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I INTRODUCTION

This history of Project Cirrus was pre-
Parad at the request of the General Elec-
tric Research Laboratory for thrae raa-
eons, First of all, the project has been
==and etill is, at this writing--of such
unusual interest and significance, that
the telling of the story is merited for
its own sake, Secondly, the tarminatien
of the project is bound to result in an
eventual dispersal of the varicus members
of its personnel.+t Already Dr. Langmuir
has retired from activa Genaral Electric
employ, and the other members of the
project are, and will be, more and more
engaged in new and completaly diffarent
activities, And finally, the broad ag-
pécta of the project have such wide im=
plications that it is particularly impor-
tant that the story be committed to paper
"for the recard®,

thlthough most of the various members of
the Cirrus personnel did indeed disperse,
it is interesting to note that Vincent
Schaefer, Duncan 8lanchard, Raymond
Falconer, and Baynard Vonnagqut are cur-
rently on the ataff of the Atmoapheric
Sclences Research Centar at the State
University of New York at Albany.

It has not baen easy to organize the
raw material in any simple, logical fash-
ion, RAs is 30 often the case, the proj-
#ct was very complex, with a number of
subdivisions asmociated with the main ac-
tivity. Some of thesa subdivisions ran
consecutively, some operated in parallel,
and others intertwined or branched off in
variously divergent directions.

Where it was possible the material has
been arranged in chronological or other-
wise logical order. Whers it was not
poasible, the various subordinate toples
have been taken up in as nearly a logical
order as possible. As a result, cases
will be found where the story "gets ahead
of itself,” and later it becomas neces-
Bary to retrace one's steps to pick up
the thraad,

The history, with the exception of the
Introduction and Conclusion, conaists of
two main parts. The first is the story
of the early activities which led to the
formation of Project Cirrus, The second
is the story of Project Cirrus iteelf,
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U. §. Army, Navy, and Air Force personnel of Project Cixrus with
G. E.'s Langmuir, Schacfer, and Maynard (4th, 3rd, and lst from
right standing in the rear)., Various instruments used in the

resvarch can be seen installed on the nose of the B-17 airplane,

I1. EARLY HISTORY

It would be difficult, if not imposai-
ble, to trace the complete lineage of
everything leading up to Project Cirrue.
Genaral Electric scisntists wera not the
only ones who studied many of the prob-
lems invelved. And even whan restricting
consideration to General Electric re-
gearch projects, the situation is compli-
cated. The following material, howaver,
ias confined as much as possibls to work
that has a relatively direct bsaring on
Project Cirrus research.

GAS MASKS AND SMOKE FILTERS

The earliest activity leading diractly
to Project Cirrus was the study, begin-
ning in 1940, of the fundamental nature
of filtration in gas masks, This work
was undertaken by Dr, Irving Langmuir and
Pr. Vincent J, Schaefer at the raguest of
the U, 8. Chemical Warfare Service (1).

Gas masks normally use charcoal to ad=-
sorh poison gases, but even in World War
I the possibility arcse that the enemy
might use toxic smokes which could not be
adsorbed by charcoal and thus would have
to be removed by a filter.

The first step in attacking the problem
was to make some smokes of the type for
which the filters would be ugsed. In do-
ing so, the scientists studied the parti-
cles which composed the smokes. They in-
vestigated such things as particle sta-
bility, concentration, and measurement,
They obtained fairly successful theoreti-
cal results and a better underastanding of
how to build a good filter, And inciden-
tally, they acquired a great deal of de-
tailed knowledge of how to make a amoke
which would be non~volatile and would
consist of particles far smallar than
those of ordinary smokes, and they
tgarned much about their optical proper-

ies,

This work was done under a National
Defense Research Committee contract, As
Langmuir and Schaefer neared the end of
the work, a form letter was received in
August, 1941, asking if anyone could
think of a way to make a white screening

‘'smoke that could be used over large arseas

to cut down the hazard from aerial bom-
bardment. Langmuir and Schaefer wondered
whether they couldn't do this by using
the methods they had adopted for making
smokes for testing filters. They decided
to try.

SMOKE GENERATORS

It was found that the easiest way to
make smokes and control the particle sire
wag to take some oll and put it into a
volatile condition. They heated olelc
acid and similar substances up to about
200°C and passed a stream of air over

them to get the vapor mixed with alr.
Then they quenched the mixture suddenly
by blowing in a large amount of cold air,
The particles grew in aize, and by sudden
quenching they found they could stop the
growth at any desired point and alao make
particles of very small size. They were
surprised to find that, under certain
conditions, the particles were of extra-
ordinarily uniform aize.

Further work and sxparimentation showed
that the same thing could be done on a
large scale, Larger genarators were
built, tests were made, and the design
was adopted by the Army and used success-
fully on a large scale during the war
(1},

Several yeans later this technique
for produeing aerosols by vaporlza-
tion and subsequent quenching and
condensation was applied in modified
fonm by Vomnegut (2] in Zthe desdign
0f various eloud seeding generatorns,
T2 was Ltheneby possible Lo disperse
silver lodide as enoamous numbers o
submicraon particles.

PRECIPITATION STATIC

Quite independently of this work, the
Secretary of War asked in 1943 for re-
search into the problems of precipitation
statiec {1). It was balieved that the in-
vasion by Japan wculd have to come very
largely from air attacks through the
Aleutian 1slands, across Alaska, and from
the Horth,

The dAifficuley in flying aircraft in
the Aleutians was very serious. One of
the big problems was icing of the air-
craft, but esven more baffling was the
complete loss of radic contact when the
planes flew through snowstorma, The
planes might bacome slactrically charged,
sometimes to a potential of 250,000 volta
or more, producing corcna discharges from
all parts of the plane and causing such
electrical disturbances that radioc sets
ecould not receive messages. Pllots had
particular difficulty in finding their
bases and getting down through foggy bad
weather., What could be done about it?

Langmuir and Schaefer were interested.
They had no particular ideas on the sub-
ject, excapt that it had to 4o with
weather. In thelr opinion, the best
place to investigate similar conditions
was the well-equipped laboratory of the
Mount Washington Obsexrvatory on top of
Mount Washington in New Hampshire.

Mount Washington in winter has an average
temperature of minuas twenty degrees C,
the wind averages about 27 maters per
second, and most of the time clouds sweep
over the summit, It seemed to offer the
proper conditions for research of this
kind.

50 equipment was installed at the sum-
mit, and Schaefar went there several
timeas during the winter of 194} to con-
duct experiments, But he discovered that



anything exposed there during the winter
immediately became covered with ice, be~
cause the air was full of suparcooled
water droplets. He and Langmuir became
50 interested that they hoped they would
not have to continie a long study of pre-
cipitation static.

MRCRAFT | CING

It so happened that the Army Air Force
was just as much interested in problems
of aircraft leing as in precipitation
static.  This fitted in 5o well with the
hew interest of Langmuir and Schaefer
that in 1944 they started a study of that
project (3}. They had much assistance
(rom Victor Clark, Raymond E. Falconer,
and others of the observatory personnel,
who were already working on riming and
icing., Langmuir and Schaefer, however,
were able to introduce some new and very
productive ideas.

tixtensive mathematical calculations
were neceSsary., The first work of this
hature was done by Langmuir, and his re-
sults were used in connection with cloud
studies at Mount Washingten. During the
later stages of the Mount Washington
studies, Langmuir decided to make use of
A differential analyzar for these calcu-
lations, and in preparing the material
for that purpose, he was assisted by
Dr. Katharine Blodgett. Thus it was pog-
sible to calculate the percentage of
water droplets which would be deposited
on a given surface under specific condi-
tions. The information was used on data
obtained on Mount Washington to determine
the number and size of water droplets in-
volved in the formation of rime ice.

Langmuix and BPodgett (4} computed
the collection efficiencies of eyl-
inders, ribbons and sphercs forn im-
pénging droplets, This pigneening
woak, whife published onfy as an
Axmy Teehnicat Report, is used ex-
tensively and desdcnibed in virtually
alf cunrnent cloud physics texts,

The sphere values were alog empfoged
by others in early taleulations of
drgplet collisdion-coalescence pro-
cesses, although the original theony
applicd beat to the colfection o4
small droplets by Lange daops, The
tmportance of raindnop coalescence

48 an effective precdpitation mechan-
£6m has nesufted in comtinued worh ogn
fie collfection efficiencies 0f dphenes
with theonetical nz?inementa stilsf
being made [5)161¢7)(8)19),

The theoaetical studies carnied
osut by Ltangmuitr on drop trajectories
tepresented one of the earfy uses of
a compufer to sofuve a ecomplex
aclentific probfem, [t involved
the use of the differential analyzen
al Gerenal Edretnic, & version ef
the ondginal one at MIT,

CLOUD STUDIES AT MOUNT WASHINGTON

The theoretical calculatichs worked
beautifully in practice, Langmuir aand
Schaefer began to acquire a very satis-
factory understanding of gome features of
c¢loud structure and the growth of cloud
particles, They became absorbed in this
new interest. Langmuir found he eould
apply to his smoke generator work the
8ame evaporatioh«condensation theory he
had used te calculate the growth of smoke
particles {10},

Although Langmuir and Schaefer felt
they had a fundamental theory for some of
the factors that caused particles to grow
in clouds to the proper size, they didn't
believe conditions were right for further
study on Mount Washington. It would be
far better to Study clond particle growth
with airplane penetration of clouds.

