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Abstract

An attempt is made to explore the causes of the differences in microstructure between the
Hawaiian orographic cloud, maritime cumuli and continental cumuli, observations on which

were discussed in Part I of this series.

1. Introduction

In Part I of this series evidence has been
presented to show that the Hawaiian oro-
graphic cloud, maritime cumuli, and continental
cumuli form a series of cloud types, each of
which is more colloidally stable that the one
before; further, from the point of view of
their microstructure, these cfoud types form a
series, each of which has typically a narrower
droplet spectrum, smaller maximum and aver-
age drop%et sizes, and a higher droplet con-
centration than the preceding one.

This parallel between colloidal stability and
microstructure would be expected from the
theory of raindrop growth by coalescence. It
scems reasonable therefore to draw the con-
clusion that the variations in stability from one
cloud type to another are the result of the
variations in microstructure. This raises the
question of the causes of these variations in
microstructure.

It has been pointed out elsewhere (SQuUIREs
1952b) that, although the final formation of
raindrops in warm rain must occur by coales-
cence, the factors which determine whether a
cloud shall be colloidally stable or not are most
likely to operate during the condensation phase
of the growth of the droplets.

In Part I of this series it was shown that the
systematic differences in the type of droplet
spectrum which distinguish these three kinds
of cloud are associated with differences in
their typical droplet concentrations. It is evi-
dent that, if only a few droplets are formed in a
cloud, these must be larger than if many are
formed, other things being equal. The cal-
culations of DAs (1956) indicate that coales-
cence of droplets has little or no effect on the
dropler spectrum as a whole. Thus it seems
reasonable to suppose that the differences in
microstructure are not only related to, but
are very largely caused by, differences in the
number of droplets which form per unit
volume; this point of view forms the basis of
the following discussion.

The number of droplets which form per
unit volume is determined by two factors:
the maximum value reached by the super-
saturation, and the spectrum of critical super-
saturations of the condensation nuclei present
in the air. Only nuclei whose critical super-
saturations are exceeded can grow by condensa-
tion to form cloud droplets. The maximum
value of the supersaturation itself is determined

artly by the spectrum of nuclei, and partly
gy the speed of the upcurrent. These two
Tellus X (1958). 11



MICROSTRUCTURE AND COLLOIDAL STABILITY

factors are therefore likely to be among the
chief determinants of the microstructure and
colloidal stability of warm cloud.

Unfortunately neither of these can be meas-
ured in a manner which is effective for the
present purpose. With regard to the nuclei,
what is required is a spectrum of critical super-
saturations of cloud nuclei; since the super-
saturations in cloud are extremely small, this
presents great difficulties. As for upcurrents,
what is required is a knowledge of their speed
in the critical region of the cloud where the
supersaturation is passing through its maximum.
This in itself presents difficulties over and above
the instrumental ones, which are formidable.

It seems, therefore, that these crucial factors
in the problem of the microstructure and
colloidal stability of warm cloud are, for the

resent, unobservable. It will therefore often
ge necessary in the following exploratory dis-
cussion to rely on crude estimates of these
factors.

Table 1 summarizes the data on droplet
concentrations derived from the observations
discussed in Part I of this series. It shows the
contrast between the three types of clouds, and
constitutes the quantitative basis of the follow-
ing discussion.

Table 1. Data on the frequency distribution of
values of the droplet concentration in three types
of cloud. (Number of droplets per cm?).

Jawal” | Mari- | Conti-
Cloud Type . time nental
graphic . .
Cumuli | Cumuli
Cloud
1st quartile droplet
concentrations. . . 4 22 119
Median droplet con-
centration....... 10 45 228
3rd quartile droplet
concentration. ... 30 70 310
Maximum droplet
concentration ob-
served.......... 370 470 2,800
Total number of ob-
servations. ...... 123 438 403

