Muson (1958 4) and Kobaysshi (1961).) o ek of Halers snd

steong electsic ficlds (Dartlers of af, 1963). Ficlds of magnitude around 1000 vcm-?
which certainly exisr over & significent fraction of the volume of o muture lhunder:
cloud, were also found 1o accelerate the growth rates by a factor of up to about 100,
Unfortunately, no physically complete explanation has yet been offered for the

ohserved clect of arganic vapours snd electric fields upon the growth of ice cryntals
from the vapour,

4.3, Mechaniom of hahit change

The habit changes undergone by ice crystsla in the tempeeature range 0 to
- 25", prevented in table 2, gre o consequence of changes in the relative growth
rstes of the bassl and prism faces of the crystals. From a review of previous experi-
ments on ice-crystsl growth Masan (1965 b} concluded that the varistions of habit
are probahly s consequence of variations in the rates of surface diffusion of malecules
on the growing crysts! faces.

"The first direct experimental evidence that the water molecules arriving on the
yuhce of & growing ice crystal may travel considersble distances before being
incorporated into the crystal structure wes provided by Bryant et al. ( 1959), who
studied the epitaxial growth of ice crystals on the hasal fuces of natural cupric
sulphide. The ice crystais exhibited interference colours when viewed in reflected
white light. The colours Rave s measure of the crvatal thickness, changes of which

Clowd physics 1

could thereby be messured 1o within an accuracy of sbout 1501, At low super-
saturstions some crystals were observed to grow considerably in dismeter with no
discernible change in thickness, suggesting that molecules artiving on the upper
banal surface were not heing assimilated hut were migeating over the surface and
being built inta the prism faces. This interpretation was reinforced by the observa-
tion that the lateral growth rate of two neighbouring plate-like crystals of constant,
nearly equsl thicknes did not decrease an they approached each other, even when
the intecvening gap narrowed to about | um. Jf the crystals had been growing
mainly by direct deposition of vap lecules on their edges they would have
slowed down as they spprosched snd shadowed each other, but & reduction in
growth velacity would not be expected if growth occurred primarily by migration
of maleculen from the tap surface. It was frequently observed that s small plate-like
crysttl did not thicken until it collided with a thicker crystsl or a clesvage step on the
substrate; on collision coloured growth layers, often originating frem the point of
confact, then sprend acrose the crystal surface. Thin observation may be considered
to be cvidence of lateral growth of & new layer on the surface of the ice crystal,
Hallene (1961) showed experimentally that st constant temperatute and super-
ssturation the layers travel with uniform velocity inversely proportional to their
thickness.

Hallett considered the case of & atraight step of height A growing pacalle! to the
bassl plane by coliecting material directly from the vapour phase and by surface
diffusion. If X, is the average distance which a molecule travels on the ice surfuce
before re-evaporating, s}l molecules within  distance X, on either side of the grow-
ing step will contribute ta its growth. The velocity ¥ of the step is then

Ve &%ﬂ_ (4.5)

where p is the crystal density and A is the nct mass flux of vapour per unit syrface
srca. 1f X, % A the step will grow largely by surface diffusion with V oc A-1. Hsllett's

ements, therefore, suggest that the layers advance mainly by surface diffusion
snd not by direct deposition of water molecules from the air. Hellett also found that
V increased stesdily from —40to —6 "c, decressed sharply with incressing tempers-
ture from —6 10 -3 *c, and thereafier incressed sgain ss the melting point was
spproached. He assumed on the basie of the preceding argument that X, will vary
in tempersture in a similar manner.

Maeon ¢t al. (1963 1) made more direct messurements of X, by messuring the
velocity of approach of twn neighbouriag growth layers. They assumed the critical
separation st which the velocity slowed down te be equsl to 2X, In this way
they obtained the curve of X, against temperature illustrated in figure 15. The
genersl form of theie curve is similar to that obtsined by Hallett, but whersss
Hallett's maximum occurred at —6 ¢ that obtained by Mason «f al. is ssen from
the figurc to be located st —11%. In an sttempt to resolve thie difficulty
Kobaysshi (1967) employed Hallett's technique to messure the velocity of etep-
propagation, ¥, over the basal surface of ice grown on a covellite subsirate, Photo-
araphe obtained in this investigation are pr d in plate3. The messured
varistion of V' with temperature obtsined in these extremely careful experiments
was very similac in form to the curve of X, sgainat temnperature obtained by Maaon
et al., with s maximum occurring et a tempersture of — 11 *c. It appears ressonable
to assume, therefore, that Hallert's results are incorrect end thet sn accutate
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description of the varistion of .\, with temperature is provided by the experiments

of Mason o al.

Oin the basis of their experimental corve ilustrated in figure tS, Mason eof ol
have suggested an explanation for the varistion of ctystal habit with tempersture.

Nince moiecules arriving nn the crystal surface have » surface migration length of

several .mitnms. they may resch an adjacent face before becoming incorporated into
the fattice. “T'he initial hahit developmient from the embryo stage may therefore be
determined by the relative values of X, for the bassl and prism faces. If X, is
greater for the hanal face there will be a net transport of material by surface diffusion
t the prism faces, and the cryatal will atant to develop a plate-like habit. The
reverse will be true if Y, is greater for the prism faces. At present it has not proved

X, lum)

4] -10 -10 -10 -40

Temperature (%}
Fgure 15, Mean surfece migratum Jistance X, a0 a function of tempersture. ——. basal face;
= - - - suggested curve fur prien face. (From Meson ¢f o, 1961 2) )

praaible to measure values of X, for prism faces, but Mason of al, hs suggest
that the curve of X, sgainat tempersture for the prism faces may be':f the ur::
general shape as that for the banal faces but displaced slightly along the temperature
axia as indicated in the broken curve in figure 15, If this suggestion is correct the
Twa curves will intersect st three places, thereby providing four tempersture ranges
in which the ratin of X, for the banal snd prism faces alternates between vslues
Rreater than and less than unity. When this ratio cxceeds 1 the carly development
will be plste-like, whereas priematic columns wilt levelop when the ratio in lesn
tun 110 the sctual curve of X, for the prrinm (aves againat temperature provided
snilar intersection points to those amsuymed in bgure 15 the sequence of habit
changes predicted from this disgram wonld be conistent with thet presented in
table 2. In addition, analysis of higure 15 suggests that habit transitions will occur
very sharply st ~3 and — K °c, but more gradully at — 25 °c. These predictions
are entirely in accord with obwervation.