That would require the development of new
instruments,

It was late in 1945, They took the
question up with the Army Air Force and
the Signal Corps. They ware led to think
that perhaps somebody might furnish air-
craft for experimental purposes of this
sort; it seemed that it would be deair~
ahle to know gsomething about clouds from
2 standpoint of naticnal defense. Un~
fortunately, the research waa done on
their own to a large extent, testing in-
Struments on Mount Washington; they never
got approval for tests in aircraft,

By thig time the pair were deeply
interested in their cloud study. The
thing that struck them most was that, if
there are any snow crystals in a super-
cocled cloud, they must grow rapidly and
should tend to fall out. They concluded
that in winter, if there are supercooled
stratus clouds from which no snow is
falling, even though the temperatures in
the c¢louds are belew freezing, there
simply are no appreciable numbers of ef-
fective snow nuclei. Such clouds could
apparently be supercocled to very low
temperatures,

They thought this pregsented a problem
that should be investigated, Why was it
that gometimes snow forms quite readily,
with apparently nc lack of nuclei on
which crystals can grow, and at other
times there seem to be no nuclei at all?
They concluded there must be something
in the atmosphere that causes water drop-
lets to change to ice only at certain
times and under various conditions, They
decided to make some careful experiments
in the laboratery in an attempt to dupli-
cate these conditione.

SCHAEFER'S COLD BOX

buring Langmuir‘'s absenca in California
for three or four months in 1948,
Schaefer made what Langmuir deacribed as
Ysome beautifyl expariments® {(1). Dur-
ing the previous winter he had been
studying the behavior of droplets on cold
surfaces to see how they supercooled or

froze as the temperature dropped. He had
found he could supercocl water dropa to
as low as ~20°C on surfaces coated with
polystyrene and similar materials, He
had realized, however, that such experi-
ments were not simulating supercooled
clouds and had sought a better method of
experimentation,

He decided to try a home freezing unit
of the types used for food storage., He
lined it with black velvet so as to get
a good view of what happened inside when
2 beam of light was directed down into
the box, He then breathed into the box,
and the moisture condensed and formed fog
particles which wers just like ordinary
cloud particles, although the temperature
was about -23°C, No ice crystals formed.
He tried many different substances dusted
into the box to get ice crystals to form,
but almost never got any. He got just
enough to convince him that, if they wera
present, he could easily gee them.

Schaefer's cold box, an elegantiy
simple plece of apparatus, was a
cornerstone {n the developments o
Profeet Cirnus, not only in the dia-
covery of seeding by dny Lee, but
also of sitver iodide and in Lhe
evaluation of various aercsol gen-
trators used im seeding. In contrast
Lo many impoxtant innouations made in
Aesearch, which are often the nesult
of technologieal inngvations that
have become available, this beautd-
ful expeniment was really the nesuls
0f Schaefex's insight alome, The
simple fechnology necessary forxr mak-
ing the cold box had been avaifable
for several hundred yeans befone
Schaefen did the "obulous™.

Finaily, on July 13, 1946, when the
temperaturea of the chamber was not low
enough, he put a bilg plece of dry ice
into it to lowsr the temperature, 1In
an instant the air was full of ifce crys=-
tals, The crystals persisted For some
moments after he took the dry lce out.

Following this discovery, Schaefer
conducted a number of experiments which
showed that even a tiny grain of ary ice
would transform the supercocoled cloud in
the cold box to ice crystals., Quantita-
tive experiments were conducted which
showed that many millions of crystals
could be produced in this manner.

In order to find out if therse was
something peculiar to dry ice which pro-
duced this effect, he worked with other
cold materials, PFor exampla, he showed
that, by dipping a common fewing neeadle
into liquid air and then passing it mom-
entarily through the supercooled cloud
in the cold box, similar apactacular
effects occurred. This demonstrated that
the presence of a sufficiently cold sub-
stance was all that was required to pro-
duce the effect. Schaefer devised methe
ods and equipment for determining, with
conslderable accuracy, the critical
temperature at which the supercooled

cloud changed to ice crystals (11},

The freezing of supercooled waten
has been shown 2o be actually a
stochastic proceds governed by the
d4ize {volume} of the drop and rate
of cocling as well as the degnee of
supereooding, Howeven, :ha.pnobabtl-
ity of {reezring and generation rate
o L{ce embagos within a daop gzcomea
4o lange at approxdimately -40°C that
this temperstune is cusfomanily re-
feared to as the spontaneous {reez-
irg point of watea drops.

YONNEGUT'S EARLY WORK--
CLOUD STUDIES AT M,I.T.

Meanwhile the stage had been met for
another important contribution to this
pionearing work in metecrology. Before
Dr. Bernard Vonhegut becams asseciated
with the General Electric Research Lab-
oratory, he was employed at the Massa-
chusetta Inatituta of Tachnology, where
he had been engaged in various studies
during the eaarly years of World War II.
In the laboratory of the Chemical Engin-
earing Department he worked on smokes
for the Government's Chemical Warfars
Service, He meagured amokes, smoke pene-
tration, and the effectiveness of smoks
filters. Then ha became interestad in
the problem of icing of airplanes and
went to work on that in the Meteorology
Department, for the Alr PForce.

Meanwhile he had been doing some work
on the side in supercooling. He found
that, by making an emulsion of water
drops suspended in oil, he could cool
water far below the normal freezing
point; it would not freeze until a temp-
erature of -20°C or lower was reached,
whereupon the whole mass froze vary
rapidly {12},

Vonnegut joined the staff of the Gen~
eral Electric Research Laboratory in the
Fall of 1945, and ha continued his
supercooling investigations thare. In
various contacts with Langmuir and
Schaefer, he learned of the work they
were doing, Knowing that Schaefer was
azlready working on the supercooling of
water, he switched hiz activity to the
supercooling of metals, in order to avoid
duplication. He found he could supercool
Woods metal by subdividing it into many
amall, independent particles, and he de-
veloped a technique of studying the
effact with xerays. He also worked with
tin (12},

Vonnegut had been interested in the
work being done by Langmuir and Schaefer
and had kept in rather close touch with
it. In the fall of 1946, Langmuir asked
if he would be intarestad in halping
with the guantitative work being dona on
the number of ice crystals produced by
dry ice. As a result, Vonnegut applied
himself to this and other preblams in
the genaral study of nucleation.



sILVER 10DIDE

It occurred to Vonnegut that some sub-
tlahce very slmilar to lce in its crystal
itructure might serve as the hucleus for
“he formation of ice crystals in
ichaefer's cold box. He went through all
‘he known tables of crystal structure
ind, from over a thowsand compounds, se-
tected three substances that he thought
aight have possibilities: | d iodide,
mtimony and silver iodide 1 .},

lle dropped samples of each of thage
three substances inte the cold bex, The
results were almost negligible, although
e produced enough effact with the lead
iudide to warrant further experiments.
le and Schaefer tried iodeform and iodine
ind obtained ige crystals in small num=-
sers with them, too, but nowhere near as
nany as with dry ice seediag, The prob-
lem continued to intrigue Vonnegukt, and
am November 14, 1946, he decided to try a
wktal smoke instead of the powder. He

introduced some silver smoke inte the box .

sy drawing an electric spark from a piece
of silver, and it produced a swarm of ice
:rystals in the cold box,

The results were so spectacular that he
decided to try silver iodide again, but
this time ad a smoke, for the effect with
;ilvcr.did not pergigt. Filrst he vapor-
vzeed silver iodide and then he introduced
-nto the cold box the smoke resulting
‘rom the rapid condensation of this
sapor, It was a complete success. Fur-
_hur investigation showed that his
rarlier negative results with silver
iexlide had been caused by the fact that
:he silver iodide used was contaminated
¢ith sodium nitrate. Powdered silver
wlide worked very well when it was
reasonably pure, He also found that the
‘cason for the successful use of ilodine
/a8 again impurity--favorable contamina-
‘ion with silver.

It has come Lo Light necently [15)
that the ability of sifven {fodide fg
nucleate {ce feamation in supercooled
waten had been discovened eanfies b
Btoch, In 1936 he employed this aug-
Stance Lo initiate freering of dsupen-
cooled waten in a temperatune con-
tnolling device don a cayostat.

Ton Bengeron, the Late Norwegian
meteorobogdist, enunediated a theory
te capfain the foamation of precipi-
tation that now bears his name, He
suggested that snow, and nadin {f The
suuw melted, could originate by the
growth of {ce cagstals in supercooled
cfouds. In neminiscences concenning
the development of his ideas, he
stated, "1 hmew not enocugh pﬂyaica
daind hadr't read Vollmesn's 'Phasen-
fehine’,  Taving Langmuin, V. Schaejen
andfon B, Vonaeyut evidently had
and ot was weally a treat when, '
thals to Car? Rossby, my wife and I
visoled tangmady {n Schenectady on
the 20¢h o Apact 1947, and he de-
veted hafg a Jdag fo us" {18),

However, the General Efectric scien-
tists did ned become dware of
Volimer's impoatant wonk on the
theory of nucleation unfil sometime
after the discovery of day {ce and
silven Lodide seeding,

The problem then became one of finding
out how silver iocdide worked and of find-
iny methods of generating silver-iodide
smoke of small particle size on a large
scale, So many nuclei could be produced
with silver-iodide smoke that calcula-
tiona indicated all the air of the United
States could be nucleated at one time
with a few kilograms of silver iodlds, wso
that the air would contain 100 particles
of silver icdide per liter--far more than
the number of ice nuclei occurring nor~-
mally under natural conditions (14).

