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ARTIFICIAL RAIN AND LOCAL FOG DISPERSAL

The weather we are presently experiencing in
France, particularly in the Paris district; and alsoc the
fact that vacation time 1s aporoaching, might suggest that
a paper on suitable methods of preventing natural rainfall
would be more to the point than a discussion of artificial
rain. However; it is the latter subject wlth which I am
goling to attempt to deal on this occasion.

Since the end of 1946 the general public has been
reading in the press about the success of American scientists
in producing reain artificially. Journalistic imaginations
have been glven free rein and the most fantastic reports have
been circulated along with all sorts of schemes for utiliza-
tion, many of which are as far from present or future
realization as they possibly could be.

In the meantime, however, practical experiments
have been carried out on every continent.

At the outset it should be made clear that, while
generally speaking information about the condlitions and
results of these experiments is rather meagre; it is very
probable that the number of fallures greatiy excseds the
number oi successes.

A personal experiernce may perhaps be cited. One
day last September, wnile I was attending the Aeronautical
Exhibition at Radlett, England, advertisements appeared on
the front pages of the popular Britlsh newspapesrs anncuncing
that systematic attempts to produce artificial rain would be
made the following day. Subsequently the tune had to be
changed. Rain did nct vececur anywhere, and a {ew Lterse by-
lines explalined simply that the results had been negative
because "the experiments had not been carried out on the
proper type of cloud'”.

The increasing Iimportance attached to these
experiments in all countries indicates that they are some-
thing more than a game or a symptom of the willl to power of mere
human beings ("To make rain or fine weather™ is this not, so
to speak, to usurp the supreme power?), and something more
than a commendable desire not to allow one's own nation to
be outstripped by America; where during the last eight years
formidable strides have been made in all branches of sclence
and technology;, in advance of EBurope particularly.
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In the course of thls discussion we shall try to
arrive at the crux of the problem. The phenomena in question,
while based on simple physical laws, are often complex. For
gsome of them there 1s still no satisfactory explanation, for
others there are too many and a cholce must be made between
the different ones. In addition I shall try to place the
American research 1in its proper perspective. The magnitude
of the means employed there in dealing with the individual
problems 1s considerable. Nevertheless I hope to show that
France, in particular, with much more modest means, has made,
and will continue to make valuable contributions to this
research.

Following thils exposition we shall attempt to out-
line a concrete programme, indicating both the directions
which present research should follow and the future lines
along which it should be developed.

Finally, coming to the question of application we
shall try to play the prophet, always a dangerous role, and
predlct what may reasonably be expected from the work now in
progress.

For the sake of the uninitlated 1t will be necessary,
of course, to review briefly the underlying physical phenomena
and the meteorological basis of the subject, namely, clouds
and rain. It is hoped that the specialists will pardon the
Intentionally sketchy character of the presentation. It 1s
not possible to cover everything in an hour and a half.

Everyone knows that the atmosphere, even when it
i1s clear and without noticeable haze, contains a certain
amount of water in the gaseous state, and that clouds; fogs
and most mists contain water in the vapour state; and in the
liquid state in the form of tiny droplets (the dimensions of
the droplets will be discussed later). What is more lmportant,
and perhaps not so well known to some, is that water in the
solid state, in the form of small ice crystals, is also fre-
quently present. Thus all the phenomena to be studied are
governed by the laws®of equilibrium or unstable equilibrium
of water in the three states, solid, liquid and gaseous.

.The vapour pressure of the water contained in a
given volume of air is defined as the partial pressure of
the water vapour contained in that volume.

At temperatures above zero degrees centigrade a
mass of alr can only be at equilibrium with the liquid water
if the vapour pressure In the air has a very definite value
for each temperature. If the temperature falls while the
pressure remalns constant, some water must condense. This
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is the familiar process of dew formation. The same effect
would be noted if there were a tendency for the wvapour
pressure to increase. This definite pressure for each
temperature 1is called maximum pressure or saturation wvapour
pressure. As soon as it is attained the air is said to be
saturated. The amount of water vapour contained in saturated
alr can be calculated. S3Some results of such a calculatlion
are shown in Figure 3.

To conclude the definitions,; the relative humidity
of a given volume of air is the ratio of the vapour pressure
of the water contained in it to the saturation pressure for
the same temperature. It 1s expressed as a percentage. By
this definition saturated air has a relative humidity of 100
per cent. It 1s very important to note that under certain
conditions the air may have a relative humidity greater than
100 per cent. It is then in a state of disequilibrium and
is said to be "supersaturated',

At temperatures below zero the processes are
similar. Here the phenomenon of sublimation occurs, and
equilibrium between the ice and the water vapour can exist
only for a definite value of the vapour pressure at each
negative temperature.

At constant temperature the vapour transforms into
ice when there is a tendency for the pressure to increase.
If the pressure falls the ice must evaporate.

The curves of Filgure 1 show the values of these
pressures at different temperatures and the quantity¥of
water contained in each cubic metre of saturated alir for
each positive temperature.

Finally, there 1is theoretically only one point of
equilibrium at which the three phases can co-exist, namely,
zero degrees and 4.6 mm. of mercury.

The above applies to the equilibrium of a large
plane surface of water in contact with air. The processes
are different if the water 1s in the form of drops (effect
of the radius of curvature), or if 1t contains salts in
solution, etc. Thus curves of equilibrium might be drawn
using the radius of curvature or the concentration of salts
in solution as abscissa and the corresponding saturation
vapour pressure as ordinate.

All this appears very simple. Unfortunately,
things do not normally happen in this manner. Everyone
knows that 1t is very easy to malntain water in the super-
cooled state. 1In meteorology, indeed it is the rule rather

Translator's Note: There 1is a diocreruqcv hQ“°
in the orizinal document, Figure 1 shows no
culva ol ater content .,
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than the exception. Liqulid water may remain in unstable
equllibrium with the water vapour well below zero degrees,
and exceptional conditions are required to terminate this
unstable equilibrium. A very important point, and 1t 1s the
accepted theory, 1s that the unstable curve lies above the
sublimation curve. The former, of course, 1s a continuation
of the curve of equilibrium for positive temperatures (cf.
Fig. 1).

To conclude this brlef discussion of the physical
aspects, 1t 1s recalled that a change of state of the water
at constant temperature, e.g., change from the gaseous to
the liquid state, 1s accompanied by the liberation of a
definite amount of heat per gram of liquld water, called
heat of condensation.

During the 1lnverse process the same amount of heat
willl be absorbed. Indeed, coollng by evaporation 1is a
famlliar phenomenon. In order to keep a bottle of wine cold
during a picnic everyone knows that it should be wrapped in
a damp cloth.

An analogous liberation of heat, called heat of
fusion, occurs during solidification.

3¢ 3 kt 2

After these few physlcal generalitles 1t is
necessary to look at the meteorologlcal aspects of the
question.

Everyone knows that 1t cannot rain 1if there are
no clouds and that there are often clouds without rain.
These aphorlsms probably need to be stated. TYou will
soon understand why.