Develaping this explanation of ice-crystal hahit, Masson (1965 b) suggests
that ance the crystal dimensions become latge compared with X, sutface diffusion
will have little further effect an habit development, which will now be controlled
primarily by the three-dimensionsl diffusion field. However, once & habit has been
established in the early stages of growth, the diffusion field sround the crystal
will orient itself to conform to the crystal geometry and tend to maintain it.

Cloud physics 1

The observation that st moderate supersaturations crystals continue to develop as
polyhedra suggests that the excess materinl arriving at the edges and corners is
redistributed over the aurface by surface diffusion. However, a2 the supersaturstion
is increased surface diffusion cannot redistribute muterist sufficiently rapidly to
compensate for its tform deposition, and growth occurs preferentially at the
corners, resulting in the formation of sector plates, dendrites, hopper crystals, and
other sheletal forme. Photographs by Mason #r al. of steps and ridges on various
typen of ice crystnl are illustrated in plate 4,

Mason considers, therefore, that the crystal habit is determined by the inter-
action between the surface migration of molecules and the nonuniform flow from
the diffusion field. The relative raten of surface diffusion on the baast and prism
faces are responsible for determining the habit in the early stages of growth, and
this is later maintained snd sccentusted by diffusion of vepour to, and conduction of
Istent heat of crystallization away from, the crystal surface. This explanstion is
consistent with 3 substantial body of experimental evidence and mumnt be preferred
10 that of iHobbs and Scott (1965), involving the nuclestion of steps at the edges of
crystals followed by the propagstion scross the faces of the crystst, which is based
upon the incorrect results of Hallett and is inconaistent with the messurements of
Kobaysshi and of Mason #f sl In otder to resolve this question more conclusively,
however, messurementa of the velocities of step-propagation on the prism faces of
ice crystals arc urgently required.

4.4, Aggregotion of ice crytials to form swomflakes

Although the primary mechanism of growth of ice hydrometeors to precipitation
dimensions within the majority of clouds involves the accretion of supercooled water
droplets, the sggregstion of ice crystals may well be the dominant process in highly
glecisted clouds. The growth of ice agglomerates is governed by the collision and
aggregstion efficiencies of ice crystals. The serodynamic problems posed by the
complexity and varisbility of the ice-cryatal geometry have so far defied solution,
and no thearetical computations have been made of the collision efficiencics of these
particles; it is possible only to make semiquantitative estimates based upon collision
croea sections for spheres. However, in recent yeurs conwidersble knowledge hae
been gained of the adhesion process, and messurements have been made of the
callection efficiencies of ice crystals, defined s the product of the collision and
aggregation efficiencien.

Studies by Nakeys snd Mateumoto (1953, 1954), Hosler of ol. (1957), Hosler
and llallgren (1961), and others have demonetrated conclusively that adhesion of
ice to ice occurs et temperstures belaw which pressure-mehting in likely to be
effective. T'hese workers find that adhesion is & senwitive function of temperature,
sut{ace contamination, and retative humidity. Hosler and his coworkers concluded
that their resuits were explicable in terms of the *liquid-like layer’ hypothesis pro-
pounded in clementary form by Faraday {1860) and developed by Weyl (1951).
From considerstions of minimum surface free energy Weyl proposed a reorientati
of molecules in and near the surface of an ice specimen and that the thickness of this
disordered layer will decrease with decressing tempersture and relative humidity.
Circumatantial support far Weyl's hypothesia is provided by the experiments of
Jellinek (1961) and the theoreticsl studies of Fletches (1962 b) who calculated that
the reorieniation of water molecules in an ice surfece near 0 °c extends in en
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exponentially decreasing manner for shout 1) molecular layers below the surface
before achieving the bulk-ice lattice srrangement, and that the theoreticsl relation-
ship between the thickness of the distorted layer and rempersture is similsr to that
between aticking force and femperature, messured by Hosler of ol However,
slthough the ‘liquid-lm’ hypothesis offers an explanation for seversl experi-
mentally determined properties of ice, these phenomena can also be explsined in
terma of well-established physical cforts. Experiments by Kingery (1960) and
Kuroiwa (1961) indicated that surface and volume diffusion of ice molecules were
primarily responsible for the sintering of ice, but a comprehensive theoretical and
experimental study by |lobhs and M (19%4), supy | by the low tempersture
investigations of Hobbe (1965 a}, established that the dnminant mechanism opera-
tive during the sintering of ive apheres in air st stmospheric pressure is evaporstion
of material from the surface of the spheres and tondensation onto the concave region

Table ). Colloction efliciencies sad deusltl - d by Hoaler aad Haligreat

“Temperature Mesn collection efficiency] Mewn demity (g om "3
) 127 g dism, 36D uen dism. 127 pm dism, 380 pum diam.

-6 (priemae) 0 044 wns? 0044 0068
~ 8 (prismas) onsy 010 0029 0043

= 10 (prisnva) 1994 0126

=11 iplates) 0104 0210 00 0-030

=13 (plates) %y 108

= 1§ (plates) U068 014 003 0022

— 18 {plates) 0-0%8 0-tye

— M0 (plares) 0014 LR 0008 o018

- 22 (plates) 41 0076

— 14 {plates) N0 0058 0009 0014

=26 (plates) o018

t From Hosler st Hallgren (1961),
§ Meang are for 10 or more individual messtrements.

of the ice bridge growing between the two spheres. Hobbe (1965 b) showed that
the observed time-dependence of the strength of snow firn is sleo explicable in
terme of this mechaniom. However, Hobbs and Radhe (1967) found that in the

beence of temperature gradi the demsification of dry snow is controlled pri-
marily by volume diffusion.

Hosler and stigeen {191} mesmprcd the cullection efficlencies of suapended
ice apheres of original diameter 127 sod 360 um for ice crystals of typical dimensiom
ranging from A to 1K um which were drawn pant the spheres in a wind tunnel.
The collection efliciency was estimated from the ratio of the number of crystals
collected, determined from & comperison of the initisl snd final dimensions of the
coliector, 1o the number in the path of the collector, abtained hy messuring the
crystal Rux using a sampling rechnique. Examples of the coliection efficiencies snd
mesn aggregate densities measured by Hosler and Hallgren at ice saturstion sre
presented in table 3, which shown that appreciable sggregation occurred at o
temperature of ~ 26 °c, the lowest utilized in these experiments. In the experiments
of Hosler et ol. some aggregation was found 10 occur st —36°c. The collection
cfficiencies sre seen to increase with increasing temperature over the approximate
range —26 10 — 11 °c and theresfter vo decrease as the temperature rises to — 6 °c.
The decrease of collection efficiency with incressing tempersture between — 11 and