1§ one assumes 10'° panticles of
effective silver iodide pea gram, a
cfoud airspace 10 km high, and the
area of the United States Lo be
eight mitlion square kilometenrs,
approximately 4 tons of silvea Lo-
dide would be requised Lo yield
raq pau{iclaa per Liten, n ceatain
rainmaking concepts, Lt {4 estimated
that the addition of only 1 rucleus
per Liter of aia will stimulate phre-
cipltation; unden these cixcumstances,
the hypothetical quantity aequired
wqu&d reduce o0 appaoximaiely 40
kilograms, Thus, while Langmuin
conAQdcnabLy avexestimated the ef-
jectiveness of sifven {odide, the
genexal axgument that redsonable
Quaniities are {nvolved is valid,

LANGMUIR'S EARLY SEEDING CALCULATIONS

Meanwhile Schaefer and Langmuir had
continued their study of the effacts of
dry ice. In August of 1946 Langmuir made
a thecretical study of the rate of growth
of the nuclei produced by dropping pel-
lotw of dry ice through clouds of super-
cooled water (17). He calculated the
velocity of fall and time of dissipation
of the dry ice, the amount of ice parti-
cles that would be formad, thelr size,
the amount of snow which would result,
etc, With a reascnable number of pallets
dropped along a flight path into the top
of a eloud, the limiting factor would not
be the number of nuclei but the rate at
which they could be distributed through-
out the cloud.

Hae also showed that such a formation of
ice and snow particles would raise the
temperature of the cloud, and he calcu-
lated the amount of temperature change.
Thus the air in the cloud would he
cauged to rise, increasing lts upward
velocity because of the seeding. The
resul?ing turbulence would spread the ice
nuclei throughout the cloud. He anticle
pated that it would only be necessary to
seed a stratus cloud along lines two or
three kilometers apart in order to give

complete nucleation of the cloud within a
period of 30 minutes or so.

Langmuin necognized that keatiuz
would be produced not only from Lne
s&zazing og the superccoled eloud
ropletd, but also from the free-
ing of supersaturated water vapoa
that is contained {n the ala between
the droplets. Fon many yedns Lhe
impontance of the additional heat
neleased by seedimg aeceived Little
attention, and then Joanne Halbus
(18] began hea clasaic sfudies on
the afmast explosdve gaowth thal
sometimes nedults when cumulus clouds
are seeded,

FIRST MAN-MADE SNOWSTORM

Thus the stage was set for an actual
experiment with an airplane in real
clouds. On November 13, 1946, a Fair-
child airplane was rented at the
Schenectady airport, piloted by Curtis
Talbot, and Schaefer want aloft in search
of a suitable cloud (1%}. It was found
over Plttsfield, about 50 kilometers east
of Schenectady, at an altitude of 4.3
kilometers and a temperature of =20°C,
What happened next 1s best described
by the following extract from Schaefer's
laboratory notebook entry for that day:

"Curt flew into the cloud and I started
the dispenser in operation. I dropped
about three pounds (1.4 kilegrams) [of
dry ice] and then swung around and
headed south,

"about this time I locked toward the
rear and was thrilled to see long stream-
ers of snow falling from the base of the
eloud through which we had just passed,

I shouted to Curt to swing around, and as
we did so we passed through a mass of
glistening snow crystals!.....We made
another run through a dense portion of
the unseasded cloud, during which time I
dispensed about thres more pounds of
crushed dry ice.....This was dona by
opening tha window and latting the suc-
tion of the passing air remove it, We
then swung west of the cloud and observed
draperies of snow which seemed to hang
for 2-3000 feet (0.6-1.0 kilometers) be-
low us and notad the cloud drying up
rapidly, very similar to what we observe
in the cold box in the laboratory.....
While stlill in the cloud as we saw the
giinting crystals all over, I turned to
Curt and we shook hands as I said 'We
did itl' Needless to say, we were gquite
excited, .

“The rapidity with which the COz dis-
pensed from the window seemed to atfact
the cloud was amazing. It seemed as
though it almost exploded, the effect
was so widespread and rapid.....

"When we arrived at the port, Dr.
Langmuir rushed out, enthusiastically
exclalming over the remarkable view they
had of it in the control tower of the
General Electric Lab, He said that in

less than two minutes after we radioced
that we were starting our run, long drap-
eries appeared from the cloud vieinity".

The first seading flight was of tremen-
dous significance. Not only did it show
that tha laboratory experiments and cal-
culations were justified, but it also
contributed new material to the rapidly
accumulating store of seeding knowledge,
For example, it suggasted that the veil
of snow that first appeared immediately
below the cloud could not have been pro-
duced by snow falling from the cloud but
rather was produced directly by the ac-
tion of the dry ice pellets falling into
a layer of air below the cloud which was
suparsaturated with respect to ice but
not with respect to water.t

gubsaquent experiments proved that it
was also frequently possible to seed a
supercooled cloud by flying just balow
it and dropping dry ice, The thickness
of the layer in Hh{ch such seeding is
possibla is about 10 meters for evach de-
gree C below the freezing point at the
cloud base, The ice crystals thus formed
may be carried up into the cloud 1f the
cloud is actively growing by convection.

oOn November 21 Schaefer seeded a super-
cooled valley fog with dry lce. He found
that it was possible to reduce vipibility
by generating more ice crystals than fog
droplets and also to dissipate the fog by
dispensing just enough ice crystals to
use up the fog droplets, each crystal
growing large enough to fall to the
ground.

OTHER EARLY FLIGHTS

There were twe other seeding flighta
made by Schaefer with a rented plane
that month, one on the 23d of November,
and the other on the 29th (20). These
tests were made on isolated cumulus-type
clouda. The whole of each cloud was
changed into ice within five minutes and
snow began falling from tha base of the
cloud. Photographs were taken from the
ground every 10 seconds, and theae ware
developed and projected as movies. They
showed that with orographic clouds, the
alr moves into one part and leaves
another part; in a matter of five minutes
or so an entirely new mass of alr is
within the cloud. Thus it was found that
experiments with small cumulus clouds are
usually of little interest, for the ef-
fects last but a few minutes.

$At that time I was editor of the General
Electric Monogram. The late Thurse
Sigman, aﬁ'ﬁ%%IE?ant editor, was on a
newsgathering call at the General Elec-
trie News Dureau offices on the day in
question, When he returned to the Mono-
gram offices, he announced dyamatically:
“Well, Schaefer made it snow this afrer-
noon over Pittsfieldl HNext week he
walks on the water”,(B.H.}



Another flight test was made on Deceme
P 0 {2910 This time the sky was com-
rletely overcast, and by 9 o'clock in the
mert g the Woather Surcaw in Albany re-
poerted Lhat it expeceted snow by 7 o'clock
Pl ovieiisieg, AL about noantime,
Soheeter dropped about 11 ki loyrams of
dranilated dvy bee in the lower pare of
the oloud at o rate of ,3 to .6 kilograms
per kilometer, about 300 meters above the
rregutar und ragged base  ° the over-
ok, at altitudes ranging  rom 2,1 to
Jatokilometers. A 1 kilogram bottle of
Piquinl corben dioxide was also discharged
Pt U cdoud during this periaod,

tebene oand dur g the soeeding tlhighr, o
Prai dvizede ot supereooled rain had
Pt enountered, which seemed to evapo-
bt belore ot reached the ground,  Fly-
siel back along the line of seeding, after
wasling was completed, it was found that
Pl drizeling rain had stopped and that
Il was snowind. But on reaching the
point o whoere the seeding had stopped,
dridle conditrons were again encoun-
ered. Three more sceding runs were
mache along the same line,

The plane then descended to 1.3 kilo-
meters, where the visibility was better,
and made a reconnoitering flight, check-
ihu the places where snow was falling,

Ly this method and through reports re-
vaived, it was found that snow started to
tail in many places in the region., At
£:1% pom, it started snowing in Schenec-
tady and at many other places within 160
kilometers. 1t snowed at the rate of
about 25 millimeters per hour for eight
hours, bringing the heaviest snowfall of
the winter, Whilo the seeding group did
nob assume it had caused this showstorm,
it did believe that, with weather condi~
tions as they were, they could have
started a general snowstorm two to four
hwurs before it actually occurred, if
Lhuy had been able to seed above the
vlouds during the early morning.

LSTABLISHMENT OF PROJECT CIRRUS

'his, then, was the situation in which
the rescarch workers found themselves by
the end of the year: their werk on pre-—
cippitation static, and then on airerafe
veing, had developed through cloud stud-
tes into metoorological work of profound
sitgnificance., But, while their work an
plecipitation statie and ajreraft lcing
ond heen done unde s governimendt, contract,
Lhe wotk they were now doing on weathaer
rescarchowan not,  Their last contract
fad expired wl o the emd of June, 1946, six
manths carlier,

At this point Dr, C, G. Juits, Director
vl the Ceneral Electric Research Labora-
tary, reported some of the results of
vloud seeding to company officials,

While it was clear that westher modiCie
b and oxperimencal meteorelogy wore
remnte Arom the aeseareh whitch had been
the Crad i omad ntegesmt of (he Tabwrg-
eyl Uk Voot o 0w el ly

clear that these new results were possi-
bly of very great significance to the
country. It was, therefore, decided that
the work should be encouraged and pushed
forward.

Because the vesulls might have such
wide application to the country generally
and because much government assistance
would be needed in the form of weather
data, airplanes, and flight egquipment, it
was decided a government contract for the
continuation of the work should be
sought. While the government agency
which had sponscred the previous research
wiis hol interested in the new work, other
quvarmuent agencles were, Normal con-
tucts with the Signal Corps, for example,
had kept that organization in touch with
the new research, and Colonel Yates,
chief of the Air Weather Service, had
asked the Company te submit a bid cover-
ing this work in the latter part of Sep-
tember. A formal proposal covering cloud
modifjcation and cloud particle studies
was submitted to the Evans Signal Labora-
tory at Belmar, New Jersey (a Signal
Corps unit) on September 20, Meanwhile
the weather studies were being conducted
at General Electric expense, although
General Electric anticipated no benefit
resulting to the Company from the meteor-
ological work,

The flight test of December 20 added a
powerful stimulus to the Company's ne-
gutiations with the government. Altkough
the General Electric press release cover-
ing it did not claim that the general
snowstorm was caused by the seeding, the
coincidence of the two events did cause
some independent speculation over the
possibility of cause and effect.