What is a c¢loud? It 1s an aerosol, i.e., & collec-
tion of water droplets of varlous dlameter (from a few
microns to some slxty mlcrons) suspended in the air (Fig. 4).
The proportlon of drops of each diameter in the cloud 1is
determined by a definlite statlstical law. In the majority
of well-developed clouds the curve of distrlibutlon 1s a
bell-curve analogous to the one dlscovered by Houghton and
Radford (Fig. 5). In this case the most numerous drops
correspond approximately to the mean value of the dlameter.

In the case of fogs, or clouds which are just
beglnning to form, the curve may be L-shaped (Flg. 6); the
smallest drops are then the most numerous. Thils willl be
e¢xplained shortly.
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The technique of counting and measuring the size
of tne drops 1s very highly developed in France. Ths
engineers of the Low Temperature Laboratory at RBellevue, and
those working at the Research Statlion on Mont Lachat, =
branch of the 0.,N.E.R.A., have, with the help of Prof. Brun
and Mr. Luclen Demon, discovered some very Iingenious ways of
collecting the drops in a fog or cloud so that they can
actually be counted and measured under the microscope.

Other French regearch workers, such as Mr. Bricard
and MNr. Dessens, have also done a great deal of work on thiis
problem. PFormerly the drops were precipitated electro-
statically in oill. Today the technique preferred is to use
very dense networks of extremely fine threads on which the
droplets are caugnt. Mr. Demon makes the threads syntheti-
cally from a solution of plexiglas, while Mr. Dessens prefers
to cultivate small spiders which do this work remarkably
well.

The mean size of the drops, of course, depends on
the type of cloud and the stage of its development. Iliowever,
a general value of about twenty microns can be given for it.

When the drops become very large they may be
expected to fall due to thelr welght, and this is what
actually occurs, for example, 1in certain wet fogs winich are
often seen in mountaincus country. For drops of twenty
microns the rate of fgll is relatively slow - 1.3 cm. per
second according to stoke's law. Thus the slightest up-
current and the little turbulent vortices in the cloud are
sufficlient to keep them aloft;, like an egg on the water jetl
at a fair.

Furthermore, 1if the cloud 1s at an altitude of
5,000 metres 1t follows that the drops would take 390,000
seconds, or 110 hours, to reach the ground. A great many
things can happen to a small drop of 20 microns during this
time.

The number of drops per cubic centimetre of cloud
does not vary greatly. It 1ls of the order of 500 to 1,000.
The dirensions of clouds, nhowever, do differ greatly. WNot
infrequently a cloud may be several kilometres thick and some
tens of kllometres long.

Another very important characteristic of a cloud
is its water content, which 1s of the order of several grams
per cublic metre. Under the auspices of the 0.N.E.R.A. an
apparatus for sampling clouds has recently been perfected sat
Mont Lachat. This is &a small wind tunnel thirough which tlie
cloud or fog can be aspirated. The working section contailns
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g metal cylinder with a wire stretched along its axis. The
wire carries a very high voltage compared with that of the
cylinder and all the water contained in the cloud is deposited
on the walls of the cylinder by electrostatic action. This

1s exactly the same technique as the femiliar one for dust
extraction. The cylinder 1s weighed on a small preclsion
balance before and after deposition of the water. Knowing

the flow through the tunnel the mass of water contained in a
given volume of cloud can easily be calculated.

Mr. Caron 1) has invented another apparatus, called
an aguanebulometer, for measuring the relative value of the
water content of a cloud. Two versions of this instrument
are now being built at the 0.N.E.R.A., one for ground
measurements at the Mont Lachat Laboratories; and the other
for use aboerd an aircraft.

To conclude the discussion of clouds a few words
are necessary concerning their electrical characteristics.
It is well known that clouds; particularly storm clouds, may
become electrically charged. The maximum positive or nega-
tive charge which a single drop in a cloud may receive is of
the order of some 107 c.g.s. electrostatic units. The elec-
trical fileld of a cloud may attaln several tens of kilovolts
per centimetre. It follows that the electrostatic forces of
attraction or repulsion between drops are weak.

A few remarks;, now, on the subject of rain.

Rain is made up of much larger drops, of the order
of a millimetre in diameter. These have & volume easily
100,000 or 1,000,000 times that of the droplets of a cloud
or fog.

It will presently be shown how c¢louds and rain
form in nature;, but first it is necessary to make a very
fundamental observation which I have borrowed from Mr.
Roulleau. In popular parlance it is said that a cloud
"bursts" when it rains. This 1s obviously an exaggerated
figure of speech;, but 1t 1s one which might lead us to
suppose that a cloud contains a certain quantity of water
which can be transformed into rein, and that when the c¢loud
is "empty" the raln must cease. This 1s precisely the image
of Biblical times, for; referring to the flood the Bible
says that "the same day were all the fountalns of the great
deep broken up; and the windows of Heaven were opened and
the raln was upon the earth forty days and forty nights™.

Many scientists, while knowling very well that =a
cloud 1s not a vessel filled wlth water, have nevertheless
reasoned thus.
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Now it can easlly be shown by calculation that a
cloud 1s able to provide an amount of rain greatly exceeding
the amount of water contalned 1in it in the form of droplets.
It might be expected that a cloud three kilometres thick,
contalning three grams of water per cublc metre, would
provide only 9 mm. rainfall. DBut often a cloud of this size
yields five times this amount. This statement can easily be
verified with the aid of a railn gauge, a very simple instru-
ment, for which; moreover, a jam jar may be substituted.

The very important conclusion to be drawn from
this is that such clouds are continually rebuilding them-
selves at the expense of the water vapour in the surrounding
atmosphere. Over a certain period they may be compared to
the storage batteries in automoblles; which are continually
being dlscharged while a generator contlnually recharges
them. Or again, they are analogous to the famous bath tub
which caused us so much trouble during our final examina-
tions,; the one which we valnly tried to fill whlle the drain
faucet remained open.

Thus a cloud now appears to be an indispensable
medium for the occurrence of rain, but its actual capacity
greatly exceeds that which might be expected from a merely
superficial examination of the problem. We are now faced
with two fundamental questions:

1. In what manner, and from what causes, does a
¢cloud form 1in clear atmosphere? Thils is the study of the
so-called condensation process.

2. In what manner, and for what reasons, is rain
generated in a cloud? The transformation of a cloud into
rain, hail or snow 1s called precipitation.

These are two very different problems and many
difficulties are due to the fact that they have frequently
been confused.

How do clouds form?

(a) By the intermingling of masses of homogeneous
air, without change of altitude. This first and very old
theory is that of Hutton, who used it to explalin the
occurrence of railn as & result of the confusion just men-
tioned. MNr. Marcel Brillouin proposed it as an explanation
of the formation of clouds. When two masses of clear air
at different temperatures and humidities mix, it is possible,
under certaln conditions, to get a vapour pressure above
the saturation point. -Condensation:may then occur. For
example: If one kllogram of air at zero degrees, 50 per cent
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relative humidity and 2,3 mm., vapour pressure 1s mixed wilth
two kilograms of alir at 30°;, 90 per cent relative humiaity
and 28,6 mm, vapour pressure, the result should be three
kilograms of air at a temperature and vapour pressure deter-
mined by the law of mixtures, namely, 20° and 19.8 mm. of
mercury. The saturation vapour pressure of the mixture 1is
only 17.5 mm. There may be condensation, but when the heat
of condensation is taken into account the amount of water
which can be produced by thils process remains very small.
Hence, this would only explain the formation of very light
clouds, which are of 1little interest: irom the point of view
of rain.