Cloud physics [}

< 6°C was shown to be associsted with an incressing proportion of prismatic
crystals. [Hosler and Hallgren concluded, therefore, that l_lte basal faces of ice
crystals possess grester adhenive properties than the pnnmuc.fu:eo. When their
experiment was repeated in a dry stmosphere they found no evidence for adhesion
at temperatures below — 4 °c, ) ]

In pvei“ of the strong experimental snd theoretical evidence for |!|¢mned
collision cfliciencies of water droplets in the presence of intense electric ﬁ_el_dl.
discussed in 3 previout section, it appears logical to expect that the collision
efficiencies for ice crystals will also be appreciably modified in the presence of strong
electric forces. In fact, messurements by Latham ef al. (1965) ol' the fields b_el\reen
model ice crystals auggest that, in general, an electric field within & cloud will pro-
duce 8 grester force hetween two ice crystals than between two droplets of the same

€
z
< s
£
- b
¢ £ (hy amr') .
Figure 16. Incresee of rass of an ice aph dwoa of ice crystale s o function of

etectric field strength E. Air temperature ~9 °C. (From Latham snd Seunders 1984.)

maes a8 the crystals separated by the same distance. ‘This contention was con-
firmed by tlnerz:!perimenn of Saunders (1968 2), who made direct messurements
of the forces between metallic models of ice crystals separsted in an electric feld.
From the ratio of the mensured forces between a model pair and conducting spheres
of the same valiine as the models Saunders ohtsined values nlafnm-enhnfcmgt
factor, aver & wide range of separstions and crystal types, which Inly.be l'llﬂlled.lll
computations of the cfect of clectric fields on the collision efficiencies of w:
crystale. [t appests probahle, therefore, that fields in excem of sbout 100 vcm-
will modify significantly the collision efficiencies of amall ice crystals, 'cnd tlutlt‘he
eflect of the electrical forces will be most pronounced when the relative velocities
see low.

Lathsm and Saunders (1964) performed experiments which d-m::mm_utcd.'u
shown in figure 16, that the collection efficiencies of ice crystals colliding with an ice
sphere increased rapidly with incressing electric fields above » t!_'nmhold value of
about 500 vem-1. These studies have been extended in some detailed bu.t currently
uncempleted experiments by Saunders (1968 b). Copious quantities of ice 'cry_ntln
of dismeter ranging from 3 to |0 um were grown st » selected temperature mmd.e .
cold room and were then drawn up two identical isothermal tubes in esch of which
was positioned en ice aphere maintained at the same tempersture a3 the crysul
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Mresm 10 which it was exposedt. A third tube contained a collector which per.
mitted sccurate values of the cryntsl concenteations and dimensions 1o be messured,
"The identical spheres, whose initis| diameter was varied from ahaut 200 10 2000 um,
were bath straddied by toroidal electrodes, which enabled electric fields to be applied
parallel to the lines of Aow of the two ceystal streams; in the experiments se electric
field of selected ntrength was produced in one tube while no field was spplied in the
other, From the measured values of the growth rates of the two ice spheres,
ohtainet hath by meann of a microbalance and by microphotography, together with

the measured crystal concentratinna and Row cates it was pomible 1o determine

ahsolute values of callection eficiencies as 2 function of ficld strength, ice-crystal
amt collector dimensinns, tempersture, sir-stream velocity, and relative humidity,
In the ahsence of a field the values of enllection efficiency, after correction had been
made for the fuct that the crystal dimensions were increaning throughout the period
of exposure, were comparahle with those measured by Hosler et al. The rate of
growth of the collector by meana of aggregation wan found to incresse rapidly with
increaning field strength abave an ill- defined threshotd value of sround IM) vem Y,
Tvpical photographs of ARRTCEates grown in these studics are presented in plate 5.
The physics of the enhanced growth was clarified in 2 separate experiment by
Latham and Saunders (1967), whe shawed 1hat the incressed force required to
separate two jce spheres situsted in an clectric field wan not sccompanied by an
increanc in the rete of growth of the ice bridge between the two spheres snd is
explicable entirely in terma of the calculations of Davis (1964) of the purely electro-
static forces between two conducting spheres nitusted in an electric field, which have
been verified experimentally by Saunders (1968 2). Saunders {1968 b) found that in
the presence of electric fickds SREFCRALtioN con OCur B2 temperatures ay low an — 50 °c,
whereas in the ahsence of such forces SpRregation was insignificant st temperstures
below about - 3 °c. His niessurements suggest that the primary role of electro-
wtatic forcen is to increase the aggregation efficiencies, although s significant increase
in the collision efficiencies may occur in extremely strong fields. ‘This conclusion
wat reinforced by the field messurements on the growth of ice particles by aggrega-
tion, made by Latham (1969) in Yellowstone Park. The evidence of sgglomeration
of ice crystals in the presence of electrical forces st temperatures at which aggregs-
tion docs not occur in the absence of electrification is supported by the observations
of MacCready (private communication 1967) that sgglomerates of ice cryntals were
found in the snvils of strongly electrified thunderstorms at extremely low tempers-
tures. Electrical eflects may therefore also have heen responsible for the apgregates
of ice crystals in natural clouds ohscrved by Daugles er al. (1956).

In nrder to ealculste the rates of growth of snowflakes by the sggregstion of ice
crystals it is necessary to know the terminal velocities of the falling particles.
“Thearetical and esperimental studien of this problem have been made by Braham
(1963}, Cornford (1965), Magono and Nakamurs (1965), snd meveral carlier
workers. Magona snd Naksnwea found that their measured vafues of the fall
velocity of snowfakes, 1/, conld be expresnced with & high degree of accuracy by
means of the empirical equation

U = 3300 - p)*ss, {4.6)

where o and p are the densities of the snowflake snd the air respectively. For
mehtvidual ice crystals the velocities determined by Nakays snd Terads (1934)
appear 10 he relishle,
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PLate 2

Vlmuon of habit with tempersture for ice crystals grown in a diffusion chamber. The sequence
is: plates —+ needies — hollow prisma —+ plates - dendrites + plates. (From Hallen and
Munn 19582

Rep. Prog. Phyr., 1969, 32, 69-134

LATHAM Puate 3

Fpitaxtal deposit of ke crystals on & clessage surface of covellite showing successve stages
(@ = #) of the spresding of growth layers scross the basal face of the ice crystals.

Ta = — 495 °c, saturstwn rotio |4, Time intecval o 1905 (Magrification x H0.)
(From Kobayashi 1967.)