This guestion was brought by Suits to
the attention of Vice President R, E.
Luebbe, general counsel of the Company .
It was recognized that the possibility
of liabiiity for damage from cloud-
seeding experiments was a very worrisome
hazard in this new form of ¢loud experi-
mentation. Since such a threat to the
share owners' money would not be balanced
by any known gain to the Company's prod-
ucts or business, there was great reluct-
ance to incur risks of uncertain but
potentially great magnitude.

This was another--and particularly im-
portant--reason that any seeding experi-
ments be conducted under government spon-
sorship. No further seeding Elighta were
made until such sponsorship was provided.
A contract was, however, received from
the Signal Corps covering "research study
of cloud particles and cloud modifica-
tiocns" beginning February 28, 1947, 1t
included cloud modification by seeding,
plus investigations of liquid water con-
tent, particle size, particle digtribu-
tion, and "vertical rise of the cloud
with respect to the base",

An important part of this contract was
4 subparagraph stating that "the entire
Flight pregram shall be conducted by the
qovernment, using exclusively government
prnonnel and cquipment, and shall be

under the exclusive direction and contreol
cf such government personnel®. The Re=-
search Laboratory immediately notified
all those involved in the research "that
it is essential that all of the General
Electric cmployces who are worklgg on
this projecl retfrain from asscrting any
control or direction over the flight pro-
gram. The General Electric Research Lab-
oratory responsibility is confined
strictly to laboratory work andlreports".
The project had joint sponscorship by the
U. 8. Army Signal Corps and the Office of
Naval Research, with the close coopera-
tien of the U. 5. Air Force, which fur-
nished airplanes and the associated per-
sonnel.

The title of Project Cirrus was not ap-
plied immediately. It went intc effect
officially on August 25 of that year.

The name of "Project "inrus” given
to the goveanment-spordored xeseanch
on cloud seeding was conceived by
Vircent Schaefer. The act of cloud
seeding causes Lfhe taansformalion of
a cfoud made of supeaccofed watea
drops inte a cloud of {ce crystals,
Since auch clouds, consdisting cof
minute {ice chystals, are known to
metepnclogiads as cinnus, he con-
ceived that this would be an appro-
paiate name. He told Danief Rex of
this, who shontly thereafler pho-
posed this desigaation at a meeling
of the Steening Commitfiee, which
accepled it as the offcciad tit¥e.

Vincent Schaefer experimenting with a rather elaborate version of
his cold box experiment.



10

Vincent Schaefer, Irving Langmuir, and Bernard Vonnegut in

Schaefer's laboratory where cloud seeding w

(Eric Schaal - Fortune Magazine 1947-1973,

®

discovered,

Time,

Inc,)

IT1. GETTING ORGANIZED

Ag described in the preceding chapter,
the work done on Project Cirrus and the
activities leading up to it were covered
by several contracts with the governmant,
as listed in Appendix 1. The first of
three Signal Corps contraghks was signed
in February, 1947; the last of these re-
mained in force until the end of Septem-
ber, 1952,

The totaf funding over a jive-year
peniod nesubting from these grants
amounted ta $790,116. By contnasd,
a contemporary phoject, such as the
U. S. National Hail Rescarch Expeni-
ment, had a budged for 1972 alone of
appreximately $7.5 miltion.

The over-all direction cf the project
and the formation of broad matters of
policy were entrusted to a Steering Com-
mittee consisting of representatives of
the three military branches of the
government cooperating in the project,
Dr. Irving Langmuir and Dr. Vincent 7,
Schaefer of the Research Laboratory
served as consultants on the committee.
The governmental personnel were as fol-
lows [alternates and succeeding personnel
agsigned to the project are listed in
Appendix 2]:

Signal Dr, Michael J. Ference, Jr.%

Corps Chief, Meteoxological Branch
Evans Signal Laboratory
Belmar, New Jersey

Ravy E. G. Droessler
Geophysical Branch
Qffice of Naval Research
Department of the Navy
Washington, D. C.

Air Force Major P. J, Keating
Chigf, Weather Equipment
Flight Test Facility
Middletown, Pennsylvania

The activities of Drs. Langmuir,
Schaefer, Vonnegut and cthers of the
General Electric Company's Research Lab-
oratory staff were limited by the Steer-
ing Committee to laboratory work and
analysis. The Genaral Electric scien-
tific group came to be known to the
personnel of the project as the Research
Group. In addition to Langmuir, Schaefer
and Vonnegut, this group included Messrs,
Kiah Maynard, Raymond Falconer, Raymond

+Dr. Ference tells the story that later
in the project when he realized that
Langmuir was approaching retirement age,
he asked how this would affect his activ-
ity., He received the curt and rather
gruff response, *You'll know when I'm
retired; I*11l be dead."
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Neubauer, Robert Smith-Johannsen, Dun<an
Blanchard, George Blair, Myer Geller,
Victor Fraenckel, and Charles Woodman.

An Operations Group was established by
the Steering Committee carly in the life
of the project te plan, coordinate, and
control all project air operations,
agaigt in the assembly and analysis of
all technical data obtained, provide all
necessary meteorclogical information and
sarvice regquired for the efficient con-
duct of the project, and take whatever
action neceasary to fulfill these re-
guirements. This group would include all
milltary and civilian personnel necessary
to fulflll those functions and act under
the direction of an Operations Committee
set up to "assume ful) responsibility
for, and, therefore, exercise complete
freedom of action in the initiation of
plans for, and the control of, all proj-
ect air cperations to be conducted in the
vicinity of Schenectady".

The COperations Committee, like the
Steering Committee, included representa-
tives of the three services, plus Kiah
Maynard of the Research Laboratory of
General Electric ag consultant. It went
through numercus changes of personnel,
The initial membership was as follows:

Lt. Comm, Daniel F. Rex, USN,
chairman:

Capt. C. N, Chamberlain, USAF;

Roger Wight, Signal Corps:

Kiah Maynard.

The initial perscnnel of the Operatlons
Group consisted of six representatives of
the Signal Corps, six of the Air Force,
and six of the Navy.t Although the num-
ber of General Electric people working on
the project remained fairly constant at a
figure of six or seven, the government
representatives varied widely in number,
L5 a conseguence, the total personnel of
the project varied also, running as high
as 40 persons at various times when ac-
tivities were at their peak. These in-
cluded crewmen for the planes, weather
technicians, and civilian employees for
such services as photography. A total of
33 persons went on the Puerto Rico opera-
tion {p. 28), and 37 went on the second
trip to New Mexico (p. 29).

+If ever there was an impossible assign-
ment, it was the one given tg a govern-
ment sclentist in the early days of Proj-
ect Cirrus. He was told, "Go to Schenec-
tady, spend all the time you can talking
to Langmuir; milk him dry." The unfortu-
nate man's eyes took on a glazed appear-
ance after only a brief exposure to the
prodigious and inexhaustible torrent of
Langmuitr's ideas.



WHT 1 ROGKAM

fuovin outdet, and untll June 1, 1947,
vjech virtug test Flights were made by
oovcather fHgunadron assigned to the Signal

sopi. A plane visited Schenectady aix
Pamest, undl @ total of five seeding
fiacn were made, Olmsted Field at

Cditletomn, Pennsylvania, was the base of

e eperations,
iowis soon discovared,

iy delays in carrying o
(S

~wever, that

Leated o this gecgraphic separation
“lw Operations and Research groups.,
codinady, in the summer of 1947, all
sioat vperalions were transferred to
: covilady

o Group was established at the Gen-
< lteetrie hangar at the Schenectady
e Aot

Poen aatasgue casd conchede stauc-
v teay budlt by General Electrnic
e v ivve Papdng and ins tafling
gtk efecthronic gear for the E-29

red gl Un the platform of {ts
ceted fawer LargmuiA witmessed and
fegqruphied the féasd cloud deeding
codected by his assistant, V. T,
s, i Novemben 13, 1945, With
v wadudlesiiment of Prejecet Cinaus

Cowrty 1947, 4t was axranged for
s ropeet Cinaus fRight operaions
teodo bz this neanly new facdfity
v L by Genenad Efectric, and dun-
s She wext géve geans lantil 19527,
O wuy Reddquantens of ite feight
teddvedics headed by Lt. Comm,

Nerded Re g,

Lo Lwien yeans, as the Genenal
Weetade Cempany thans fenred its
cragfany wngdne development to
Veeconna i, the (Light facifity was
aiandoned and thus meveated to fhe
Vi by of Sehenectady.

tantu tn 1967 after the hangar and
ciy assueeated offices kad been
vmdosied fon several yeaxsd, the

e Huivens{ty of New Vo&& at
v s ladned e lease from Schen-

cdy County and eonvented it to a
1 opield station and research

ety fon o Len yeard Lo 1977,
e ﬁ;haeﬁa&, Vonnegut, BLanchanrd

'
Bl

oen conlinucd some of thein
u vee studied whieh had been
vlowded 26 yeans earfient

vlativs oxpanded until, at the
o ViE, they consisted of a taotal
otuite meters of office, opeyra=
e, oand storage space, including a

it ToWer, weather office, administra-

ntice, plivtographic dark room,
sadi, Recordak room, operations
t1or analysis room, and a parachute-
etk room. In addition to this,
s guare meters of conferance
i+ available whenever required,
“tuedn ih the hangar served for
ot lascaltation work and repairs,
oo linute flight oparations, two
corle Pnesay teletype eircwlts ware

flights could

Headquarters for the Opera-
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installed, as well as a Teletalk system
connecting all offices, This could also
operate a public-address system in the
hangar and the ramp. In addition, con-
nections were made through two leased
wires to the Boston CAA contreol center
and the Army Rirways control center at
Middletown, Pennsylvania,

At first the number of aircraft as-
signed to the project was disappointingly
meager, but eventually this situation was
corrected. At one time as many as six
planes were available--three from the
Army and three from the Navy. Active
flight operations began with the estab-
lishment of the project in March, 1947,
and then continued until August, 1950,
when the Operations Group wae disbanded
at the suggestion of the Research Group.
(This move was made in the interests of
economy, for most of the objectives of
the flight program had by that time heen
accomplished.)