(b) Adiabatic expansion.

If an adiabatic expansion;, l.e., an expansion
without exchange of heat with the exterior, takes placs in
a mass of humid air the temperature of this air will decrease.
Now, from what was said at the beginning of this paper it
follows that, provided the cooling is not too Intense, liquid
water may condense in the form of droplets. Note that we say
the droplets "may condense'; they do not do so necessarily,
The reason for this will soon be apparent. The heat of
fusion# of course, partially offsets the process. The experi-
ment 1s well known and is presently being performed in the
Wilson cold chamber. It is valuable in connection with
nuclear research; because the droplets are deposited on ions
or small particles whose paths or trajectories may thus be
revealed.

Such expansions can occur in the atmosphere but
they may arise from different causes:

1. The general flow about low pressure areas per-
mits the assumption that clouds could form at the centre.
The effect, if 1t existed,; could only be a very weak one,
This theory was once advocated by Herschel, but has since
been abandoned.

2. The expansion may be the result of upward air
displacements due to convection. These may be of eilther
thermal or dynamic origin., There may be mass displacements
or turbulent displacements. The latter would be something
between molecular diffusion due to thermal action and large
mass displacements.

These phenomena are very complex and have not yet
been completely analysed. However, an attempt will be made
to give a qualitative idea of thermal displacement as
described in that remarkable work "Physicue des Nuages"
(ths1cs of “1ouds) by onfessors Coulomb and Loisela

e J-a*xﬁﬁ; ‘otey ”chul e o fuaion . The
atior mﬁxym, 3JVzCA<7v raan ol corndznsation.
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It 1s common knowledge that at low altitudes, at
least, there 1s a negative temperature gradient; 1in other
words, the temperature decreases wlth altitude at the rate
of approximately 0.6° per hundred metres. This is simply
because the lower layers of the atmosphere are warmed by
contact with the earth, and especially by the earth's radiation,
whereas the upper layers themselves radiate more energy than
they recelve from the sun. I hasten to add that this is true
only of the first few kilometres. Also, the density of the
air decreases with altitude. Hence a mass of air which tends
to rise will cool, and 1ts rise will continue as long as its
density 1is less than that of the surrounding air at the same
altitude; thereafter it will tend to descend again, and this
depends generslly on the gradient. The neutral equilibrium
corresponds, more or less, to a variation in temperature of
one degree per hundred metres; this is the so-called "dry
adiabatic gradient". Actually, even for larger gradients
there 1s still equilibrium, for the expansion is not adiabatic,
the air being cooled by thermal exchanges at its boundaries.
Thls brings us to the fundamental process. If the mass of
air can rise to the point where condensation occurs, then the
heat of condensation will enable it to rise further. This
condition exists even In gradients of less than one degree
per hundred metres - to be precise, in those which are of the
order of 0.6°, 1.e., the gradlents most frequently found in
our own regions. This is called "the wet adiabatic gradient".

With the aid of these very vague data we are now in
a position to describe the formation of a cumulus cloud.
Everyone is familiar with these clouds, whose dense forms
give such fine artistic effects (Fig. 7, 8, 9).

At sunrise the ground becomes heated by solar
radiation and in turn warms the air in its immediate vicinity.
The gradient near the ground 1is now greater than the dry
adiabatic gradient; and the air begins to rise. This air 1is
replaced by air coming from cooler regions nearby, and these
regions, in turn, are fed by still cooler reglions above them.
Thus a thermal convection 1s commenced. As it develops its
celling is progressively raised and the entire bubble of air
beneath the ceiling 1s warmed. At a certain altitude the
dew point is reached and condensation may occur. If so, a
cumulus cloud begins to form. The heat of condensation now
enables the cloud to ascend still further, so that more
condensation can occur, even when the gradient of the cloud
is no longer adiabatic. The summit of the cloud can then
begin to flatten out. This 1s the process observed, for
example, in the cumulus congestus (Fig. 10).

The cloud, of course, may also be carried up by a
mass movement of purely dynamic origin, in which case the
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external growth may be the same as that just described.

Now a word on the formation of clouds by turbulent
convection, since this 1s probably the most important process
for the ultimate development of the studies concerning
artificlal rain. In this type of convection we can imagine
the upward movement of a great many small masses of air; the
displacement beling produced, generally speaking, by more or
less regular vortices with horizontal axes. The masses of
air thus transported have definite temperatures and humidities,
varying according to their place of origin, and it can then
be shown that on the average the relative humidity tends to
increagse considerably towards the upper parts of the atmos-
phere when they have been stirred by these vortices. If this
humidity reaches 100 per cent condensation may occur. This
seems to be the process of formation of stratus and strato-
cumulus clouds, which are clouds contalning less water than
those formed in the lower layers of the atmosphere (Fig. 11
and 12).

May I again draw your attention to the manner in
which this i1s expressed. When saturation 1s attained or
exceeded condensation may occur. I have been careful not to
say that it must occur. Indeed, when discussing the squi-
librium of water in the three states it was stated very
specifically that stable equilibrium was the exception and
that special precauvtions were necessary to prevent super-
cooling or supersaturation. As a matter of fact relative
humidities up to 400 or 500 per cent without condensation
are quite possible. As far back as 1880 Aitken observed in
his laboratory experiments that successlive adiabatic
expansions in the expansion chamber produced fogs of lower
and lower density, and, if the air is filtered through
cotton, no condensatlion whatever takes place. Since that
time the accepted theory has been that no condensation is
possible unless certain seeds, also called "nuclei” or
"condensation centres”™, are present. Near the ground these
seeds are everywhere, but thelr number decreases rapidly
with altitude. According to Wigand, at 1,000 metres there
are approximately 2,500 per cubic centimetre, but above
5,000 metres there are no more than 80.

Neither the nature of the condensation centres nor
the manner in which they promote condensation 1s as yet well
understood; although there have been many investigations of
the problem - C.T.A. Wilson's, Junge's, and especilally
Langevin's may be cited. At present Mr. Bricard and Nr.
Demon are still working on this question. At different
times it has been thought that these nuclei might be very
small mineral particles, blg or small 1lons, or hygroscopic
particles. TLast week Mr. Demon informed me that he had



Page = 11
Tech., Trans. TT-87

concluded a series of experiments at Mont Lachat which seemed
to prove that in the case of clouds these centres are often
hygroscopic particles.

Mr, Demon obtailried some natural cloud dropiets with
his plexlglas nets and then permitted them to evaporate
inside the laboratory. Watchlng the evaporatlon under the
microscope he observad that an exXxtremely light deposit,
visible only now and then by a varilation in colouring,
remained on the threads. Thils deposit certainly constituted
the much discusssd condenssation centres, for, when he
breathed lightly on the threads droplets agaln appeared at
the places where the particles had been seen, i.e., at the
same places where the drops had been prsviously. However,
in my opinion this still does not enable us to say anything
concerning the nature of the centres (whether crystalline or
amorphous particles, whether ionized c¢r not).