Rep. Prog. Phys., 1969, 32, 69-134
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Rep. Prog. Phys., 1969, 32, 69114

LATHAM PLaATE §

(K1) (&

Photographs of ice crystels collected on an ice sphere of original dismeter 1-5 mm in an electric
field {E): (@) E = 165 kvem-Y; (M E = 0. Air-stresm velocity 20 cm s~', tempersture
-7

Rep. Prog. Phys., 1969, 32, 69-134




i

LATHAM

(21}

' s
TR v,
. 7 A Vot
[EERY N LI
L ERa .
PLatE 6

I lec_zg_nplu ol' aruificial hailstones of diameter about 10cm grown under verious con-

of air temp

T..
@ T~ -N, dy=29um,

dian droplet di d,,, and liquid-water content L.
Leddgm ™ @) T.~-11'C, dy=57um,

L = 30 gm-2. (From Bailey and Macktin 1968.)

11, Sections through 4 hailtone of dismeter 4-0 cm. (@) Under translucent light; {#) same
hailstone under polarized light. (From List 1960 b)

Rep. Frog. Phys., 1969, 32, 69-114
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Frozen drops 1) found in neturs] clouds over the Canbbean
Mee (private communication), and i) produced in the
expeniments by Smith {(privete communication). In i)

Rep. Prog. Phys., 1969, 32, 69-114

at temperatures shove -5 ¢ by
Ishoratory during electrofreezing
. one small divimion = 20 um.
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4.5. Growth of graupel and hail by the accretion of supercooled droplets

The most rapid growth of precipitation clements inside clouds occurs when ice
patticles accrete supercooled water droplets which freeze wholly or partially on
collision. The ice particle may have been formed by the freezing of a supercooled
droplet, by growth from the vapour on a sublimation nucleus, or by a drop-
splintering mechanism. Graupet is formed by  relatively slow accretion process in
which each collected droplet freezes immediately upon impact, and the resulting
structure is porcus and of low density. The growth of hailstones, on the other
hand, represents an extreme case of droplet accretion in which the latent heat
released upon (reezing of part of the accreted liguid may be sufficient to prevent
freezing of the remainder. The petlet thus formed is covered with a liquid skin
which freezes relatively slowly or retains liquid water within internal cavities
(spongy ice) and is consequently dense and more transparent.

The equations for the heat balance of a growing hailstone wete set up by
Schumann (1938) and developed by Ludlam (1958). They failed to take account,
however, of the existence of spongy ice, investigated by List (1959 a) and Macklin
{1961), which is of crucial importance in the formation of hailstones. Experimental
and theorctical studies by List (1960 a) provided quantitative infotmation cen-
cerning the relation between the liquid-water content of spongy ice and the relevant
growth conditions and provided a framework utilized by List (1961) for 2 com-
parison between the conditions required 10 produce various types of ice structure,
such as spongy ice, compact ice, and porous ice.

List demonstrated that in the case of the growth of spongy ice the accretion of
supercooled cloud droplets is accompanied by evaporation from the particle
surface. On the other hand, Douglas (1960} has shown thar there are arcas of
growth where condensation of water vapour occurs. A general treatment of the heat
and mass exchange of haitstones, which delineates the conditions under which the
vatious types of growth occur and establishes the boundary coenditions which
subdivide them, was provided by the comprehensive treatment of List (1963 a) for
the case of spherical hailstones.

List assumes that the hailstone under observation is growing in a cloud con-
taining supercooled water droplets Ppossessing a temperature equal to that of the air,
¢,, while the hailstone temperature 1y, is determined from the conditions of thermo-
dynamic equitibrium. In this situation the varistion with temperature of saturation
vapour pressure over the hailstone ¢, and over the cloud droplets ¢, will be as
shown in figure 17. The problem is to find the point {e,,, {5} corresponding to the
point (e,,, 1), which is assemed to be known. Since both the freezing of deposited
water droplets and the sublimation of water molecules are always accompanied by
the evolution of heat it follows that £, > ¢, throughout the period of growth. If the
accretion it zero (Mp* = 0) growth occurs only by sublimation and the hailstone
temperature assumes its lowest value fp; (>¢,). Thus a branch of a curve is
obtained which establishes for a particular value of ¢ '+ 2ll possible growth conditions
(#ans tn) with 0 °c G 15, € . This curve is divided by the point (¢,, = ¢,,, ;) where
no energy and mass exchange sre allowed with the vapour phase (Mpge* = 0). If,
therefore, o,, < ¢,, then the growth by accretion of cloud droplets is accompanied by
an additional increase of mass by means of sublimation, while for €, > ¢,y 3CCrEtion
is followed by evaporation. Further intermediate points of interest occur where the
mass increase through accretion equals that by sublimation or that lost by evapors-
tion, although List showed that this latter equivalence can never be achieved. A
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final special case occurs when 1y, = 00 °c, which corresponds 1o the growth of
spongy ice.

Ilaving established in qualitative termas by mesns of these thermodynamic
arginnenta the existence of various regimes of growth and energy exchange sssociated
with the growth of hailstones List procceded to trest the problem quantitatively.
He made severst assuimptions. Slowly renating spherical hsilst were considered,
even though Wesckmann (1953), List (1958}, and Sarcics (1959) had establinhed that
the majority of hailstones have ellipsoudal or even conical shapes, since bamc
equatiens of heat and mass exchange do amt exist for these nonspherical particles.

———— .
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denples) and e (e = fi1,} fnr hailstones) as 8 function of temperature. (From List 1961 4.)

Further assumptions were that the eflecty of the collection of ice crystals upon the
growth hehaviour was neghgible snd that the density of the hailstones wes equsl to
that of pure ice, which is justified hy the stdica of List (1958, 1959 b, 1961) and
Madckhn of ol (1960},

‘I'he 161a) heat exchange of 3 gruwing hailatonce i governed by the equation

Ot + O 1 (4 (" a0, (4.7

(e derwmes the hent coumponent imparied te the hailstone per unit time by con-
vection and conduction, (45.* by evaporation aml sublimation, (0,,.* by accretion
of water droplets, snd (0, * by complete or partisl freezing of the deposited water.
List showed that the contributions of radiation and friction in the serodynamic
boundary layer to the total heat exchange are negligible. Expressions presented by
List for the four heat components include, in the case of (,4.* and Q®, 8 factor #
which represents in the furmer case the ratio of 1he heat transfer through o natursl
(rough) surface to that through a smooth surface, and in the latter cane the identical
ratin corresponding to mank transfer. Values of # have been detesmined experi-
wentally by List (19602)  ‘The expression for (,® involves s factor [ which
representa the fractm of depomted water which is frozen. [ is equal to unity for
il surface temperatures where £, < 0 "¢, when 1, = 0 °c £ can be less than unity, in
which case the depasit consiats of & mixture of 1ce and water. ‘T'he expressions
for the heat componenia can he combineil to give s genersl equation for
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thermodynamic equilibeium: i
168 &1, - 1,) + Cl,l Doy ty New— ) - gt ' -1 By, (4.9 \

O (L0 & ity - 1)

where k is the thermal conductivity of air, C,, are the specific heats for tranmitions
from liquid to gas and solid to gas respectively, Dy, is the diffusivity of water
vapour in air, L, is the lateat heat of fusion st the temperature fy,, & is the specific
heat of water averaged over the temperature range (fy,.1,), v is the kinematic
viscosity of the air, {7 is the diasmeter of the hailstone and v its velocity relative to
the air, E is the total efficiency of catch, and w, is the liquid-water content of the air.