A list of all the flights made by Proj-
ect Cirrus is attached ae Appendix 3.
Thig list includes the flights made in
rented planes before the establishment
of the project and the carefully numbeired
and documented flights thereafter,

GROUND OPERATIONS

In addition to the flight program, the
Operations Group had the responsibility
for condugting numerous opexations on the
ground, These operations ware of two
kinds: photography and silver jodide
seeding. When it became apparent that
such operations would be necessary as
part of the project from time to time, a
system of numbering each operation wae
established, A record of all 84 ground
operations conducted was maintained by
the Operations Group {(see Appendix 4).

Weather observation beinyg essential to
cperations of the type carried on by
Project Cirrus, one of the firet steps
taken by the Operations Group was to set
up a complete weather-observing station
as part of the facilities at the General
Electric hangar. Daily radio contact
was established with the Weather Equip-
ment Flight Test Facllity at Middletown,
Pennaylvania, and circuits for weather
teletype services were installed, '

The primary requirements of tha weather
station were ag follows:

1. Preparation of aerclogical flight
data prior to take-off on flight tests.

2. Gathering of data after the flight
to supplement that obtained in the air
on seeding miesfons, for the area con-
cerned during the time of test.

3. Cooperating with the Research Group
in its study of weather analyzing instru-
ments and tast flights, and supplying it
with such special weather reports as
needed for analysis purposes,

In order to meet these requirements,
the Weather Station performed the fol-
lowing functlons:

1. Daily small-cloud maps wers

prepared of conditions during the last
hour before take—-off on taat flights,
covering an area having a radius of 300
kilometars from the Schenectady County
Airport.

2, Daily flights wera made to record
the air conditions up to 2.4 kilomaeters
above the airport.

3. Radiosonds data above freezing level
were obtained daily from the U, 5,
Weather Bureau at Albany.

4. Daily surface weather maps were pre-
pared of the complata eastarn United
Stataes.

$. Data were obtained dally of the
winds aloft for the eastern United
States,

6. Local weather obsarvations were made
hourly.

7. After each test flight, cross-sec-
tions of the areas meeded were prepared,
bagsed on reports of flight personnsl and
taletype waather reports.

When the Operations Group was disbanded
in 1959 and the facilities at tha Gen-
eral Electric hangar were abandcned, the
Weather Station was transfesrred to the
penthouse of the General Electrlc
Research Laboratory at the Knolls.

Through the Offize of WNaval Research,
two Navy men had a lengthy assignment to
the project as asrologluts, and as such
thay contributed much valuable assistance
to the study of general and specific
problems encounterad in the varicus re~
search studies. Theae men were Lt. (jg)
W, E, Hubert and H. J. Wells, AGC.

PHOTOGRAPHY

Ancther very important activity essen-
tial to the success of the project was
photography of various kinds, From the
outset it was found that complete evalua~
tion of the resultas of the varlous sSeed-
ing experiments could not be made without
documentary pictures.

Both #t1ll and motion-pleture types of
photography wers used, In additicn, spe-
cial techniques were adopted. For ex-
ample, by means of time~lapse photographs
it was possible to speed up movie projac-
tion in order to cbtain a better grasp of
the changes taking place in a cloud.
Almo, by the usa of stareoscopic equip-
ment, it was possible to produce three-
dimensional views of cloud systems.

80 important was photography considered
in the active phase of the project, when

the Operations Group was functioning and .

ragular test flighta were being conduc-
ted, that many civilian professional
photographers were employed in addition
to those provided by the Signal Corps,
On the second New Mexico test operation
(p. 28%), six photographers made the trip
from Schenectady to Albuquerque. During
the Puerto Rican test operation (p. 28)
over 100,000 frames of time-lapse pic-
tures were taken in color. The load on
tha darkroom at the General Electric
hangar in Schenectady became so great
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that a photographic trailer was obtalned
from the Signal Corpe Enginearing Labora-
torjes to relieve the congestion.

One print of each photograph was, at
the time of the preparation of this re-
port, on file in the Knolls penthouse
weather station, plus virtually all mo-
tion picture film. All negatives are
filed in the photographic vaults of the
Signal Corps Laboratory at Belmar, New
Jarseay.

INSTRUMENTATION

A considarable portion of the time and
activity of Project Cirrus parsonnel was
spent on the development of speecial in-
struments, tools, and equipment essential
to tha project., As in any new undertak-
ing in which thera is little or no pre-
vious experience, many new devices of
this type had to be designed, or old
ones had to he adapted to special re-
quirements. In additicn to Schaefer's
simple cold chamber, which became a
atandard item of meteorological research
in the field of cioud physics, the more
important egquipment developed was as
follows:

pry Ice Dispensar. one of the first
instrubents wi ad to ba devaloped was
an automatic dry ice dispenser (20).
This was devissd for use in an airplane,
to allow a continuous release of dry-ice
pellets during seeding oparations.

g;z Ice Crusher, This was a device for
reducihg blocks of dry ice to usable
fragments for seeding purposes (21). It
greatly reduced the time required for
preparing this material for a seeding
run.

Silver-Iodide Generators. A number of
diTferent methoda for the genaration of
silver-iodide smokes were studied by
Vonnegut sarly in the history of the
project, One meathod vaporized silver
iodide from a hot filament (13). Another
involved the use of a small alectric fur-
nace. {(22). A third method vaporized
silver icdide from a string in a flame
and then caused a very fine smoke by
rapidly quenching the flame with a blast
of compressed air (13). A fourth intro-
duced silver iodide into flares of the
standard fireworks type (22). A fifth
technique producad silver-iodide smokes
by first producing a silver smoke with
an electric arc and then converting tha
silver particles to silver iodide by the
addition of iocdine vapor to the smoke
(13}.

In addition, two other tachnigues were
davised which wera well suited to large-~
‘scale seeding. In one, a solid fuel,
such as charcoal impregnated with a
ailver-iodide solution, was burned (22)
{23). The silver iodide vaporized and
then condensed in the form of a fine
smoke. In the other technigue, a aolu-
tion of silver iocdide and acetona was
atomized in a spray nozzle and burned,
vaporizing the silver iodide (22,23,24).
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‘'na silver-icodide vapor rapidly condensed
when it mixed with the cool air of the
Wtmosphere, to form a smoke of very small
particles, the size of which could be
variced over o wide range. A later design
o1 Lhia yenerator, adapted for use in
tlight, was fpund to be simple and re-
Yiable.

Sprag-nezzde burnexs o sdilven-
todide-acetone sofution « 2 s2ill
fhe most commen type of genexatons
(house. As was found them (25}, in
videq to eahance solublf{ty, some
sotuble fedide had fo be mixed with
the scbven Jodide and then acetone
:Jdvd to givld a 1-7% Ayl concentira-

con,

Camera Clinometer. It became evident
in"early flights that it would be neces-
sary, when photographing seeded areas,
to know the vertical angle at which the
vamera was pointed. A very simple cam=
ara attachment was made to indicate this
angle (200,

Flight Instruments. Standard instru-
ments olften had to be modified, and new
nnes were occasionally developed. For
vxample, a device was evolved to record
the movement of the airplane "stick* for
correlation and measurement of vertical
aveceleration (29).

Weather Instruments, It was in the
fiald of weather observation and atmos-
phere studies that most of the instru-
ment develepment occurred. Some of the
carly devices were special rods to be
mounted on the airplanes to determine
Lhe rate of icing {20); an air deceler-
ator to agsist in sorting out rain, snow,
dust, or cloud particles from the atmos-
phere as the plane passes through (20,
211; and a cloud-particle gun for samp-
ling the cleud-droplet size distribution
in clouds (20, 21). An attempt was made
to develop a cloud-particle ranging in-
strument for airplane use to provide a
continuous record of the distribution of
particle sizes in a cloud, but without
SUCCeSS .,

Cloud Drop Meter. An important early
devalopment was a cloud meter, designed
to provide a measurement of the average
affective particle sizes in the varicus
portions of a cloud (26, 20, 21, 27).
This device, embodying a continuously
moving tape impregnated with a water-
sensitive dye, gave a satisfactory indi-
cation of the amount of cloud particles
collocted.

Condensation Nuclei Detector. Another
important Instrument was developed by
Vonnegut for obtaining a continucus
record of the concentration of condensa-
tion nuclei in a given air sample (28).

This involved a simple adaptation of the
cloud-chamber technique. Also a very
simple pocket-size unit was devised for
making spot checks of the relative num-
bers of such nuclei in a given sample.