2. The effect of the upcurrent — the contrast
between the Hawaiian orographic cloud and
maritime cumuli

The Hawaiian orographic cloud forms in an
unmodified maritime air mass. The difference
Tellus X (1958), 1I
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in microstructure between this cloud and mari-
time cumuli must therefore reflect the influence
of factors other than that of the spectrum of
condensation nuclei. Chief among these would
appear to be Sa) the rate of rise of the air
forming the cloud, and (b) the total time
available for the subsequent evolution of the
droplet spectrum, that 1s, the average lifetime
of a parcel of cloud. This average lifetime may
be considerably longer in the orographic cloud
than in cumuﬁ. Since the cloud mass usually
fills the space between the ground and the
trade-wind inversion, it is reasonable to take
this lifetime to be (at a maximum) some 2 to
4 hours, for the width of the cloud along the
wind is some 20 nautical miles, and typical
horizontal wind speeds during the period of
the observations were s—r1o0 kt.

However, according to the observaions of
SQuires and WARNER (communicated), there
is only a slight change in the droglet concentra-~
tion 1n the orographic cloud from near the
coast to near its western or inland edge. This
indicates that a difference in rate of rise may be
the major cause of the contrast between mari-
time cumuli and the orographic cloud, at
least in its lower reaches. Indeed, since the
slope of the ground is nearly constant, about
$ %, the average vertical velocity of the air
forming the orographic cloud must have been
in the region 15—25 cm sec™l, In contrast,
the vertical currents in trade wind cumuli
have been found by Maikus (1953) to be
normally some metres per second ; BYErs (1956)
states that the average growth rate of cumulus
clouds and of the radar echoes found in some
of them over the Caribbean Sea was “of the
order of 300 to 400 ft per minute”.

HowzLL (1949) has illustrated by numerical
examples how, in a steadily rising air parcel,
the supersaturation (S) of the air at first in-
creases rapidly, but soon reaches a maximum
(Sm) and begins to decrease. HowsLr found
that, once a nucleus is activated, that is, grows
past its critical size and forms a cloud droplet,
there is verylittle tendency for it to re-evaporate
to a nucleus, even though S decreases as the
air parcel continues to rise. Since the value of
Sm determines how many nuclei will be activat-
ed, it also determines essentially the concentra-
tion of droplets which will be found at later
i:;fes of the process. It is evident that S,
ill be influenced by the speed of the up-
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current. One of HoweLL’s examples illustrates
the dependence of this maximum supersatura-
tion (S,) on the upcurrent; with a fixed
number of homogeneous nuclei, S, increases
by a factor of about s when the upcurrent is
increased ten times. In the atmospﬁerc, with
its heterogeneous content of nuclei, the number
of drops tormed will of course increase as S,
increases, since more nuclei will be activated.
These additional drops will restrain the rapid
rise of S, so that one might expect that a
ten-fold increase in upcurrent would result
in an increase in S, but probably rather less
than five-fold.

As applied to a cumulus, these -ideas refer
specifically to the region of active upcurrent;
in surrounding regions, smaller or even nega-
tive upward velocities no doubt occur, but
these regions play no part in the original
formation of the cloud mass, and are not likely
to exert much influence on the microstructure
of the cloud as a whole. It is therefore reason-
able to discuss this problem in terms of the
typical upcurrents found in the cloud, as given
above.

The supersaturation, S, is related at any
moment to the difference between the liquid
water which has become available since satura-
tion was reached, and the total mass of the
cloud droplets already formed. The charac-
teristic maximum of S is partly due to the
shape of the equilibrium vapour pressure curve
over a nucleus. It is also partly (fue to the fact
that the absorptive power of the forming cloud
drops is smalf at first; consequently, water is
not removed from the vapour phase rapidly
enough to prevent the supersaturation in-
creasing as the air ascends. Leaving aside for
the moment the complications which arise
from the unknown sizes of the nuclei which
form droplets, let us suppose that the droplets
are of uniform size, grow from zero radius at
the condensation level, and that they have
equilibrium vapour pressures equal to that over
a plane water surface. Equations relating to the
behaviour of S have been developed eclse-
where (SQUIREs, 1952a). Using the same ter-
minology and symbols, let r be the radius of
the droplets, # their number per gram of air,
v the upcurrent, z the height above the con-
densation level, and § the supersaturation
expressed as the excess of the dew-point of the
air over its temperature in deg. C.
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Then, as shown in Appendix A, it results
that the maximum value of the supersaturation,
Sm» 1s given by:

Su=0.73 vl g'h, (1)

Now it is obvious that when the upcurrent
is increased, smaller nuclei will be utifized for
cloud formation, on the average. Also, the
more or less saline droplets already existing
at the cloud base on the llz)arger nuclet will have
less time in which to excrcise their restraining
influence on the growth of S. This equation
therefore tends to underestimate the relative
effect of increasing upcurrent on S,,. In order
to use it to compare the maritime cumuli
with the Hawaiian orographic cloud, it is
necessary to assume something about the spec-
trum of the nuclei, or rather, of the critical
supersaturations of the nuclei. For this purpose
we may take the law of distribution of aerosols
given by JUNGE (1954) according to which the
number of nuclei of radius r to r+dr is pro-
portional to r~% The number between r,
and r, is then proportional to (r, 2 —r,73)
The total number with radius >r, is therefore
proportional to r,73, provided r, is appreciably
bigger than r,. If we assume that the nuclei are
all of similar material or mixture of materials,
the cffective molar mass (M) of a nucleus is
proportional to r3. The critical supersaturation
of a nucleus, S;, is proportional to M~"s. The
number of nuclei with critical supersaturations
less S,, is therefore proportional to S, Com~
bining this with equation (1) gives the result
that, in a given air mass,

Swa v, )
n oo vh, (2

If therefore the characteristic upcurrents in
maritime cumuli exceed those in the orographic
cloud by a factor of 5 to 10, the droplet
concentrations should stand in a ratio of 3.3
to 5.5 or, in view of the underestimation of the
effect of increasing v in this treatment, rather
more.

Taking into account the rather wide fluctua-
tions of droplet concentration observed in any
one cloud, the approximate nature of JUNGE's
law of distribution of aerosols, and the errors
which can arise from using Raoult’s law of
vapour pressures, this result seems to be in
rcasonable agreement with the ratio of the

Tellus X (1958), 11
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medians of the measured concentrations, as
given in Table 1, namely 4.5. It may be
concluded that the difference in microstructure
between maritime cumuli and the Hawaiian
orographic cloud is sufficiently well explained
by the difference in upcurrent.

3. The contrast between maritime and con-
tinental cumuli

The contrast between continental and mari-
time cumuli is even more marked than that
just discussed. Byzrs (1955) attributes the no-
table difference in colloidal stability between
cumuli over the Caribbean Sea and over the
mid-west of the United States to the fact that
cumuli grow rather more rapidly in the latter
region, pointing out that the coalescence proc-
ess needs time to operate. This difference in
rate of growth no doubt reflects a systematic
difference in upcurrent.

However, over the group of warm clouds
sampled during the measurements of droplet
spectra, no such systematic difference was in
evidence. No measurements were made of
upcurrents, but the observer’s notes of turbu-
lence, classified on a scale of 1 to 5, show that
the maritime and continental cumuli sampled
were about equally turbulent. On the whole,
the maritime cumuli were slightly deeper than
the continental ones; because ot their higher
bases, continental cumuli of any great depth
are likely to reach far above freezing level, and
form ice. The possibility therefore appears
that, on the whole, the maritime cumuli might
have had slightly stronger upcurrents than the
continental ones. This difference, if it were real,
would be in the wrong sense to explain the
observed difference in microstructures. The
only measurements which bear on this question
are photographic records taken on the ground
during some of the 1956 measurements of
continental cumuli in inland Australia. These
showed that the rates of growth of cumulus
tops were mostly in the range 200 to 400 feet
per minute; this is quite comparable with the
values given by Byers (1956) for cumuli over
the Caribbean Sea, namely 300 to 400 ft per
minute. Thus it seems unlikely that a systematic
difference in upcurrent contributed in any
notable way to the observed difference in
microstructure between maritime and conti-
nental cumuli.