However, the important fact to remember is that
these condensation nuclei are indispensable in the formation
of clouds, and that clouds such as the cumulus, which begin
to form at the ground by the process of thermal convection,
never lack these nuclei, for there i1s a superabundance of
them near the ground which are borne upwards by the same
process of thermal convection., But the layers of atmosphere
above 3,000 metres contain very few, and it is probable that
in many cases there are enormous supsrsaturations at these
altitudes just because of this scarcity. By supplying the
nucleil it might perhaps be possible to make clouds, the
ultimate source of rain; for, after all (please pardon this
repetition of an obvious truth)}, there can be no rain without
clouds.

The study of the humidity of the atmosphere above
5,000 metras, in my opinion, is absolutely fundamental. It
needs to be investigated systematically, and the O0.N.E.R.A.
has included this in its programme. At the same time
systematic attempts at "seeding" with condensation nuclei,
e.g.s; sultable hygroscopic nuclei, should be made # It 1is
very probable, I think, that artificial clouds can be creatsd
in this way, although there 1s no assurance that rain could
be made to fall from them. However, I must add that this
supersaturation is my only hope of creating artificial clouds
large enough to yield rain.

% More than a year ago Mr. Maurin suggested
using hygroscopic nuclei in unsaturated
atmosphere. I do not think there could be
any formation of clouds in such a case.
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Indeed, 1f we were restricted only to the stable
equilibrium, we would have to be sble to produce artificial
adlabatic expansions, for example, by convection. But Mr.
Roulleau 3} has calculated that in order to cause a column
of air five kilometres thick and one square killometre in
area to rise for five hours at the rate of & cm. per second
(which would produce 5 mm, of rain over an area of 100
hectares) it would be necessary to expend an energy of three
million kilowatt hours, assuming one hundred per cent
efficiency. It 1is obvious that ths solution to the problem
does not lie in this direction.

We have now resached the following point: We know
approximetely how clouds form - by the process of condensa-
tion. We also know that there can be no question for us of
making clouds artificially by adlabatic expansion although
there 1s some hope 1if, as 1s probable, supersaturated zones
existing at high altitudes are provided wilth condensation
nuclel.

We come now to the process of rain formation, 1.e.,
the growth of drops from twenty or so microns to approxi-
mately one millimetre in diamster. This 1s the phenomenon
of precipltation. For the raln to reach the ground it 1is
clearly necessary that the drops thus formed must not evaporate
during their fall.

I am sure that some of you wlll be surprised to
learn that the causes of rain have been known for less than
fifteen years. The discovery came later than those of
relativity, the wave mechanism, and the neutron. Only the
future can tell us whether it 1s more or less important than
these,

Just as small streams unite to make great rivers,
it seems reasonable to supposs that large drops are formed
by the union of a number of small drops. This phenomenon has
been much descrilbed. It 1s the process known as coalescence.
Unfortunately; it probably does not exist at all, or at
least it is very rars as a cause of natural raln. What,
indeed, are the possible causes of coalescence?

l. Aerodynamic attraction of droplets following
parallel paths and remaining close to one another during
the fall. DBjJernknes studied this problem. The forces
involved are very weak ones. The drops would have to remain
near one another at least for a distance of a tenth of a
millimetre and a time of roughly one minute. For this to
happen the drops would have to be of exactly the same dia-
meter so that they would have the same rate of fall. It is
unlikely that such conditions ever occur.
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2. Due to inertia, micro-turbulence could cause
collisions between molsecules of different diameter. At
Trappes Mr. Guy Dady 4) observed an artificial fog with mean
drop diameter of 4u and maximum drop diameter of 13u for a
pericd of ten hours. Despite the fact that trajsctories
apparently coincided frequently (once in about every ten
seconds), he did not see a single case of coalescence.
According to his theory he expected 900! It is probable
that surface effects prevent drops of these dimensions from
uniting. It should be observed, however, that the average
drops in a cloud are larger than those of the fog studied
by Mr. Dady.

3, Electro-static effects.

It was long believed that in storm clouds electri-
cal charges kept the drops apart, but that after discharge
nothing more prevented their coalescence. We have just seen
that this explanation is quite improbable. Furthermore it
has been proved that rain begins to fall before lightning
ocecurs. Electrical attractions due to charges of opposite
sign are equally improbable. In fact,; such charges have no
opportunity of occurring together. And finally, the attractive
forces of charges of the order of 1078 c.g.s. units, such as
are found in electrically charged clouds, are very small.

So much for coalescence. Lst us turn now to some
much more satisfactory theories based on the idea of the growth
of a liquid or solid phase at the expense of the vapour phase.
As a matter of fact, if only the saturation vapour pressure
of the two phases ars different, water may be transferred from
the phase of higher pressure to that of lower pressure; in
other words there 1s evaporation from the first and condensa-
tion on the second. This happens in several very important
cases which will be discussed again in connection with the
creation of artificial rain:

1. All other things being equal, the saturation
vapour pressure Iincreases with the curvature of the surface
of saturation of the two media. Thus drops of large dlamster
must increase in volume at the expense of small drops, pro-
vided the difference of curvature is great enough.

2. Cold drops increase at the expense of warm
drops. This 1s ths principle of the cold wall, Indeed, the
saturation vapour pressure increases with temperature (Fig.
1, 2, 3).

5. Ice crystals grow at the expense of supercooled
water droplets, since (Fig. 1) at constant negative tempera-
ture the liquid water=vapour saturation vapour pressure
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(unstable equilibrium) is greater than the ice-vapour
pressure (stable equilibrium).

4, Drops containing a salt in solution grow at
the sxpense of drops of pure water, because the wvapour
pressure of the solution 1s less than that of the pure
water. This effect is all the more important because the
solution has & lowsr saturation vapour prassure,.

Which of these causes actually produce natural
rain?

We have seen that direct coalescence 1s highly
improbable. It appears that in the majority of cases the
growth of ice crystals is responsible. This 1s the famillar
theory of Bergeron and Findelsen, first presented 1n 1933.

It is based on & hypothesis which has since been verifled
neny times, namely, that the upper parts of most large raln
clouds (generally speaking cumulo-nimbus clouds several kilo-
metres thick) will have a negative temperature. Thus the
water in the cloud 1s normally in a supercooled state, for we
know that supercooling is the rule and stable equilibrium 1s
the exception,

But as soon as the droplets find themselves in the
presence of some agency which starts the process the 1ice
crystals begin to appear., You are all familiar with the
beautiful geometric forms of snow crystals., A few of them
are shown in Figure 13. These are able to grow by the above
described process - the transfer of water from the super-
cooled drops to the crystals. As they grow, of course, they
begin to fall as snow flakes of various size. If they are
sufficiently warmed during their fall, so that they melt but
do not evaporate, 1t rains. If evaporatlion occurs because
the air 1s too dry and too warm, the water does not reach
the ground and we then have the phenomenon of "virga". 1If
the temperature remains low enough all the way to the ground
it snows. If there are ascending currents in the cloud which
cause the latter to retain the crystals for some time they
then have an opportunity to increase in size and the result
1s hail. This theory was completely confirmed between 1932
and 1937 in America by Stickley 5J, who made numerous flight
investigations. It accounts for almost 97 per cent of the
observed precipitations.