I'he total increase of mass per unit time of s hailstone is compounded of that
produced by accretion, M,..*, and that produced by exchange through the vapour
phusc by evaporation o sublimation, Myn®. Therefore

Mot = Mog® + Mae®. “9

However, M p* = Oo®iC {15 -1.) and Mea® = Op® L, .7, where L, is the
Istent heat of sublimation or evaporation,
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Figure 10. Relation hetween totsl mass growth Mo,® and sir temp 1, with vari
growth sones and ice products. [ = 2 om; —— B0 mb, — - - - 200 mb. (From Lint 19632}

From these general equations for the heat balance and material transfer between
a spherical hsilstone and its enviconment List wae shle to demonstrate the
interdependences of the different varinbles such s sir temperature, sir pressure,
liquid-water comient, the diameter and fall velocity of the hailstone, its surface
temperature, and its growth rate. Asghown in figure 18 the equations sleo permit the
delineation of various growth zones. 1t is seen that the curves for sccretion divide
the entire growth ares into two zones, ane with a mase increase predominantly from
the gus phase (M,* > M%), the other with s mass increase predominantly from
accretion (M,..* > M,*). As might be expected from lstent heat considerations it is
cvident that the gan phase, even if it contributes substantially to the energy exchange,
is unimportant for the deposition of mass upon lerger huilstones. The growth
regions it which sccretion is predominant is seen from figure 18 to be subdivided by
the curve Mg,* « . On the left of this curve sccretion is accompanied by subli
tion, while on its right the manas increase is reduced by evaporstion. A further
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cadius of the droplets comprising the cloud, ¥, the speed with which the droplets
struck the object, and T, the mean temperature of the accreting eurface. Macklin
explsined the observed dependence of the demsity on the parameter rB,/T; in the
following wsy, using the assumption thst the droplets remuin spproximately
sphetical on freezing—this sssumption is valid if the impact speed and the surface
temperature are moderately low. When & supescooled droplet serives at the surface
of the deposit it begins 1o freeze, the initis] freezing occurring over (he aren of
contact between the droplet and the lower sutfece, 1 o bond can form quickly and
with sufficient strength to overcome the impact momentum of the droplet, then the
droplet in held in this position. 1t the bond is not formed quickly or strongly
ennugh the droplet moves or slips over the surface of the frozen droplet on which it
has impinged until it is brought to rest either by the strengthening of thie first bond
of by the formation of bonds with other frozen droplets. [n both circumstances the
atructure is more compact and hae higher density. The density may, therelore,
be expected to depend upon +¥,, which is proportional to the ratio of the impact
momentum of the droplet and the area of contact between the droplet and the lower
surface. In addition, the density will atso be dependent upon the time of formation
of the bond between the droplet and the underiying surfsce. The longer thia time
the more compsct the structure will be. Since to a first approximation the time of
formation of the bond is proportions! ta 1{T,, the density will then be & function of
V[ T., as observed. Macklin also made s microscopic examination of the deposita.
At low values of r13/T,, corresponding to low demsities, the droplets tended to freese
together us spheres, while at higher values they were distorted and spread consider-
shly before freezing.

tHitschield and Stander {1967) performed » rigorous study of the temperature
profiles in apherical and homogeneous hailstones falling through clesr sic. They
calculsted that & hailstone of sbout 1 cm in radiua s liable to be sbout 12 degc colder
than the ambient air. The cooling effect of hail on the air was shown to be small.
Their calculations demonstrate that when & hailstone of redivs sbout 1 cm fulls
through & cloud, its heat capacity delays the commencement of wet growth by up
10 2 km. On the other hand, when hail grows in regions of high liquid-water content
the heat capacity term for even the largest hail is unimportant in the heat balance
equatinns. They conclude that such growth normally leads to mixtures of water
and ice.

Experimental studies of heat tranafer that take sccount of factors such ss the
nonaphericity of hailstones snd their oucillation, rotstion, and surface roughness
have bren made by Macklin (1963 5, 1964 &), List and Duesault (1967), end Bailey
andd Mucklin (1964). The peneral heat and mans exchange of apherical hailstones
has been discumsed by Macklin (1964 b) snd List (1964). The hest exchange retive
of hailstones have been studied in the fabotatory and calculsted for 2 model cloud
by List el al. (1965). Experiments! and theoretical studies of the melting times of
amall ice spheres and cones have been made by Drake and Msson (1966). A serics
of investigations of the growth criterin of spongy ice have been made by Knight
{1968) and Knight and Knight (1968 u, b). The density, structure, surface con-
figuration, and fall-spcedn of hsilstones have been studied by Machlin and Ludiam
(1961}, Machlin {1962, 1963 b), List (1963 b), Browning e al. (1963), and Bailey
and Macklin (1968). The structure snd growth of giant heilstones have botn
studied by Browning (1965, 1966). Critical liquid-water concentrations of large

hailstones have been investigated by Macklin and Bailey (1966). More genersl
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iiscussions of the growth of hailstunes have been presented by List (1960 b,
1961, 1965). Calculations and anulyses of the growth of hail within natucal clouds
have been made by Browning and Ludlam {1962), Browning (1962, 1963), and
others. The photographs in plate 6 illustrate two uscful techniques that have been
developed in sudiens of the structure, history, and physical properties of hailstones;
aniificial hailstones can he grown under controlied conditions in the Iaboratory and
subsequently snalysed, and thin sections of natural or artificisl hailstones can be
exsnined between crossed polsroids in order to reves! the constituent crystallites
and by transmitted unpolarized light in order to expose the bubble atructure,
Despite this tremendous concentiation of resesrch effort into the problems of the
growth, structure, and encrgy balance of hailstones, an accurste quamitative under-
standiog is far from complete. However, it appesrs probable that the generai
approach of List, described above, will remain as 2 qualitatively correct framewnrk
into which subsequent, mare specific, information can be incorporated.