Tellus X (1958), 11
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Cumuli vary considerably in their persistence
as recognizable individual entities. It might be
expected that, in a long-lasting cloud, the
microstructure would undergo some evolution,
presumably in the direction of a decrease in
droplet concentration. The tendency for the
droplet concentration to decrease upwards in
cumuli (ZArTsev, 1950) could be taken as
suggesting this. However, it is quite possible
that, even in such cloud, the lifetime of
individual parcels of cloud is much the same as
in less durable clouds. Certainly, no striking
difference in microstructure has been found
which related to the persistence of the cloud
as a whole. There is indeed a tendency for
the clouds of continental air masses to be
more durable than those of maritime air
masses; this is perhaps a reflection of some
difference in the pattern of convection, and
if it were relevant at all would apparently
work in the wrong direction to explain the
observed difference in microstructure.

It seems reasonable therefore to seck the
cause in the spectra of the condensation nuclei;
this spectrum, together with the upcurrent,
must determine the course of events in the
critical region near the cloud base where the
supersaturation passes through its maximum,
and the character of the microstructure of the
cloud is determined. It is known that there are
certain differences between the maritime and
the continental aerosol. According to LANDs-
BERG (1938), the mean count of Aitken nuclei
found over the continents, 9,500 cm™3, is about
ten times that found over the ocean, 940 cm=3.
Woobcock (1953) has measured the giant
nuclei, that is, those of diameter about 1
micron and larger, in the maritime aerosol and
found that they are predominantly sea salt.
At a given height above the sea, the number of
these giant nuclei is a function of the strength
of the surface wind. TwoMsY (1954; 1955)
has made similar measurements in a maritime
air mass moving inland. He found that even
far from the sea nearly all the giant particles
consist of either sea salt or sodium chloride.
The concentration of these particles at distances
of up to 700 miles inland was found to be
sometimes quite comparable with that meas-
ured at the coast; intensified mixing over the
land had merely redistributed them in the
vertical without seriously changing the total
number present. However, convective showers
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over the land were efficient in removing the
salt particles from the atmosphere, and appeared
to be capable of reducing the number of these
particles by a factor of the order of 100. Thus
continental air masses may often be deficient
in giant nuclei compared with maritime air
masses.

The Aitken count itself has of course no
direct bearing on the microstructure of clouds,
since the majority of the particles included in
it never become cloud nuclei, that is, they
are not utilized in the formation of cloud; if
LANDSBERG’s mean values were taken as typical
of the sub-cloud layer, it would appear that
on the average only about one Aitken particle
in twenty succeeded in becoming the nucleus
of a cloud droplet in maritime air and one in
forty in continental air. LANDSBERG’S figures
do however indicate that the continents can
be sources of Aitken nuclei; it is possible
therefore that the continents also add to the
atmosphere a number of particles which, while
not as large as the giant sea-salt nuclei, are
large enough to be utilized in cloud formation.

The giant sea-salt nuclei reach concentra-
tions of 1 cm~? only with very strong winds
over the sea. They cannot account therefore in
themselves for more than a small fraction of the
cloud droplets. Nevertheless, they may be
important in two ways. Wo0ODCOCK (1952)
has suggested that, by forming relatively large
droplets, they may act to trigger off the forma-
tion of rain by the coalescence process. Since
however, in the observations discussed in PartI
of this series, a large proportion of the samples
were taken in cumuli which were not raining,
this process alone cannot account for the con-
trast in microstructure between maritime and
continental cumuli. It seems possible however
that sca-salt nuclei could influence the micro-
structure of cumuli in another way. Kerre and
ARroNs (1954) have shown that, at cloud base,
these nuclei have already formed droplets with
diameters of several microns, or even tens of
microns. Thus the giant nuclei must have the
effect of reducing the maximum value reached
by the supersaturation a little above cloud base.
In this way they could indirectly affect the
microstructure by restricting the number of
nuclei which become activated and grow to
cloud droplets.

There would appear therefore to be two
possible ways in which a difference between
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the maritime and the continental aerosol could
account for the difference in microstructure
between maritime and continental cumuli:

(2) The addition of cloud nuclei to the air
from some continental surfaces.

(b) The reduction of the supersaturation in
cloud by giant sea-salt nuclei, which are on
the whole more numerous in maritime air.

The following discussion has as its aim to
show that the second of these possibilities is
improbable; in effect, to show that, with
likely values of the upcurrent, the concentra-
tions of giant sea-salt nuclei which occur at
cloud base levels are not great enough to
produce the effect proposed.