It appears, however, that certaln tropical rains
and summer rains In mountalnous country are best explained
by the transfer of water from warmer drops to colder ones in
clouds in which there are no negative temperatures at all.
Reynolds proved that this could happen, explaining how
nocturnal radiation from the top of the cloud; or the cloud's
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own shadow when the sun 1s low, could bring about differences
in temperature bestween nelighbouring drops within the same
cloud. All the other explanations which have bsen dilscussed
above seem very limprobable.

In any case ths Bergeron effsct 1s the chilef cause
of rain.

There is one further point to be clarified. \Vihat
causes the supercooling in the upper part of the cloud to
ceass. All that is necesseary 1s for the top of the cloud to
rise until it enters the vsasry cold region. It 1s known, of
course, that supercooling generally ceases below =35°C., The
drops can then begin to sclidify. It 1s equally possible
that the freezing 1s started by the appearance of certain
crystalline agents, certain oxides of nitrogen, whoss forma-
tion in the atmosphers may be due to lightning discharges in
storm clouds with Intermediate formation of ozone. The
powerful shock waves possible with lightning discharges could
likewise lead to freezing. This has been proved by lnvesti-
gations of Mr. Jacques Maurin which will bs discussed again
shortly.

The crystals created by 1lnoculation in the laboratory
are similar in every way to the natural snow crystals of the
preceding figure (cf. Fig. 14),

we now know how clouds are formed, and we also know
why it rains. We therefore have at our command almost all the
knowledge necessary in order to make artificial railn.

First let us suppose that we have clouds at our
disposal. But at the sams time let me remind you that even
if we have no clouds we may still hope to form them 1f we can
find zones in which the humidity 1s gresater than 100 per cent,
i.e., supersaturated zones, and if we can supply sultable
nuclei for terminating the supercooling. This does not mean
that clouds created in this way will necessarily be capable
of causing precipitations which willl reach the ground. The
size of the drops, the temperatures between the cloud and the
ground, and the humidity must still be such that the rain
will not evaporate during its fall.

For the prasent, however, let us assume that we have
a natural cloud.

Two separate cases must be considered: that of a
cloud in which there are regions of negative temperature, and
that of a cloud which has no such regions. The first 1s the
simpler case, 1In order to make rain - nothing could be
easier - 1t i1s merely necsssary to bring about a cessation of
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the supercooling. We might consider sseding the cloud with
ordinary snow, Thils method 1s unsuitable because the snow
will fuse into lumps, owing to the tendency of the crystals
to conglomerate, and will be difficult to scatter. We shall
not provide enough nuclei in thls way for the snowfall to
spread. Carbonic snow, or better still, small pellets of dry
ice having a temperature lower than -80°C. are much more
satlsfactory. By thls means supercooling can be brought to
an end sven in very large clouds. This is the method which
has been employed so far. We shall return to the history of
the problem and the best ways of applying the principle in a
little while. It 1s easy to see that any very cold substance
will give the same result, e.g., liquid air, or any solid
particles which have been cooled to very low temperatures.

In a few moments I am going to tell you about the results of
Mr. Demon's experiments with these various materlals.

Another method might consist in inoculating the
c¢loud with insoluble crystalline seeds which are isomorphous
with ice and have the same crystal structure. These would
also bring the supercooling to an end. The procedure 1is
based on a wsll known phenomenon, called epltaxis, which is
involved 1n the manufacture of mixed crystals. Until now
only one substance, silver iodide, has given results, and
what results! This will be discussed again in a few moments.

Finally, recalling that icing clouds, which are
simply clouds at temperatures below zero, can be dispersed
by powerful shock waves, we could perhaps employ explosives
or ultra-sonic waves to terminate the supercooling.

Any of the above methods may bring about rain by
the application of the Bergeron theory. All of them have
already been used to produce artificial rain, either in
nature or in the laboratory, with various results. Can rain
also be made with clouds at temperatures above zero? If so,
the methods discovered should also succeed when applled to
clouds which are partially or wholly at negative temperatures.
Needless to say, the inverse proposition does not hold.

First of all, by sprinkling the cloud with large
drops we may sexpect that the growth of these drops at the
expense of the small ones 1In the cloud will lead to eventual
rupture as soon as the sprinkled drops become very large and
thelr speed becomes very great, and that the newly formed drops
in turn will draw water from new small drops. Thus we can
hope to dlsperse clouds by spraying them with water. The
experiment has been tried by Professor Langmuir in America and
was successful. Mr. Demon has also verified the results in
the laboratory. Of courss, if the large drops are colder than
those of the cloud, the difference in vapour pressure due to
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temperature will be added to that due to curvature, so that a
more rapld action can be expected. Moreover, if the drops are
cold, smaller ones may be employed to gain an equal effect.
This is an important consideration when the water supply is to
be transported to the cloud by aircraft.

Similarly, by using a salt solutlon smaller drops
can be employed to promote rapid growth and subssequent rupture
than 1f pure watsr is used. Some very encouraging laboratory
results have been obtained on this by kr. Demon and his co-
workers, You will be shown a few curves iIn a little while.

Finally, with drops of water carrying electrical
charges very much stronger than those met in the storm clouds
(Prof. Brun, Prof. Pauthenier and Mr. Demon 6) have reported
methods whereby charges may be attained which are of the order
of 1075 c.g.s. units per drop, i.e., several hundreds of times
greater than the charges on the natural cloud droplets) elec-
trostatic forces of attraction sufficient for actual coalescencs
will be obtained. The experiment has already succeeded in the
laboratory. Mr. Demon's results will be shown in a little
while.

The 1nteresting point about electrically charged
water 1s that it will probably enable us to initiate precipi-
tations with droplet diameters of the same order of magnitude
us those of the cloud itself, 1.e., 204 instead of 200. Thus
the guantitles of water to be transported by aircraft will be
a thousand times less than if pure water were being used to
schieve similar results.

All Mmown possibilities of creating artificial rain
have now been reviewed. Not all, of course, have been glven
tull-scale trials, but the results of the systematic investi-
gations at the Bellevue laboratory by Mr. Brun, Mr. Demon and
thelr collaborators, enable us to foresee new possibilitiles
of supplementing, and, abovs all, of systematizing the somewhat
haphazard and perhaps premature attempts which have been made
following the first experliments by Langmuir.

2% K
[A) i)

We come now, as a matter of course, to an account
of the experiments already completed throughout the world in
laboratory and fileld, and to an asssssment of thelr value.