Expeniments canrdied out by the Nawvy
showed that the necoxding condenia-
tion rucled [CN} metea could be used
successfully to trach ships and sub-
manines by detecting and following
the ptume of condendation nucled
neteased by the openation of Lhedia
intennal combustion engines. Pevelop-
ment of the eadginal recoxding con-
densation nucleud meten devided dur-
ing Project Cinaus was continued at
Genenal Electric under o latea clas-
sdfied Navy contracd for ude in
antisubmarine warfare, Subiequent
vensions of the CN metex proved use-
ful ds a nesearch and monitoxing
toot for air pollution studies. They
have sdinee been pacduced commenciafly
by Genenat Electade and severad othen
companied .

Vortex Thermometer. A development of
much significancé was the design by
Vonnegut of a vortex thermomater for use
by airplanea in measuring true air temp-
eratura (2%). The usual type of ther-
mometer is unsatisfactory for this pur-
pose because of aerodynamic heating
cavged by the rapid movement of the air-
plane through the air., The vortex ther-
mometer reduced these aerodynamic ef-
fects to a negligible amount. Also, for
the firsc time, it made possible a quite
accurate measurement of the temperature
in a cloud. Furthermora, an indication
of true air speed can be provided by
measuring the @ifference in readings
given by a vortex thermometer and one
exposed in the normal manner, because
the deviation from true temperature of a
normal thermcmeter varies with the speed
of the plane. But it was found that the
vortex whistle (next paragraph) showed
greater possibilities for this applica-
tien.

Vortex Speed Indicator. An outgrowth
of the development of the vortex ther-
mometer was the adaptation of the prin-
ciples inveolved to the production of a
musical note, Asg the pltch of the note
thues produced varies with prassurae, such
a whistle could be used as the basis for
measurement of true air speed and air
mileage for airplanes (30).

Rain Catcher. A tool found very useful
in raln studies aloft was a rain catcher,
developed to give the average value of
the precipitation in the air for approxi-
mately each thousand feet of flight. The
device involves the use of a rain scoop,
a tube whose exlt velocity can be con-
trolled, and a group of storage con-
tainers (31}.

Portable Cold Chamber. A simple but
effactive cold chamber was designed by
Schaefer, which could be carried about
for field studies. It consisted of a
small rectangular wooden box lined with
copper sheeting and having a2 copper inner
chamber. A charge of five pounds of
crushed dry ice was found to hold the
temperature helow -10*C for three hours
(32, 33, 14,

e
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Ice Huclel and Crystal Detactors.
siFice one of the important propsrties of
the atmosphere as xelated to the pexsis-
ence of supercocled clouds is the pres-
ence of ice-forming nuclei, considarable
effort was expended in the development of
an instrument which would provide a con-
tinuouns, automatic record of the quantity
of such nuclel in the ai:r st any given
time. Two developmental instruments were
devised, but difficulties were experi-
enced with both of them, and neither was
brought to a satisfactory dsgree of per-
fection, One made uss of the tendency of
2 thin water-goluble f£ilm of polyvinyl
alcohol to supsrcool. The latter de~
termined the concentration of ice forming
nuclel by counting the lce crystals
formed in a cold box (33}, r from the
cold box was drawn rapidly past an elec-
trically heated wirs. When an ice crys-
tal collided with the wire, it created a
sudden cooling and a decrease in electri-
cal resistance, which could be readily
datected electrically.

Uniform Particle Generator. A useful
tool 1In the study of cloud physics was an
apparatus for producing particles of uni-
form size, developed during the work on
one of the ice nuclei detectors (33).
With it, extremely uniform particles were
produced in sizes down to about 10 mi~
crons diameter by feeding water through
a fine glass caplllary set into oscilla-
tion by a jet of compressed air.

Salt Particle betector., An apparatus
was constructed that detecta and counts
aerosol particles, Buch as salt parti-
cles, by the pulses of light they pro-
duce when they enter a hydrogen flame.
Obaervations showed that the concentra-
tion of larges sodium-containing parti-
cies in the atmosphere is subject to
considerable fluctuation (36).

Cloud Chamber. A very elmple but ef-
factive adaptation of the continuous
cloud chamber was developed by Schaefer,
using water instead of aleohol (37, 38},
It gave promise of considerable value in
conducting guantitative experiments with
a controlled atmosphere. It consisted
of a closed, vertical, glass cylinder in
which a constant moisturs and tempsrature
gradient was obtained by humidifying the
top with a moist plece of blotting paper
and cooling the lower part with dry ice.
This device produced regions of super-
saturated vapor under conditions of ex-
treme cleanliness and provided a valuable
tool for tha study of nucleation.

Aerosol Precipitator. A very simple
apparatus was constructed to precipitate
aercsol particles from the atmosphere on
a strip of paper, It was found useful
in the study of condensation nuclei in
the atmcsphers,

Snowflake Recorder. This device was
devaloped te record the type and concen-

tration of snow crystals reaching the
ground during the storm period of the
winter season. It utilized a strip of
paper on which was rubbed a water-
sensitive dye (39).
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Cloud T Indicator, By measuring
the daylig Trom a small portion of the

northern sky, it was found that the vari-
ations in reflection caused by blue sky
or variocus cloud types which passed this
area produced a curve which could be
interpreted in terms of particular types
of cloud (40).
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IV. LABORATORY STUDIES

The interest and activity in cloud
seeding and the fundamental physics of
clouds, following the initial experi-
ments, were sco varied that it is diffi-
cult to give an orderly account of the
progress im this field. Research both
in the laboratory and in the atmosphare
continued to reveal new and interesting
facts. The following pages contain sum~
maries of the more important laboratory
studies which were conducted in this
[icld by the Research Group of Project
Cirrus,

PERSONNEL

It would be difficult, if not impossi-
kle, to list the names of all the people
contributing to these laboratory studies,
but the Following twelve persons played
important parts either continuously
throughout the 1ife of the project, or
at one time or another during lte exist-
ence,

Dr, Irving Langmuir, under whose direc-
tion the project evolved, planned the
methods and techniques for the various
programs, analyzad flight results, and
get up procedures for the routine analy-
sis of such resulta, He alsc provided
convincing mathematics for many of the
theorias evolved.

Dr. Vincent J. Schaefer, who worked
with Langmuir In the planning of the
project, carcied out both field and lab~
oratory experiments on the fundamental
processes involved in changes of cloud
forms,

Dr. Bernard Vonnegut also carried out
extensIva T1éld and laboratory experi-
ments on subjects assoclated with the
project., Particularly he concentrated
on theories and technigues associated
with the use of silver iodide for seed-
ing.

Egzggg% E. Falconer worked on various
phases Inatrumentation of the flight
plans, on laboratory studies, and on
other related problems. MHe worked
closely with Langmuir in his rainfall
periodicity studies. After the termina-
tion of tha Operations Group, the estab-
lishment and maintenance of a weather
station in the Knolls penthouse was his
primary responsibility,

Victor Fraenckel served as Goneral
Electric representative on the Steering
Committee and as contract liaison man.

Kiah Maynard was the Research Labora-
tory representative on all flight tests
and on the Operations Group when it was
active. He gathered data and maintained
records of all flight tests. He was
assoclated with Falconer in the opera-
tion of the weather station at the Knolls
penthouse.

Raymond L. Neubauer was associated with
the later stages of the project in the

development of inatruments and studies
of silver-iodide smokes.

Robert Smith-Jchannseén, associated with
the project during its earlier history,
was principally concearned with the study
of tha supercooling of water,

Duncan Blanchard was temporarily asso-
ciated with the project in connection
with the study of water droplets.

Mﬁer Geller, temporarily assoclated
with theé project, contributed important

calculating work.

Charles Woodmah, temporarily associated
with the project, contributed important
mathematical work.

Arthur Parr, a Research Laboratory
machiniat, built almost all the special
equipment and developmental instruments
involwved.

TCE NUCLE!

One of the meost important phenomena
associated with the study of the physics
of clouwds is the formation, distribution,
and relative abundance of nuclei for the
formation of lece crystals. This subject,
therefore, occupied the attention of the
prineipal members of the Research Group
to a large extent during the course of
the projact,

Considerable work was done in develop-
ing instrumente and methods for detect~
ing the prasance of, and counting, such
nuclei in the atmosphere., Relatively
early in the history of the project, a
station was astablished by Schaefer at
the observatory atop Mount Washington for
regular observations of the concentration
of such ice<forming nuclai, and these ob-
servations continued over five years.
Subgequently, Schaefer found in the lab-
oratory that certain kindas of soils,
when dispersed as a dust, were moderately
good nuclei under certaln atmospheric
condlitions {4l).

Other investigatoas have sdince
confimed that soll particles are
among the most effective fce nucled
oncunning in the atmosphene, ard
Kumad [42) identified so0if clay
nucled (Raotin and montmonilflonite
in anow eryatals uding eleetren
micaostopy. However, a clean undea-
standing of the nature and onigin
of natural fce nucfed {4 still fackh-
ing; the nange og possibilities
varies from the bettom cf the atmos-
phene to the top--from soils, plant
Leaves [43), steel mif? effluent,
and automobile exhaust {(44] 2o
meteon dust (45).