It will be assumed, for the moment, that the
only significant difference between the mari-
time and the continental acrosols is that the
former is rich in giant sea~salt nuclei and the
latter devoid of them. The argument will be
concerned with a comparison of the super-
saturation of cloud air in maritime and conti-
nental cumuli. It will be shown that, in the
region of active upcurrent, and above the
level where S passes through its maximum, the
supersaturation is typically greater in maritime
than in continental cumuli: This is contrary
to what one might expect if it were true that
the more numerous giant nuclei of maritime
air masses were effective in restricting the
number of droplets forming in maritime
cumuli by depressing the supersaturation.

It has been £IOW11 elsewhere (SQuIREs, 1952a)
that, in the body of a cloud after S has passed
through its maximum value and is sﬁowly
decreasing, a fairly good approximation to S
is given by:

S =(0.024v + 1.7 x 10781 — 64.4 X (M[r?)) [ Zr (3)

where M is the effective molar mass of the
nucleus in a drop of radius r, and the summa-
tions are extcndid over all the droplets in 1
gram of air. The numerical values are for
10° C, 800 mb. The first term in the numerator
is related to the rate at which water is becoming
available, the second to the raising of the
equilibrium vapour pressure over the droplets
by capillarity, and the third to its reduction by
the dissolved nuclei. The denominator is a
measure of the absorptive power of the cloud
for water vapour. The effect of ventilation of
the droplets, which is small, is neglected.
Consider a maritime cumulus, withnas4.5 x 10*

Tellus X (1958), 11
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per gram of air (see Table 1), and an upcurrent
of 1 msec?, or more. The first term dominates
in the numerator. Its value is at least 2.4; that
of the second is 0.076, but the third term is
more difficult to evaluate. It is shown in
Appendix B that, under the conditions occur-
ring at the time when the maritime observa-
tions were made, it could not have exceeded
0.27.

Hence, from (3), in a typical maritime cumu-
lus, with n=4.5 x 10* droplets per gram of air.

(0.024v +0.08)/2r> S> (0.024 v—0.19) [ Zr (4)

In a typical continental cloud, with n=
2.3 x 10° droplets per gram of air (see Table
1) the second (capillarity) term in the numera-
tor of (3) is more important, viz. 0.39. The
third term, which is essentially negative, need
not concern us. We have

§> (0.024v +0.39)/2r (s)
in a typical continental cumulus.

From the data of Table 1, it is obvious that,
for a given liquid water content, 2Zr must be
much larger in continental than in maritime
cumuli. Thus in the maritime cumulus of
Fig. 3, of Part I of this series, the average value
of Zr was 71 cm per gram of air, and in the
continental cumulus of Fig. 4 of Part I, the
average value was 184 cm per gram of air, or
2.6 times greater. As mentioned in Part I,
a large proportion of the observations in both
maritime and continental cumuli were made
using a magnesium oxide layer, so that the
values of Zr cannot be deduced. In order to
make use of the whole of the observations, one
may estimate that, for a given liquid water
content, 2r will be very roughly proportional
to the two-thirds power of the droplet con-
centration, treating the drops for this purpose
as homogeneous. Since the data of Table 1
indicate that a typical continental cumulus has
a droplet concentration about five times as
great as a typical maritime cumulus, this would
indicate that Zr would be about three times
greater in the continental cloud. As mentioned
in Part I, the continental cumuli form a rather
heterogeneous group. Thus, one may con-
servatively estimate that, over a’ substantial
proportion, and probably a majority, of con~
tinental cumuli, the value of Zr will be at least
2.5 times greater than in a comparable mari-
time cumulus.

Tellus X (1958), 11
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It may be remarked here that Zr does not
show much change with height in a cumulus;
the slow upward increase in liquid water con~
tent implies only a small change in mean drop-
let radius, and this is largely oget by a tendency
for the droplet concentration to decrease
slightly with increasing height.