In February 1942 at the General Electric Company,
Professor Irving Langmulr and Mr, Vincent J. Schaefer were
working on a smoke generator for milltary use. These two
scilentists began by calculating the theoretical rate of
growth of drops surrounded by ailr saturated with a vapour of
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the same substance as the drops, and In 1943 they had the
satisfaction of designing a smoke generator whose working
characteristics agreed in every particular with thelr
theoretical predictilons,

From 1943 to 1845, having become experts on the
evolution of fog droplets, they began to study the problem of
icing on aircraft. They discovered, among other things, that
the mean dlameter of the drcplets iIn an icing cloud could be
determined from the rate of deposit of frost on rotating
cylinders in a wind of given velocity. This was verified by
experiment at Mount wilson. ¥*

I hasten to add that without any communication
between the two countries, an experimental station for the
study of icing was founded almost at the same time In France
on Mont Lachat, on the 1nitiative of Engineer General
Poincaré, Director of Aeronautical Research (Groupement de
Recherches Aéronautiques), and a team of ressarch workers who
developed a fundamental theory in the study of icing, namely
the mechanlics of suspensions. The latter discovery was the
work of Messrs. Brun and Vasseur. This theory, which we have
not time to discuss 1in detail this evenling, relates the size
of the drops to the amount of ice deposited at each point
along a given profile in a wind of known velocity, and does
1t much more accurately than the theory of Langmuir and
Schaefer., At the same time eXxperiments wesre begun in the
wind tunnel at Mont Lachat, shown here;, for the purpose of
verifyilng the results. These have besn continued ever since.
using both natural and artificial icing clouds (Fig. 15, 16,
17). At present the method enablss us, among other things,
to determine the amount of ice deposited on sach surface
element of an aircraft wing proflle for given drop sizes, so
that the exact heat requirsed for de-icing at sach point on
the wing can be calculated. In additlon a computation
department was set up at the 0.N.E.R.A. for the use of the
natlional aircraft firms,

To return to the American research. In the course
of the work at Mount Wilson and the experimental flights
undertaken in the Schenectady district, Langmulr, who had
come to believe that the nuclel which caused supercooling to
terminate were very rare at high altitudes, and that super-
coollng was the rule down to =-20°C., got the 1dea of
termlinating it artificially.

¥ Pranslator's note: This should read
Mount Washington.
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During the winter of 1945-46 Langmuir and Schaefer
systematically explored icing clouds by aircraft. In the
spring of 1946 Schaefer obtained a large cold chamber of
four cubic feet which could be cooled to -25°, and the two
of them began taking turns at blowling into it. It was
established that not a single crystal of ice could be pro-
duced in this manner. They then tried to bring the super-
coollng to an end by introducing various powders, but
without success.

Finally, in July 1946, Schaefer got the supercooling
to cease with the aid of a needle dipped in liguid air. The
boundaries were then narrowed, and it was found that to make
the supercooling cecass the nsedle had to be at a temperature
of at least =35°, The crucial experiment was at hand.
Schaefer 7) 8) injected tiny fragments of dry ice into the
fog in his cold chamber. The supercooling ceased Immediately,
even along the path of a single falling fragment.

In August 1946, Langmuir 9) calculated the theoreti-
cal rate of growth of ice particles created in this manner.
He came to the conclusion that by flying over a freezing cloud
and spraying it with small pellets of dry ice he might hope
to terminate the supercooling to a satisfactory extent.

It 1s important to realize that we are not always
concerned with artificial rain, but also with dissipating
icing clouds. The studies parallel those which are being
carried on in France, but the guiding aim 1s somewhat
different. We shall return to thils point.

On 13 November 19486, Schaefer and Talbot seeded
their first cloud thirty miles east of Schenectady. The
ground temperature was 0°, the temperature in the cloud was
-20°, and three pounds of dry ice wers scattered. Within
five minutes the entire cloud had turned to snow, which fell
a distance of 2000 metres and then evaporated in the dry
air.

From this time until 7 April 1947, seven seeding
experiments were carried out in this manner. Some pictures
taken during the tests are shown in Figures 18, 19 and 20,

In each case large areas of cloud were transformed into ics.
Since the ground temperatures were generally less than 0° the
snow sometimes reached the ground. But again, the aim 1s not
always to obtain precipitation. The possikilities are obviocus
for an aircraft which has to tunnel 1ts way through an icing
cloud iIn order to descend to the ground.
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The first large scale success 1n producing artificial
rain was that of Krauss and Squires 10), who had heard of the
early results of Langmuir and his colleagues, .This took place
near Sydney, Australia, on 5 February 1947. The clouds were
at an altitude of 6600 metres and the zero isotherms stood at
5400 metres. The clouds were seeded with crushed dry ice.
Rain fell five minutes after the seeding and covered an area
of 50 square kilometres. In all eight such trials were mads
and each time rain was detectsd by means of radar below the
cloud. 8ix times the rain reached the ground. The reason
for this result must be noted: PFebruary is a summer month in
Australia.

A few months earlier (the end of November 1946)
Dr. Vonnegut 11}, another colleague of Langmulr, found that
gilver lodide was an excellent nucleus for terminating super-
coolings, We have already seen why. For his studies he
developed an apparatus for generating silver iodide (Fig.
20(a)). He believed that a very small amount of silver
iodide would seed a cloud of very large dimensions and the
cost would be relatively low, provided the particlss were
sufflciently dispersed. The following spring he succesded
in dispersing a local fog, which was quite large, using the
apparatus shown in Figure 26.

Since the summer of 1947 the Americans have pursued
their artificial rain tests on the American scale with the
following aids: teams of meteorologists with sounding
balloons for locating sultable clouds; commerclal dry ice
crushers; technicians and special aircraft for seeding the
clouds; crews of photographers with specially fitted aircraft
for taking still and motion plctures of the development of
seeded clouds; specially trained research men to study the
rain bslow the clouds; radar; etc. UPFigures 21, 22 and 23
show a typical alr photograph and the results of the evaluation.
The cloud seeding apparatus for dry ice and the silver ilodide
smoke generator are shown in Flgures 24, 25 and 26,

Nothing more was published on this subjJect in the
United States after July 1947, a fact which suggested that the
matter had become "restricted". Then, quite recently, in a
note of the Academy of Sciences In Washington, Langmulr
announced that he had produced rain by sprinkling water on a
cloud wholly at a positive temperature. Thils method was not
altogether new, It had alrsady been used to disperse fogs
on aerodromes during the last war along with the "Fido" method
of evaporation by means of oil burners.

What was done 1in France during the same perlod?
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Since the foundation of 0, N. E. R. A., i.e., at

the beginning of 1946, I had been organizing a department of
Atmospheric Physics, and at my request Professor Brun agreed

to become its director. This department was to continue the
battle against icing and the systematlc study of the structure
of fogs— diameter of drops, water content, electrical charac-
teristics, etec. At the same time the mechanics of suspensions,
of which I spoke a few minutes ago, was being evolved.

Before this department was set up, the studles at
Mont Lachat had been concerned mainly with the development of
direct icing detectors and thermal de-icers. In 1946 1t was
evident that a more immediatsly useful line of approach would
be, on the one hand, to develop remote detection of the clouds
which were at negative temperatures so as to avoid meeting
them;, and, on the other hand, to find means of dissipating
these clouds.

Thus, into the research programms of the 0. N. E.
R. A, I introduced the same problem as that with which Lang-
muir was dealing at the same time. However, our orientation
was different, for I decided, with the assent of Professor
Brun and Mr. Jacques Maurin, engineer in charge of the pro-
ject, to try to terminate the supercooling of a freezing
cloud by using the shock wave of a powerful explosive.
While this experiment was being prepared during the winter
of 1946~47, Mr., Maurin suggested that supercoolings could
also be terminated with the crystals of a substance which
was insoluble in water, and that the effect of the shock wave
could perhaps be reinforced by having such crystals carried
on the wave front. I supplemented this idea by suggesting
to Mr, Maurin that crystals of the same structure as ice be
used.