Reintorcement for this conclusion 1s provided by Macklin snd Payne (1967),
who made a thearetical study of the assumptinns underlying the simpie heat-balance
relations autlined previomly, which have been used to predict the surface tempera-
tures of ice depomita being formed by the sccretion of supercooled water droplets,
Cakoulatinng were madke of the freezing and subsequent conling times of » thin water
tilm un the surface of a ventilated aphere initially st & uniform temperatuce. They
demonstrated thet this process effectively simulates hailotone growth. Their calcula-
tvons show that both the freezing and the cacling processes are domineted by the
sphere temperature and that except at temperatures very close o 0 °c the freezing
ume of the water film is short compared with the total time required to remove the
tatent heat of fumion by forced convection. This accurs because the heat of fusion i
first conducted rapisdly into the sphere, and then more slowly dissipated through the
sir boundary Jayer an the surface of the sphere to the envir t. Their calculated
liquid-water concentrations required to maintain s sphere at » steady temperature
compare well with those obtained from the simple hest-halance refation for a
spherical hailstone. ‘Fhey therefore conclude that although these original equations
complerely ignote the physicsl prucesses involved in the sccretion of individus!
droplets, they are useful lor predicting values for the mesn tempermtures of an
sccreting surface in & stendy-state situation.

4.6. Microphysics of the accretion pracess

In order to obtsin 3 mare detailed understanding of the structure of hydro-
mietenra grawing by the acerction of supercooled water droplets it is necessary tn
cstablish the motion of the particles in free o)l and, particularly, to study the
microphysice of individual interactions hetween droplets and the growing particles.
Brownscombe and Hallett (1967) have conducted sn extremely comprehensive
study of this problem. From a review of previous work on the fell motions of mode)
ice crystals, notably by Willmarth er ol (1964), Podzimek (1965), snd Suarr and
Mason (194}, they conclide that » falling dendritic or plate-like ice crystal upon
which the growth of graupel or hail may nriginate will capture small cloud dropleta
in approximately equal proportions on both (ront snd tear surfaces st Reynolda
numbers in excess of sbout 1) because of oscillation of the crystals; at Reynolds
numbers grester than about S0 the crystals will tumble over and over in fall.

Brownscombe and Hallent proceeded to study the impuction and freexing of
individual droplets on sn ice substrate. [n the early stages of grsupel formation the
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time interval between the arrival of successive droplets will be long in comperison
with the time taken for the latent heat of solidification to be traneferred to the
environment, and the droplet and substrate will effectively be st the same tempers-
ture prior 1o nucleation. The finsl shape of a supercooied droplet colliding with and
freezing onto an ice substrete will depend upon the crystsllization velocity and the
dynamics of the deformation process. Hallett (1964) showed that dendrites grew
through superconled water in bulk with a velocity component parullel to the basal
plane given by 0-08A T, where AT is the degree of supercooling. Macklin snd
Ryan (1965} aubsequently showed that the direction of maximum growth velocity
occurs at an sngle to the hasst plane which incresses with AT. Hallett's equation
gives a maximum velocity of 4eme~! at =7%, Meme-! st -20%, and an
extrapolsted value of 125 cms~! at — 40 °c. No sccurate messurements have been

Table 4, Deformation of water droplets frosuing on & sooth lov surfoce, o o

fanction of radine A, fren stream velecity U, and amblent temipstature, messnred by

Brownscombs and Hallettt
[ V34 R =10 um R=1Bum R = 40 pm
(me' ") -0 —-m*e — 10 —-M0"c —10% -20"c
terminal 10 (K1} 10 -0 10 10
R 1 11 13 20
40 15
50 18§
60 13 0 4“0 190
90 0 30 70 50
10-0 8
-8 38 +3
"o }0
138 -0 40 0 70 10 0

{ Fromn Brownscombe and Halletx {1967).
1 For impact velocity, reduce free stresm velocity of 10 um droplets by 0-9.

made of the rate of deformation of supercooled cloud droplets impinging upon a
snlid surface. Brownscombe and Hallett sssumed that a colliding drop sesumed the
shape of = spherical cop and calculated the extent of the deformation st various
impact velocitiea by sssuming that the kinetic energy is transformed cutirely 1o
surface energy as a result of the impact. They also showed that viscous diesipstion,
sithough insignificant at small deformations, will terminate the deformation before
the ratio y of the hase radius r to the height k of the cap reaches 0. [n order to
ahtain more detsiled information on drop sccretion Brownscombe and Hatlen
obaerved the profiles of superconied droplets of radive 9+ 1 um, 1912 um, and
40 1+ 7 um that were collected on the ice-coated edge of a microscope slide situated
in & wind tunnel. The sir temperature and the velocity of the sic stream could be
varied from O 1o 20 °c and up to 13-5 me-! respectively, The results are sum-
marized in table 4, which shows that the deformation of the resultant frozen droplet
increases rapidly with incressing velocity and more slowly with incressing degeee of
supercooling. The observed deformation was found to be appreciably [ess than
predicted from their simple calculstions, except st small deformations. This may
be explained in part by loss of energy by viscous dissipation, an effect which would
be expected to incresse st large supercoolings where the growing dendrites at the
ares of contact of the drop and the substrate would cause incrensed dissipation and
reduce the propagstion velacity of the drop periphery. The latter effect should
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become very important as this velocity spprosches the dendrite crystallization
velacity, characterized by the amount of superconling. Similar results were obtained
by Mackhin snd Psyne (1967), who messured the resultant spreading ae & function
of hoth AT and the temperature T, of the ice surface, which could be varied indepen-
dently. ‘Thin additional degree of (reedom in interesting since, in gencral, the
susface temperature of & hailstone will be markedly different from that of the
colliding droplets. “Fhey found that the ultinmate degree of spresding decreased with
decreasing AT snd T, but was more sensitive ta the latter, becaune of the rignificantly
greater rates at which heat can be transfeered through the ice than through the =ir.
“I'hix conclimion was confirmed by the calenlations of Brownscombe and Hallett on
the heut tranafer from a supeeconled draplet {reezing onto a collecting particle of
dimensions that are large compared with that of the droplet. o this case frecxing
takes place from the contact area omwards, treezing is ssymmetricsl, and an ice
shell enclosing a liquid interior is not formed. [lowever, Juhnson and Hallett (1968)
have estahlished that a necessary but not sufficient condition for the shattering of
freezing supercanied drops, which has been studied by Mason snd Mayhank (1960)
and others, in that the freezing is syminciric. Brownscombe and FHallett concluded
that shattering and possible sccompanying electrification can occur only if the drop
is accreted an & narrow apike, which restricts the heat flow ta the aubstrate, or if the
surface temperature is very close to IF ‘o