On this basis then, comparing similar mari-
time and continental cumuli with the same
upcurrent, we may Wwrite:

2.5(0.024v - 0.19) ©)
(0.024v +0.39)

Smar

SCODI

from the inequalities (4) and (5). Siar and Scone
represent the supersaturations at similar levels
in the body of each cloud, that is, above the
region where S passes through its maximum.
As pointed out earlier, over the groups of
clouds in which samples have been taken, it is
justifiable to take the upcurrents as being equal,
on the average.

The values of the ratio on the right-hand
side of (6) are shown in Table 2, for various
values of the upcurrent.

Table 2.
Upcurrent v
(I:)m sec—1 Smar/Scont>
20 0.8
50 1.6
100 2.0
200 2.2
300 2.3

The measurements of upcurrent and cloud
growth rates already mentioned indicate that
a rf:pical upcurrent is about 1 m sec™! or
slightly more; hence it would seem that, in the
body of the cloud, in a region of active up-
current, the supersaturation is typically about
twice as great in a maritime as in a continental
cumulus.

This discussion applies only to the body of
the cloud, that is, the region above the level
where S, after having passed through a maxi-
mum, is now decreasing slowly. It does not
follow from the above argument that the
maximum value of the supersaturation (S,)
Is twice as great in a maritime as in a continen-
tal cumulus. If however the supposition were
true that the giant sea-salt nuclei, by lowering
Sm, were the prime cause of the low droplet
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concentrations in maritime cumuli, and that
other differences between the continental and
maritime aerosols had little influence on the
microstructure of cumuli, the result found
above would be surprising. For, as shown
in the derivation OF equation (2) above,
JuNGE’s law of distribution of aerosols (Junge,
1954) would in that case suggest that S,, should
be about s2=2.2 times smaller in the maritime
cumuli,

If, as these arguments suggest, the giant
sea-salt nuclei are not primarily responsible for
the continental-maritime contrast in cumulus
microstructure, it seems reasonable to suspect
that the chief cause may be found in the first
possibility mentioned above, namely, the addi-
tion of cloud nuclei to the air from some con-
tinental surfaces.

It seems possible, for example, that unmodi-
fied maritime air masses may be relatively poor
in nuclei in the size range called “large particles”
by Junce (1954) (0.8u>d>o0.084) but that
when such an air mass moves inland, it may
gick up these particles. The conclusion reached

y JUNGE (communicated) that the large par-
ticles are primarily of continental origin would
suggest this. If the concentration of particles
of this kind should rise to some hundreds per
cm?® over the continent, the high droplet con-
centrations found in continental cumuli with
low supersaturations are readily explained.

4. Conclusions

An exploratory attempt has been made to
cvaluate the causes of the differences in micro-
structure between the Hawaiian orographic
cloud, maritime cumuli and continental cumuli.
As regards the contrast between the first two,
which both form in an unmodified maritime
air mass, it has been shown that the relatively
slow upcurrent in the orographic cloud affords
a sufficient explanation.

The striking difference between maritime
and continental cumuli cannot be explained in
terms of a difference in upcurrent, or in the
total lifetime of parcels of cloud. It seems likely
that it originates from a difference between the
maritime and continental aerosol. On the basis
of an approximate formula for the supersatura-
tion of cloud air, it is concluded that the giant
sea~salt nuclei are not primarily responsible for
this difference; it seems more likely that the
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operative difference between the maritime and
the continental aerosol occurs in the size
region below that of the giant sea-salt par-
ticles, namely in that of the “large parti-
cles” continental air being richer in nuclei of
this size than maritime air.

Unfortunately, a wide gap separates the,
lower end of the spectrum of giant nuclei,
which can be studied individually by impac-
tion methods, from the size range where grad-
uated expansions might be useful in yielding
a spectrum of critical supersaturations. Observa~
tions of droplet spectra in natural clouds might
possibly be a means of bridging a portion of
this gap, provided upcurrents can be measured
simultaneously.