At the time of writing this report
[1952) the number of ice nuclei needed
to initiate a chain reaction in a super-
cooled cloud is not yet known, but evi-
dence found early in the history of the
project, suggesting that a critical con-
centration is found in the range of
10,000 to 50,000 nuclei per cublc meter,



N consastently beon strengthened
sinee {46},

Observat ions of ice nuclei were also
vonndueted ot Lhe Research and development

Divigion ol the Now Mexico School of
Mines ot Bocerro, with whom the Proiect
Cirrns scientisis maintained a close
Tiaison,

Wew Mexdeo Tnsbitute ¢ Minding and
teelotfogy irad, thaough 2 Leaden-
sl el ols Pyesident, Do .
Workman, devetoped @ veny abte and
paeduct ive group of dedentisds in
abmesphictee physics, studging such
prcizemene as cfead elreulatian,
Ooondenstomm cfectricity, and acao-
Sels, Workman and his associates,
oo Reduedds, Benjamin Scefey, and
Welteam Covzivr, contalbuted much Lo
Ysodeed Cottus thnough discussdiuns

tind cocpetalice Tesednch programs,
dv e (s by genercus By cxtending
Gitd use of alt of their apparatus

wd faecfofdes,  The fniendskips and
cachaiges of tdeas between sedentists
vf New Mexceo Tech and Profect Ciatus
vanténaed agter the projecd ended,

In 1943, 3ix years following Lhe

death of Pr, Langmuin, New Mexico

Peeh completed the consfauetion of

4 clouad physics observatery on

Hount Satdy, nean Socorro, which

fuquan named Langmuia Laboratuvay
15),

A significant fact resulting frowm the
Mounl Washington studies was that rela-
tively high concentrations of active
ice-forming nuclei rarely oecur in the
ntmosphere {47)., If the observed re-
sults are a true representation of the
averdaqge mean condition of the atmosphere,
Lt ia obvious that, by the artificial
introdurtion of sublimation nuclei into
Lhe atmosphere, man pussesses a powerful
mothod of modifying many cloud systems.

ne proiific source of ice-Fforming
nuclei might be the Great Plains and the
More arid reqgions immediately adjacent
Lo the Continental Divide, Wind storms,
dust devils, and strong coavective ac-
tivity could casily account for the for-
iation of ice-forming nuclei aerosols
(47). It seoms probable that the smoke
prroduced by forest fires is a poor source
ol such nuclei {(47), An attempt was made
to determine the role that bacteria and
the spores of fungi might play in this
reupect (47) and to evaluate the role of
iudu§trial smokes of various kinds (49),

Adinbatic Expansion of Gas. An impor-
Lanl contriliition to the €arly knowledge
i moleoroingical phencmena was made
throurh Vonnequt's observations that,

wilan gad is cooled to below -39°C by
nngnaLJu tapdasion, very large numbers
of ice crystily are formed (5C). For
cxample, the low temperature produced at
afrplane o Il sr tips and wings can

seed sapestatenarod ale or supercooled
elowds, rowis " i persistent vapor
trails o0 o1 +aification. Cwilong

had reported (S1) that ice crystals could
be produced by this method, but he ap-
parently had not appreciated the enormous
numbers which are #0 produced,

Such vapon taails [produced by
adiabatic cooling of air in wing
tip and propellen vorticed) axe
gererally transient, small-dimension
phenomena of ILeaser {mpoatamce than
implied., Condensation tarails, in-
voluing the refease of watex vapoa
in engine exhausl, can and do pro-
duce peadistent sireaks or cloud
sheets in ice-supersatfurated ain,

It was found that the adiabatic ex~
pansion resulting from the bursting of a
rubbar balloon a millimeter in diamster
produced over 10,000,000 ice crystals.
Schaefer made a popgun which did the
same thing, lending itself to careful
control of temperature, pressure, and
humidity.,

These air expansion experiments pro-
vided corroboration of conclusions al-
ready reached with dry ice and furnished
additional gquantitative data on nuclea-
tien which were found very useful,

Chemical Effects. An interesting ef-
fect noticed by Vonnegut while carrying
out some studies of ice crystals in a
cold chamber waa that the presence of
normal butyl alcohol caused the crystals
to form as hexagonal columns instead of
hexagonal plates (52), This phenomenon
was studied by Schaefer in some detail,
but no practical application of the find-
ings was developed.

Spontanecus Ice Formation., Project
work done as early as 1946 indicated that
ice crystals formed spontanecusly in
water-saturated air when the temperature
reached the neighborhood of ~35 or ~-40°C,
Schaefer conducted considerable research
into this subject and determined that the
critical temperature was ~39,9 % 0.1
degrees (33}, This phenomenon is prob-
ably of considerable significance in
relation to the formation of cirrus
clouds and ice crystal fogs in the free
atmosphere.

erstal Structure, Growth and Multipli-
cation,

(al Schaefer's study of the various
types of snow crystals, which started
before the establishment of Project
Cirrus, continued throughout the project.,
In 1948 he published a simple yet in-
clusive list of ten types of solid pre-
fég}tation for classification purposes

This classification of snow
Ip. 22) was agreed upon by the
Tntennational Commission on Snow
and Tce in 1951, T& ia satild widelty
used thaoughout the wontd alihough
some resedrchers new employ the mone
detailed ctassification of Hagone
and lee (58],

R R TS

(b) Experiments by Schaefer in 1949
indicated that snow particlea tend to
shed minute fragments of ice when they
are placed in alr slightly warmer than
their own temperature. An ice-forming
nucleus appearing in a supercooled cloud
drows rapidly, espeacially in the tempera-
ture range of =12 to -16°C, where the
differance batween tha partial vapor
pressure of ice and of watar passes
through a maximum, When the crystal be-
comes large enough, it sheds a consider-
able number of ice particles as it falls
through the cloud. These particles then
serve as new nuclei and rapeat the cycle.
In this manner, a few lce-forming nuclei
in a cubic meter of cloud may start =
chain reaction which, within a few min-
utes, could shift a supercooled cloud to
a mass of snow crystals (55).

A gundamental problem confacnting
cloud physicists today {4 how Lo
account fox the high comcentraliond
oz ice crystals found im aome clouds.
These enhanced concemtrations of
caystals are sometimes 1 Lo 4 ondens
of magnitude greater than the ice
nucleus concenixalions just below
the cloud base. An ice-multiplica-
tion mechanism {& suggested, @ne
possibility {4 that mentioned above
[and updated [57]], while Mossop
[58) has Listed and evafuated some
1?7 other possibilities, Recently
HalZetd and Hossop (59) have pre-
sented rather convincing Laboratory
evidence that a riming-splintexr
mechanism al temperatuxes nean -5°C
may explain many of the field obsea-
vations,

SILVER 1CDIDE

After the discovery that silver-iodide
smokes serve as excellent nuclei for the
formation of ice crystals, the project
was faced with the problem of finding
some way of generating the smoke effioi-
ently and in guantity. It was found that
smokes consisting of exceedingly fine
particles could be easily produced by
vaporizing silver iodide at a high temp-
erature and then rapidly quenching the
vapor. Thia was readily accomplished by
burning silver-iodida-impragnated char-
coal or injecting a spray of silver-
lodide wolution into a hot flame. Simple
generators based on thia principla were
made which could produce 10'® nuclei per
second--enough to eeed from 4000 to
40,000 cubic kilometers of alr per
hour (14).t -

A very interesting discovery resulting
from one of Vonnegut's studies is that
silver-iodide particles do not react im-
mediately as ice-forming nuclel when

tEquivalent to approximately 109 nuclei
per liter to 10 per liter, respectively,
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introduced intoa a supercooled cloud of
water droeplets. Even 50 minutes after
introducing a smoke sanmpls intoc the cold
chamber, ice crystals could be nesn to
form at a maasurable rate. The general
conclusion reached as a result of this
study was that the rate of reaction at
~13°C is 30 to 40 times faster than at
=1p°C (25},

According to this {nfexpreletion,
nucleation by silver Lodide 44 «a
Atochastic affadr. The probabitity
that a sifvea Lodide panticle in a
supercooled cloud will nucleate an
{ee eagstat within a given Lime 44
deteamined only by the Lemperature
and &4 quite indepemdent of the
Length of time that the particle
has been im the eloud. To date,
this concept has recedved Litile
attention 4{n the solentijic Litera-
ture of cloud seeding, and appareatly
has neither been accepted nox ae-
fected,

The first unambiguous results in cloud
seeding using silver-icdide genarators
ware obtained in 1948, when silver-
iodide nuclei produced by one of
Vonnegut's generators installed in an
airplane resulted in cloud wodificacion
aimilar to that produced by dry ice
(60),

Most investigators all over the
wortd had Little trouble in dupli-
cating the ;i‘ecta produced by sced-
ing supeacooled clouds with dry ice.
This was sometimes not the case,
however, when clouds Were seeded
with aerosol panticles intended Lo
seave as (4c¢zing nuecled, such a4
silven {odide. 1n some cases the
faifure probably xesulled from using
substances that had Litile ox wmo ae-
tivity {n nucleating {ce. For ex-
ample, nucled consdidting of lead
pxide on potasslum lodide were
used in the 1948 weather Bureau ex-
periments instead of silver {odide
(61}, 1In othea cases negative ne-
sults were obiained probably because
the silver Lodide was <impropeady dis-
peased as an aerosol, An accound of
this L4 Zo be found in reports of
Australian expeximents carnied oul
in 1958, in which it {s said of
silven Lodide, "This agent proved
to be much less effective than day
dice, and in mosl cases no vdeible
resulls appeared,”(42)

Experiments wers conducted to detar-
mine whether the burning of charcoal
particles used in silver-iodide seeding
from an alrplane would be seriously
affectad by the moisture in clouds, It
was concluded that such burning is not
geriously affected if the charcoal 1is
thoroughly ignited (22},

Some expariments were conducted to
discover the value of a turbojet burner



a5 a silver-jodide smoke generator, Lt
wart decided thal such a method might be
ol value if larger generators were hecded
than those already in vse (23),

Haperiments were also made in traging
silver-iodlde smokes after their releasc
Ly ueoeding gunerators (60) .