About February 1947, rumours reached us of
Vonnegut's 11) preliminary work on silver iodide. Mr.
Jacques Maurin, who, together with Mr., Medart, the chiefl
explosives enginesr 13), was preparing penthrite detonators
for these experiments, decided to prepare cartridges con-
taining silver iodide as well. Our idea was that the silver
iodide would be decomposed into ions by the explosions and
that these could then be rscombined on the wave front.

The initial experiment on the termination of super-
cooling by shock wawves took place at the beginning of May
1947 (Fig. 27, 28, 29 and 30). It was perfectly conclusive,
but unfortunately the cartridges which did not contain
silver iodide were used. I say unfortunately, because the
eXperiments had to be interrupted in the spring of 1947 due
to lack of frost; and during the 1947-48 season the wind
tunnel was being altered and could not be used
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Thus the silver iodide detonators have never been
fired and are still in the magazine at the Mont Lachat
station. There is no doubt that the experiment would have
given positive results. .

In 1945 WMr. Brun had directly measured the rate of
growth of an ice crystal in supsrcooled water contained in
an isothermal capilillary tube, and in May 1947, Mr, Jacques
Maurin 14) 15) measured the time reguired for complete
freezing of supercooled drops starting from the moment of
introduction of the seed.

At the end of the summer of 1847, Messrs. Brun and
Demon, having heard of the early work of Langmulr and of the
Sydney experiments, asked me, on behalf of 0, N, E. R. A.,
and in conjunction with C. N, R, S., if they might undertake
basic laboratory research on the artificial production of
rain. The previous work of these gentlemen made them highly
qualified for this study. Furthermore, the Low Tempsrature
Laboratory at Bellevue was sultabls for the experiments,
and, finally, the research could be followed up at Wont
TLachat. I therefore agreed, but without much enthusiasm, T
must admit.

Under Professor 3run's dirsction, and with the
asslstance of Professor Pauthenler and some other enginesers,
Mr. Demon now began a ser%es ?f gystematic studles which
were extremely fruitful 6) 18), TIn the supsrcooled-fog tank
at Bellevue he studied the effects of carbonic snow (intro-
duced by injecting liquid carbon dioxide or by using detonators),
dry ice, cooled flasks and very cold particles, as well as the
results of localized cooling by expansion of compressed air,
the introduction of silver iodide and other crystals and the
action of ultra-sonic waves (the latter in co-operation with
Mr. Palme). The ultra-sonic wave tests were negative.

He examined the effects of electrically charged
sand, ultra=~sonic waves, hygroscopic salts and a spray of con-
centrated saline solutions for fog at positive temperatures
in the large fog chamber under the upper station of the old
funicular railway at Bellevue, The sxperimental procedure, a
very simple one, was as follows: A beam of parallel light
was made to traverse the fog and strike a photoelectric cell,
The latter was connected to a galvanometer; the deflections
of which varied inversely with the opacity of the fog. A fog
was now introduced into the refrigeratad tank and its normal
development was recorded. Then the substance for modifying
this fog was introduced and the new curve of behaviour was
recorded.

The curves you will now be shown have not yst been
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edlited, although the essential ressults have already been
included in_ the notes of the Transactions of the Acadsmy of
Sciences 16). They constitute an indispubtable and indispensable
basis for all subsequent field tests (Fig. 31 to 41). Trials

in the mountains will now be carried out.

Mr, Demon 1s on his way back from Mont Lachat. In
spite of the scarcity of good clouds for his experiments he
has obtained some results.

The conclusions for the present are that the most
offective methods of producing artificial rain consist in:

1, With supercooled clouds,

(a) dry ice in very small fragments, or carbonic
snow, dropped directly into the clouds and dispersed hori-
zontally be means of fuses or detonators. This idea 1s being
developed simultaneously by the National Meteorological
Bureau;

(b) silver 1lodide, carried by projsctilss or dropped
from aeroplanes;

(c) 1local cooling by expansion of compressed air.
2. PFor clouds at positive temperature,

spraying of fine droplets of saline solution of
nygroscopic salts, and, eventually, electrically chargsd drops
of water (Langmuir's spraying bty drops of pure water several
hundreds of microns in diametsr appears to reaulre amounts of
water whleh are too large in relation to the expected results}.

During the same pericd the National Meteorological
Bureau, under the leadership of Mr. Roulleau 3), carried out
some laboratory experiments at Trappes, and also held fleld
trials; the aeroplanes being furnishsd by the S, A. S. M. The
trials were supervissd by Mr. Eyrsud 18), 1In all cases either
carbonic snow or dry ice was used, but the types of cloud
chosen were different, and different sizes of dry ice and
different seeding methods were employed. The first seeding
took place on 25 March 1947. Thereafter, some twenty flights
wers made with various results. The most satisfactory
experiment was that of 15 January 1948, in the vicinity of
Meaux - cloud top altitude, 3,400 metres (growing cumulus);
temperature, <17°7; amount of drg ice droooed 15 kilograms;
result, twenty minute rainfall 1

The work of Mr. Coulomb and that of Mr., Dessens 20)
of the Institute of Global Physics should also be mentioned.
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In addition, some of the North African colonies have
carried out field trials with the help of the Air Force. 1In
general these tests have been rather inconclusive., However,
on 19 April 1948, cold water, exact temperature unknown, was
used for the first time on a growlng cumulus cloud at 5,600
metres altitude and a temperature of =-22°C. Raln fell over
a radius of five kilometres.

To complate the picture it must also be mentioned
that Mr., Camille Rougeron has suggested making the required
rain right on board the aeroplanes by means of adlabatic
compression and expansion, using the regular englnes of the
aircraft. According to him 1t should be possible to terminate
the supercooling of clouds in thils manner, whether directly,
through the escape of cold gases, or by first manufacturing
ice. A preliminary draft-scheme of mine indicates that this
procedure may be less costly and more effective than carrying
dry 1ice or liouid air.

To conclude this chapter we must also report that
General Bergeron, President of the Committee of Scientific
Actlion for HNational Defence, has taken the initiative 1in
bringing togsther the research workers interested in artil-
ficilal rain and those actually working on it, with the object
of laying down a programme and dividing up the work. Four
business meetings have already taken place at C. N. R. S.,
with General Bergeron in the chair. Unfortunately 0. N. E.
R. A. was not offliclally represented at these meetings.

BN &4 BN
"

)

Just now the research workers and the practical
people were mentioned together for the first time. In the
few minutes remaining let us discuss briefly the last problem
with which I promised to deal this evening. What 1s the alm
of 1t =all?

Two differsnt results may be achileved:

1. Dispersal of fogs and clouds;
2. Productlion and modification of precipitations.

First, the dispersal of fogs and clouds. This 1s
a fundamental problem of aeronautics. We may hope to dis-
perse supercooled fogs above aerodromes, for example, by
seeding them with silver lodide, or other crystals which may
be discovered in future, with dry ice, or, 1f need be, with
liguld alr; or the expansion of cold air may be used. Under
certain conditions fogs at positive temperature could be
dlspersed by spraying. For this purpose saline solutions
appear, a priori, to give better results than pure watsr.
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Electrically charged drops from a suitable apparatus should
also be sffective,

The dissipation of an icing cloud, or the boring
of a tunnel through it, is very I1mportant. Shock waves
produced by the explosions of cartridges fired into the
cloud, together with dry ice; and especially silver iodide,
carrisd in the detonators, will certainly yleld immediate
results,

A multitude of details, the methods of application,
still have to be worked out. Tuawss szre purely engineering
problems which may be left to the technicians.