If indeed it should be found that the contrast
in microstructure between maritime and con-
tinental cumuli is largely caused by cloud
nuclei originating over the continents, this
could have important implications for those
experiments where attempts are made to modi-
fy warm continental cumuli by seeding them
with salt particles. The conclusions mentioned
in the Introduction indicate that the marked
colloidal stability of continental cumuli is at
least partly due to the fact that the average
and maximum droplet sizes found in them are
small and rather uniform compared with those
in maritime cumuli. Sincc natural sea-salt
particle concentrations are inadequate to seri-
ously affect the microstructure of cumuli, it
does not seem likely that artificially produced
hygroscopic particles would. On the other
hand, it may perhaps be possible to modif
to some cxtent the microstructure of cumuli
forming in a maritime air mass in such a
manner as to increase their colloidal stability.
On the views outlined above, this could be
attempted by adding to the cloud-forming air
a sufficient number of cloud nuclei. The num-
ber of particles required, of the order of a
hundred per cm?, is much greater than is
usually considered necessary in seeding clouds;
on the other hand, the particle size required
would certainly be much smaller.

Appendix A
An evaluation of the effect of upcurrent on the
maximum value reached by the supersaturation.

Using the physical model described in the
main text in Section 2, and the symbols de-
' Tellus X (1958), I



MICROSTRUCTURE AND COLLOIDAL STABILITY

fined there, it has been shown elsewhere
(Squires, 1952a) that:

S=az - bnr (A1)
g T
where a= bi (cp Ls)
p=4" <£ QRTZ)
"3 \¢ JLe

and, neglecting the very small effect of ventila-
tion of the small droplets,

Z_Es

¥ (A2)

s . e”L“D]e)
where E=¢2LDJe/RT (1 +IRETT
where L is the latent heat of water vapour,
D the coefficient of diffusion of water
vapour in air,
k the thermal conductivity of air,
¢ the specific gravity of water vapour
with respect to arr,
o the density of air,
R the gas constant of air per gram, and
the other symbols have their usual
meanings. At 10° C, 800 mb,

a =7.9x10°%
b =1.68 x 104
E =6.6x10"8

From (A 1)and (A2)r Z—; =Eapt — Ebur*  (A3)

if ¢ is measured from the moment of passing
the condensation level where S=o0, r=o.
Putting

r=y(Eav)'t (nEb)~"
t=x(Eav)~"l (nEb)~"

the equation (A3) becomes:

(A4)
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A series solution of (A4) through the origin
has been obtained. The value of S in terms of
x and y is given by:

ES = (Eav)"l(nEb)~""(x — 3
which i1s a maximum when -

x=y3+3—1;

This curve intersects the solution curve of
(A4) near x=0.86, y=0.74, so that

S = 0.46 E="le s b= 'l g=lie

or, substituting the numerical values already
quoted for E, a and b

Sp=0.73 v nlis,

Appendix B

An evaluation of the effect of condensation nuclei
in depressing the supersaturation in the body of a
maritime cumulus.

This effect is taken into account by the last
term in the numerator of equation (3) of the
main text. Consider first the contribution to
2 (M]r?) due to droplets containing giant sea-
salt nuclei. Woobcock (1953) gives cumula-
tive distribution curves for the spectra of sea
salt over the sea near cloud base for various
wind strengths and at a number of widely
separated places. TwoMEY (1955) has given
similar data which are in good agreement with
Woobcock’s. It seems that the spectrum of
giant nuclei at cloud base level in a maritime
air mass is fairly well defined by surface wind
force alone, irrespective of geographical posi-
tion. The wind strengths estimated over the
sea during the measurements on maritime
cumuli both off Australia and near Hawaii did
not reach force 7. If therefore Woobncock’s
data for force 7 wind off Hawaii are used, an
upper estimate of the effect of the giant nuclei
can be derived. It is convenient to replace the
observed spectrum by a distribution in groups
as shown i Table Br, where the observed
spectrum given by Woobpcock is shown on
the left, and the substituted group distribution
on the right. It is obvious that the substituted
spectrum dominates the observed spectrum for
an air density of 0.98 g cm™?, corresponding to
800 mb, 10°C.
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Table Br
Observed spectrum of .
sea-salt nuclei for a force SSubts:llltl;teirgroup
7 wind near cloud base pec of :ir gram
(after Woodcock)
Number of

nuclei per m? oNfumb;:r.
Mass of of mass Mass of ofn'?}::' €l
nuclei greater than nuclei 15
HHE [that shownin|  upg mass per