‘I"his conclusion suggests atrangly that the experimental conditions under which
copious splintering snd electrifivation were measired over a wide range of temperne-
ture, impact velncity, and droplet diameter by Latham and Mason (1961) were not
representative of those occurring in the stmosphere. In fact, Reynolds and Brook
(1962} caleulated that the rate of aplinter production messured in these experiments
would cause the glacistion of thunderclomds to proceed st sn unrealistically rapid
rate. Although the arguments of Latham snd Mason (1962) and the calculations of
Hrawning and Mason (1963) show that this conclusion is possibly over-generalized,
and that compatibility between the experimental aml the observed propertics of
natural clouda can be schieved if the bulk of the splintering and associsted electrifics-
tinn is restricted to regions of strong updrsught in thunderclnude, further research
in tequired in order to estahlish definitively the conditions under which ice aplinters
sre pronduced during the aciretion of supescsnled dronplets.

irownscombe and Hallett sl discussed the strncture of graupel and rime. An
ive cryatul that sceretes superconled dropleta grows into o definite shape, such an 2
come with base nr apexn pointing into the air stream, depemling on the interaction
of sny uscillstory motion f the particle with the sir flow and its influence on the
manner in which individual droplets sre added (11stlert 1965 b). [n the early stages
of growth the sccreting surface imay be unstable in the sense that a statistical fluctus-
tion in the sate of drop sccretion at any point may produce a protuberance whose
enllectinn efficiency is greater than that of the surface as 2 whole wnd therefore
continues 1o grow.  Evidence for such & suggestion is pravided hy Kidder snd Carte
(1964) and Macklin and Hailey {1966). If such sn asymmetric mode of growth
accurred the density of the secreted ice wouli he lesa than the value of 0-57 gem™*
shown by Hernal (1960) to be produced if the growth ocenrred by the random
packing of spheren. Low dennity rime could also be produced, sccording to
Hrownscombe and [lsllett, by sccasions) accretion on crystals growing principally
from the vapout phane ar hy growth from the vaponr occurring in the neighbourhood
of freezing denplets. On the other hand, denanies higher than Bernal's value may
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be produced if dtops deform on impact to achieve u value of y grester than sbout 5,
in which case the drop could penetrate between the caps of neighbouring drope.
Further information concerning the density of ice deposits formed by accretion has
been provided by the studies of Macklin and Payne (1968).

Expetiments by Brownscombe and Hallett suggested that drops sccreting on
particles growing spongily may interact fiest with a liquid layer whose thickness
muy be of the same order as the drop size snd produce splash draplets cven ot large
supercoolings for critical values of layer thickness. They have also presented o
detsiled dincussion of the opacity and of the bubble and crysal structure of sccreted
ice, based in part upon the work of List (1959 a), Carte (1961), Macklin {1961, 1962),
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Figure 20. Relution between sir tempe: , el P . and bubble structure
btsined from the txpeti of Be be and Hallett. Surface empersture

ia 0 "C for spongy growth. Reginne of posible drop sh and charge separation ar
hatched. The position of the dividing line hetween opaque and bubbly ice for froeen
wmnioehummhhumntduwhmneﬂeﬂolﬁudmpmmq.
Clsar ice: no bubhles. Bubby ice: bubble radiue greater than 50 um. Opagws ico:
bubble radius lese then 30 um. The radiue of 50 um was srbitrarily sclected ae giving
individual bubbles that could easily be seen. (From Brownscombe snd Halleee §967.)

Browning (1966), and Carte and Kidder (1966). The opacity is celapedto the bubble-
size distribution, which depends upon the details of the freesing process. Opeque
ice forma when the particle is growing spongily or dry, with tranaparent ice forming
when the growth is just wet, "They show thst marginally spongy growth st low
temperstures is sssocisted with small crystals and opaque ice. Figurs 20 illustrates
the relation between air temperature, surface tempersture, and bubble structure of
scereted ice, derived by Hallett and Brownscombe from their experiments and
analyses of earlier laboratory work.

4.7. Formation and multiplication of ice crystah within clouds at tomperatures
close 10 0 *c
Airborne, field, and lsboratery messurements by Hoffer and Braham (1962),
Koenig (1961, 1968), Brahsm (1964), Mossop ¢t al. (1967, 1968), and others have
demonstrated the existence of large quantities of ice particles in clouds whose
summit temperstures had never been below — 10 °c, and of higher concentrations
of ice particles in certain clouds st warm temperatuzes than can be sccounted for by
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sseuming & onc-to-onc relatinnslup between ive crystale and nstural freezing or
sublimation nuclei. Two importent problemn, therefare, sre to establish the origing
of the primary ice particles and the mechanism responsible for the multiplication
process.

In view of the fact that commonly occurring natural freezing nuclei are not
cHective at these warm temperatures Koenig (1965 b, 1968) snd Braham {1968) have
discussed various sltermative ice-forming processes that may be operative st
temperatures close to () °c. Koenig suggested teatatively thai freezing may have been
initiated in the clouds investigated hy pre-sctivated nuclei, by evaporative cooling at
the edges of the clouds, or by the disintegration of large supercooled drops; Koenig
{1965 a) haw previously shown in laborstory experiments that if supercooled drops
suspended in an sir stresm went into the ‘bag mode’ described by Matthews and
Mason (1964} frecring often accompanied fragmentation of the bag. However, no
evidence was found for the existence of pre-activated nuclei in these clouds, the
evaporative cooling process in difficult 10 recuncile with the observed occurrence of
ice particies in the central regions of the clouds, and it wss not demonstrated that
the clouds contained dropa of sufficiently lurge dimensions to bresk up in the
manner described by Koenig.