Let us now turn our attention to the possibilities
of producing or modifying precipitations.

Byraud has suggested that the size of hail stones
could be reduced by timely seeding of hail clouds. This
would be a boon to agriculture.

Rain can also be produced. For the moment we are
content to help nature along a little bit. In general we
attack clouds which are almost ready to dissolve into rain,
and which would probably do so without anyone's assistance
very soon afterwards. It 1s true that if the cloud wers
moving rapidly 1t would rain somewhere else. We can lmagine
the eplc quarrels and law suits which may occur in future
between neighbouring landlords. But let us leave the
development of this theme to the song writers.

In certain instances,; however, the results can
already be exploited by agriculture, In a little while we
shall do better. Accurate information will be available on
each cloud group in the sky, and the most favourable method
of preciplitation can be chosen in each particular case for
the benefit of the farmers. Of course, the game will have
to be worth the candle. Almost certainly only large clouds
capable of furnishing considerable rain will be attacked.
Whether to scatter dry ice by aeroplane, to atomize luke-
warm or cold water, sallne or pure;, electrically charged or
not, these choices will be made by the services concerned
to sult the circumstances. The methods proposed by Mr.
Rougeron will prove equally interesting, but of course there
are still many technical details to be cleared up.

It will be possible to speed up the filling of
hydro-electric power dams. Electricity France is following
the artificial rain experiments with keen interest. On our
part we are ready to help with all the means at our disposal.
The recent power cuts are still too fresh in our memories for
us to be 1In any danger of forgetting.
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Langmuilr has pointed fto the feasibility of large-
scals, continuous operations against cloud systems, resulting
in marked climatlc changes over a glven reglion, e.g.. ths
northern part of the United States. This remains a possibililty.

It 1s evident that clouds are indispensable. Without
them there can be no rain. A little while ago I volced my hopes
concerning the generation of clouds in supsrsaturated regions
of the atmosphere., This would permit, for example, ths even-
tual productlon of clouds over certaln dessrt areas, after
which the established methods of bringing about preciplitation
could be employ=sd. We have not quite reached that point yet,
but the repercussions of such experiments on 1life 1In districts
now regarded as dessrt could bz consliderable.

We have thus far dsalt only with peaceful and bene-
ficial applications. There are others. I have alrsady
mentioned the small disputes that might arlse between neigh-
bours stealing each other's rain from the clouds above their
estates. One can imaglne, too, the sabotaging of open air
political meetings by rival parties, Concert soloists might
become dangerous. All this belongs in the realm of vaude-
ville, but there are more ssrious possibilities.

Military applications may be foreseen. Rain does
not prevent aerial navigation but it may hinder parachute
operations, Infantry manoesuvres, artillery observations,
etc. Moreover, some electronic waves cannot pass through
rain. Interference with soms of the radio guided or remotolv
controlled devicss is a possibility.

In a recent article in "Forces A8riennes Fran-
caises" 21} Mr. Rougeron goes beyond this and talks about
"meteorological warfare". The Americans have not overlooked
this aspect of the problem. I have already mentioned that
little has been heard of the results obtained in America
since July 1947. There are certainly reasons for this.

More than a year ago Vonnegut had already made the following
statement:* "The prospects opened up by the use of silver
lodide should be brought under rigid control., Leglslation
should be enacted so that errors may be avoided and malevolent
acts prevented. While 1t is very easy to supervise and limit
the dropping of dry ice fragments into the clouds, it will be
much more difficult to detect an 1llegal generator operating
anywhere in the district; since 1t emits an invisible smoke.

2
"

Translatoris note: The source of this
quotation could not be found. The words
given are thus a re-translation from Mr.
Schwob's translation of the originsal.
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Thus hundreds of sever more powerful installations could be
constructed by anyone at all, and could be used for purposes
contrery to the security of the United States."

What significance has this delicate problem for
Europe, and especially for France?

The prevailling rains in France come from the
Atlantic. We all know that the west winds bring rain. It
is primarily the water of the Atlantic Ocean which provides
the rain for EHurope and a part of Asia. Naturally, the
regions nearest the Atlantic, particularly France, are the
best watered, except for anomalies due to mountainous
irregularities. Thus France has an annual rainfall of 800
mm., Berlin has 60C, Moscow 500, and Stalingrad 250,

If all the countries bordering the Atlantic
systematically destroyed all or part of the clouds for
several months of the year, certain parts of central Europe
could be reduced to seml-desert and entire districts of
Fastern Europe and VWestern Asia to complete desert. The
effect on plant life, and particularly on grain growing,
would be considerable. It is known that frosts without snow
have already caused many famines in Western Hurope. For this
reason Mr. Camille Rougeron concludes that "Meteorological
warfare, in the light of the flrst attempts at domestication
of the atmospheric elements, offers prospects which in sxtent
and power by far surpass those of atomic or biological war-
fare." In my opinion this is an exaggeration. The possi-
bility of producing clouds from supersaturated regions of the
atmosphere at high altitudss might perhaps remain available
to countries which were subjected to a "natural cloud blockade",

In conclusion; I said at the beginning of this
lecture that it was dangerous to play the role of prophet.
Wherea will man stop? How will nature rsact to this new
intrusion of human beings into a domain formerly closed to
them? The great meteorological phenomena are more complicated
than our feeble plans and halting explanations might lead us
to suppose.

Let us hope that the three thousand year old
prediction, discovered by Mr., Icart in an old Tibetan text of
pre-Buddhist times, will not come true:

"The passions inspired by forbidden curiosities
will lead thee to ignorance. Do not try to measure thyself
against the genil who command the rain."
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Fig. 4 and 5 - Scilence et Vie.
Fig. 7 to 12 = Coulamb st Lolsel = Physicue des nuages,

Fig. 13, 14, and 18 to 26 =~ Generel Electric Research
Laboratory.
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Fig, 4 Fig. 7
Water droplets in suspension in Cumulus and fractocumulus
a cloud - by Houghton clouds

(magnified 70 times)

Fig, 8

Fig, 9
Cumulus congestus
Dynamic cumulus
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Fig, 11

"Sea" of stratus clouds on
the Limagne

Fig., 10

Cumulus congestus

Fig, 12

Stratocumulus
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Fig, 18

Clouds seeded with dry ice-
sun reflecting from the ice
crystals

Fig. 20

Clouds seeded with dry ice-
northwesterly direction with
sun to south west

Fig, 19

Clouds seeded with dry ice-
southerly direction with
sun to south west
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Fig, 20 (a)

Silver iodide generuator -
laboratory instrument

Appearance of seeded cloud
forty-four minutes after
seeding
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Dry ice dispenssr for flight
overations
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Fig. 27

Dissipation of clouds
by shock waves
(tunnel entrance and
explosives cage)
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