. gram

the first f ai
column ot air
1 800,000

10 200,000 10 555

100 40,000 100 165

1,000 5,000 1,000 35
10,000 150 10,000 5
100,000 <1 100,000 0.15
1,000,000 0.001

Kurra and AroNs (1954) have given curves
for the growth of sea-salt particles in rising air,
up to the cloud base. We may safely take their
values as giving lower limits for the droplet
radii inside the cloud. The values are quoted for
upcurrents of 0.5, 1.0 and 2.0 m sec™?; the
effect of speed in this range is small. Taking
the smallest values, those for v=2 m sec™?,
we get the results shown in Table B2.

Table B2
Mass | Radius Num-
olf at cloud| y; jy 2:1-
nucleus s -
) base sumed Product
s {r) 10—t per
peg 14 2 gram
10 6 0.28 555 0.016
102 I0 1.0 165 0.017
103 17 3.5 35 0.012
10% 33 9.2 5 0.005
10° 57 31 0.15 0.000
108 87*% ) 132 0.001 0.000
Total
ms
= z r—z- =
0.050
* A rough lower bound found by extrapolating
by a tangent the curve given by K=rirH and
ARronNs, which is concave towards the axis of 7.

The total of Zmgjr* is therefore certainly
less than 0.050. Treating sea salt as ionically
dissociated sodium chloride M =1m,/29; hence
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XM/r? <o.0017; the contribution to the last
term in the numerator in equation (3) from
droplets formed on giant sea-salt nuclei is
therefore less than o.11.

As mentioned earlier, only with very strong
winds does the concentration of giant sea-salt
nuclei reach 1 per cm®. This is small compared
with the concentration of cloud droplets. It
remains to make an estimate of the contri-
bution to X(M/r?) due to the cloud drops
formed on nuclei too small to be observed by
the impaction method, that is, below about
1 pug. JUNGE (communicated) has studied the
maritime aerosol in the Hawaiian Islands in
two size groups—giant particles (r=8u to 0.8 )
and large particles (r=0.8 p to 0.08 ). He
analysec% the two components for NH,, NO,, Cl
and SO,. The average total mass of all these
constituents in the form of giant particles was
5.8 ug per m3; in the form of large particles,
0.18 ug per m3. If, as the analyses ofp fog and
cloud water made by HoucHTON (1955) in-
dicate, these components are an important
fraction of the total acrosol in the “large par-
ticle” range, it is evident that the total mass of
the large particles can hardly exceed ten times
the concentration found by JuNGe—that is,
1.8 ug per m3. On the basis of measurements
at various places, JUNGE (communicated) con-
siders that the large particles are primarily
of continental origin; their total mass concen-
tration over the sea would not therefore be
affected by wind strength, unlike that of the
giant sea-salt particles. If therefore all the cloud
drops not formed on giant nuclei are formed
on large particles, the total mass of nuclear
material cannot exceed 1.8 u g per m® or about
1.8 x10™° g per g of air.

It is easily shown that nuclei below JuNGE’s
lower limit for larger particles (r=0.08 u)
make no significant contribution. Their masses
must be less than 4 x 10-1% g, if a density of
2 g cm™3 is assumed. Hence the total mass in
the cloud drops (assumed not to exceed
4.5 x 10! per gram mn number) in a gram of
air could not exceed 1.8 x 1071 g. Thus the
total mass of the nuclei in the cloud droplets,
apart from the giant particles, cannot exceed
2x 1079 g per gram of air. The effective molar
mass must be less than about 10710 per gram
of air, since no likely material, even when
completely dissociated, has an effective molec-
ular weight of less than 20.

Tellus X (1958), II
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The observations of droplet spectra in mari-
time cumuli show that only a very small
minority (about 1 %) of tKe droplets are
smaller than d=4 u. Hence the total contribu-
tion to X(M/r?) from droplets formed on
particles smaller than giant sea-salt nuclei must
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be less than 10719/4 x 10-8=25 x 104, Their
contribution to the third term of the numerator
in equation (3) is therefore less than 0.16; and
the total value of the third term, including
nuclei of all sizes, must be less than 0.27.
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