Braham snd Spyers-Duran (1967) and Rraham (1967) have shown that certain
types of cirtus clouds produce ice crystaly that can survive up to sbout 6 km of clear
air descent. Such crystals could fall inta 2 shallow supercooled cloud and initiate the
ice phase. Such a mechanism is unlikely in have heen responsible for all observa-
tions uf the presence of ice crystals within clouds at temperatures close to 0 °c, but
it merits further study,

A lurther possible explanation discussed by Koenig and Byers is that of stochastic
freezing in which the probability P that 2 tdrop will freeze is sssumed 1o be related
10 its volume §°, the degree of supercnoling #, and the cooling rate a by the equation

P= “: e {4.10)

where 4 is 8 rate ¢ tand Bac

‘This hypothesis in supported by the laborstory and field investigstions of
Gokhale (1965), Wealer and Donasldson {1966), Stewart (1967), and others, but it is
inconsistent with Koenig's ohnervation of symmetrical ice crystals in strato-
¢ lus and misnbo-stratis clouds that are smaller then many of the coexisting
supcrcanled drops. ‘The possibility considered by Vali and Stansbury (1966) 1hat
the freeving of drops is duc 10 unapediticd impurities each of which possesses o
characteristic temperaturc st which it is certain to produce nuclestion is supported
by little direct evidence snd is slso incansistent with Koenig's data.

A prssible slteenative explanation of these observations is provided by the
experiments of Abbas and Latham (1969 b). Studies were made of the freezing of
superconted drops of radii R ranging from ©-106 to 0-134 cm suspended from
insulsting supports in an environment whose temperature could be varied from
Uin - 45%. It wan found that the probshility of a drop freezing within a red
interval of time r was spprecisbly grester over the tempersture range 0 to — 22 *c if
the surlace of the drap was disrupted by cithee electrical o mechanical forces to
produce & filament of liquid cinansting from the locslized ares of rupture. For
inmance, for a § te test-interval the fraction of Jropa studied that frose st tem-
peratures —5, — 10, 15, snd - 20 "¢ were 0-44, U-62, 0-75, and 0-88 respectively
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if the drop was disrupted by means of an electric field, 0:25, 0-44, 0-50, and
U-SH il the surface was penetrated by sa insulsting fibre or conducting wire at the
same temperature as the drop, but only 0, 0:02, 0-07, and 0-18 if the drop surface
war not disrupted during this interval, but remained undisturbed, or was situated in
# strong clectric field just below the disintegration threshold, or was shaken violently
on its support. These observations are illustrased in figure 21 and are totally
inconsistent with the criterion for the occurrence of clectrofreezing deduced by
Pruppacher {1963 s, b), namely that the phenomenon is slways sseocisted with the
mavement of & triple-phase boundary. However, the observstions sre in agree-
ment with the suggestion of Loch (1963) that the most essentisl condition for the
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Figure 2. Relationships between the freezing probability P and the tempersture T obtained
from the experiments of Abbes end Latham, v = 3§ min., R = 0-106 am.
A, drop surfece not disrupted; B, drop surfece punctured mechanically; C, drop
surface dierupted electrically. (From Abbas end Latham 1969 b,)

occutrence of clectrofreezing is that a portion of the drop be drawn out into s thin
filament; Locb o al. (1938) had previously shown that such a filament may contain
molecular sggregutes which act as excellent freezing nuclei. These conclusions
were reinforced by high apeed photographs demonatrating that freezing originated
from the area of disruption.

It is improbsble that the clectrofreezing of individual isclated drope can be of
sny importance in the initis] formation of ice crystals within clouds, since the
magnitudes of the fields required to produce disintegration of large drops are svound
100 vem Y. Such ficlds are observed only in thunderstorms st & stage in the
cloud devclopment when precipitation is already well established. However,
Latham and Reaburgh (1966) demonstrated that even in extremely wesk external
fields electrical pressures sufficient to produce disintegration can be crested in the
near surface of closely sep d drops or droplets b of the mutusl intersction
of the polaritation charges. In this situstion the filament of water bridging the
interacting droplets, which is produced by the immense localized electrical pressures
and iltustrated in plate 1, could provide a site for the initistion of electrofreezing.
If this occurred inside clouds it would be expected that observations of frozen drop-
puirs, linked by sn ice bridge, would be made on penetrating supercooled clouds with
sircraft carrying sppropriste sampling equipment. Such particles have been found
by Mee (private communication) to occur in moderstely high concentrations within
small nonprecipitating clouds over the Caribbean. These are illustrated in plate 7;
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they are neen to bear a chise resemblance to the particles produced in the lsboratory
hy Smith (private communicstion} when supercaoled dropleta interacted in free fall
in an electric field. In all the photographs of Mee and of Smith a pair of frozen drops
are linkedl by a bridge of ice, as predicted from the foregoing srgument. Additional
draplets were then collected in the experiments of Smith when the frozen drop-pairs
fell through the cloud at velncnties greater than those of the individual drops.
Further information concerning the physics of this phe 1 i required, hut the
electrafreezing hypenhesis appears te uler & plausible explanation for the initiation
of ice at warm temperatures within superconled cinda.

‘Fhe freezing of supercooled drops has been shown by many workers (e g,
Schaefer 1952, Rigg 1951 b, Langham and Mason 1958, Mason and Maybank 1961},
Kachurin and Bekevaey 1960, Tatham and Mason 1961, Evanas snd Hutchingon 1943,
and Statt and Hutchinson 1965) 10 be accompunied by the ejection of numerous
ice fragments. Koenig (1963, 1966) proposect that this mechanism was responsible
for the avalanche provess which must oceur inside certain clouds in order to produce
the nhserved concentrations of ice crystals. However, serious doubt has been cast
on the atmaspheric validity of these experiments by the studies of Pruppacher
(1967) and of I3ye and 11obba (1966) who showed thet significant shattering occurs
only when the supercanled drops contain concentrations of carbon dioxide that are
spprecishly greater than those occurring in the atmosphere. In sddition, Dye and
Hubbs (1968) and Johnson and Hallett {19%K) have presented additional srguments,
concerned primarily with the heat transler from freezing drops, which tuggest that
the conditions under which previous workers abserved shattering were not repre-
sentative of conditions in natural clouds, where drops sre uniformly supercooled to
the ternperature of the environment prior to nocleation and sre ventilated »» they
fall. In view of these abjections to the previows wark on drop shattering, Koenig
(196H) concluded that ¢ possible explenation for the formation of secondary ice
particles is mechanical [racturing of ice crystals. He points out that if fracturing is
the duminant process glaciation will occur most rapidly in the regions of clouds in
which dendritic crystals grow. "T'his suggestion can be tested experimentslly. He
suggests that the positive carrelation hefieved to exint between rapidity of glaciation
and drup size may be the result of the superior sbility of large faster-falling ice
particles incorparating these drops to break picces off themnelves or other particles
during collision, Conniderable further research is required in order to establish the
origina of primary and secondary ice partules in supercocled clouds at tempera-
tares chwe to 0¥,
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