Yhe nature of gllver iocdide i such as
ta sugyest the possibility that its ef-
lecetivenags as a seeding acent might be
redueced by the actien of ¢ raviclet and
near-ultraviolet radiation vom the sun,
Accordingly, an investigation was made to
determine its rate of dacay under ex-
pected conditions ol radiation in the
liee almosphere.  The results of work in
this field, not only by Project Cirrus
it alzie the New Mexico Schocl of Mining
ael Uechnelogy, suggested that far
#reater yuantities of silver-iodide
jurticles might be required for seeding
operations under conditions of bright
sunlight than would be needed at night
or under conditions of c¢lowd cover. But
later work and cbscrvations indicated
that the effect of sunlight might not be
o bad as was forecast (63, 64) .

Thi4 summation appears valid de-
spete conflieting results of sevenal
subsequent <nvestigators that indi-
cated photo-deactivation rates of
sifven Lodide angwhere from a
factor of 2 to 10° pex houn, Ap-
parently the decay nate i4 invergely
preponational to panticle size, humid-
«ty and purity og the aerosof. He-
cause of the hign humidity within
clouds and the "impuaities" {nhcrent
weth sotution buanenrs, typical sif-
vet Lod{de seeding vperations prob-
ably involve photolytic decay rates
of Lesd than a factor nf 10 pen
lrirat,

HKxpurimental work showed that it is
pussible te convert supercooled ground
"nys ko ice crystals by releasing gilver-
iodide smokes (13).,

RAINDROP STUDIES

Although many of the details are still
laking, studies conducted by Project
Cirrus began to provide answers to the
question of how rain is formed. In 1947,
repores were received of successful re-
sults obtained by dry-ice seeding of
cumulug clouds over Hawaii having a temp-
criature above the freezing point.
Langmuir examined thecratical caleula-
tions he had prepared in 1944 in studies
relating to work at Mount Washington Ob-
gervatory, As a result he developed a
theory which agreed very well with the
reactions reported (64).

According to lLangmuir's theory, ae-
tively growing cumulus clouds having an
average dropr size of 20 microns, a lig-
uid water eontent exceeding 2,5 g/m?,
and g wepLical thicknoas of more than a
mwile are e Cawverable state [or

slarting a chain reaction. This could
be sehieved by Introducing water drops
greater than 50 microns in diameter into
the actively growing part of the cloud.

Lharge drops in such a cloud would fall
ut a greater velocity than weuld small
drops. In falling, they would ovaertake
and collide with the small drops ang
thereby increase in size, In time the
large drops would become 4o large that
surface tension could no longar hold
them together, and they would break up
into two or more smaller drops. These
in turn would grew and break up, and the
number of large drops would increase in
this manner by a chain reaction,

The process would not be sufficlent to
produce large numbers of raindrops in a
cloud without a vertical updraft. How-
ever, in the case of clouds with suitable
updraft conditiens, many stages of the
chain reaction are carried out, resulting
in the production of rain.

To determine the validity of several of
the important phenomena involved in this
theory, various studies were initiated in
the laboratory and experiments were con-
ducted in the Field. Blanchard devised a
splendid method for studying the proper-
ties of free-Falling water droplets in
air, using a vertical wind tunnel.

A fange variety of these vertical
wind tunnels are in use today. One
of the taxgest (1,83 m thaoat diam-
cter] (s at the State lmiversity
of New York at Albany (87), A very
sophisticated version can be found
at the University of Califoanin at
Los Angeles [48),

A series of striking stroboscopic
photographs was made, showing the os-
ciliations, gyrations, pulsations, and
fractures that go on as water drops fall
at thelr terminal velocity (65). Another
activity concerned itself with devising
means of sampling raindrops and measur-
ing diameter (65). His chain-reaction
Lheory led Langmuir to postulate that
cumulus clouds having sufficient updrafts
could be sceded with a few large water
drops. Seeding with water drops was
carried out with apparent success in
tropicai clouds (69}, as will be dig-
cussed (p. 25),

CONDENSATION NUCLE]

Condensation nuclel play an important
role in the behavior of the atmosphere.
In 1948 Vonnequt devised a method of ob-
taining a continuous record of the con-
centration of condensation nuclel in the
atmosphere (28)., vVarious experiments
were conducted with this equipment, both
aground and aloft, The results suggest
that the continuous measurement of the
concentration of condensation nuclei may
be very useful in mateornlogical investi-
dqatinns,

PURPRORN FLF)

1t is now weld recognized that the
concentralions of "laage" [greatex
than ~ 0.1y condensation ruclei
dtrongly influerce the microstrue-
tune and stability of clouds (71).
Smallen "Althen" nucfei (Less than
0.1u) measuned with expansion )
counters, play s aignificant rofe in
afmosphenie conductivity, visibif-
ity, haze, gas-particle reactions,
and severad yet-to-be defined polfu-
tion processes,

ELECTRICAL PHENOMENA

1t was observed in 1943 by Schaefer
that interesting atmospheric electrical
measurements could be obtained by con-
necting one end of a shielded cable to an
insulated needle presented to the sky and
the other end to a sensitive recording
microammeter, one side of which was well
grounded (70)., Among the interesting obe-
servations made during successive years
was that this instrument indicated the
passage of charged clcuds over the obser-
vation point, . .

Continuous records were kept by
Falconer from 1248 on, using the data
provided by this equipment, and an at=-
tempt was made to correlata the meaxurad
corona~discharge currents with other
meteorglogical phenomena, such as frontal
passages, wind direction, precipitation,
and reflected light from the northern
gky, particularly with apparently clear
skies (72}.

When Workman and Reynolda announced in
1948 their diascovery of the formation of
a large electrical potential when water
containing small quantities of certain
salts is in the process of freezing,
Schaefer decided to check the axperi-
ments by an independent inveatigation.
Accordingly, test equipment was set up
and obearvations were made. The Workman-
Reynolds electrical effects were immedi-
ately obgerved. The results of this ex-
periment have very important implications
with respect to the development of light-
ning in thunderstorms (73).

Some qualitative axperiments were made
by Vennegut and Neubauer to determine the
effects of high voltage on the formation
of water drops (74). It was frund that
streams of highly electrified, uniform
droplets about 0.1 millimetar in diameter
could he produced by applying potentials
of from 5 to 10 kilovolts, ac or dc, to
liquids in small capillaries, Asrosols
of uniform size and having a particle
radius of & micron or less could be
formed if the capillary was positively
charged and if ligquids having low elec-
trical conductivity ware used. perosols
formed in this way showed the colors of
higher-crder Tyndall spectra.
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STUDY OF CLOUD TYPES

In connection with an investigation of
snowstorm intensities, Schaefer started
measuring variations in sky brightness
using a light-sensitive instrument.
Falconer subsequently carried on the
measurements in more detail, It wasg
discovered that the variations in the
curve made by this instrument were a
rather good indicator of the type of
cloud cover prevailing during a day,
There seemed to be a typlcal trace for
each genaral cloud type. Test installa-
tions ware made by Falconer at various
points aground and aloft, and consider-
able data wers gathered (40).

Such an instrument might ba useful in
automatic weather stations, to give some
indication of sky conditions in remote
locations.

ANALYTICAL WORK

Of great significance, both in connec-
tion with activities of the Research
Group and with those of the Operaticns
Group, was the analytical work performed
by Langmuir. It constituted one of the
most important contributions to the
project.

From the cutset ha studied and analyzed
the varjous test flights, and extensive
reports ware prepared analyzing cumulus
and stratus cloud seedinge, His analysie
of the cumulus seedings over Hawali and
the chain-raaction theory of rainfall
which resulted have already been men-
ticned. Langmuir paid particular atten-
tion to the seeding operations carried
on in New Mexico, and to the posgible
effects of silver-iodide seeding, and
these activities are described more
fully in a later section of this report
lep. 29, 37, et seq.).

Such a large quantity of data was ac-
cumulated by flight, field and laboratory
activitiea during tha more active period
of the project that the Research Group
finally suggested early in 1950 to the
Technical Steering Committee that flight
operations be terminated at Schenectady
in order that the accumulated data might
be evaluated and reporta prepared on the
findings.
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TYPES OF FROZEN PRECIPITATION

CODE

© W W N O O p W N

GRAPHIC
SYMBOL TYP'G—EE\- FORHS . TYPE

SROX:

PLATES
STELLARS

COLUMNS

NEEDLES

SPATIAL
DENDRITES

CAPPED
COLUMNS

K IRREGULAR
M4 (RYSTALS

GRAUPEL
SLEET

HaiL

—

Snow Crystal Classification developed b
v. 2.
adopted by the International Com:issign onJSn
in 1951,

Schaefer and
ow and Ice

V., CIRRUS AND STRATUS STUDIES

CIRRUS CLOUDS

The significance of clrrus ¢louds and
the role thay play in various weather
phencomena were, of course, subjects of
intensge interest to the Project., Vvaricus
studies of and experiments with such
cloud forme were conducted, although more
attention was paid to stratus and cumulus
clouda.

A regular dally cbhservation program was
begun in 1947 to explore the possibility
of inducing the developmant of cirrus-
type clouds under clear sky conditions.
It was believad that supersaturation with
respect to ice probably occurs fairly
fregquently at temperatures warmer than
-39°C in air devoid of foreign-particle
nuclei. Lacking such nuclel, a consider-
able degree of supersaturation could dae~
velop, a8 is often shown by the gonera-
tion of so-called vapor trails behind
high-flying aircraft.

To explore these possibilities,
Falconer initlated a project in which
ballcons carrying dry ice in cpen-mesh
bags were raleasad on a daily schedule
and followed by theodolite, Many of
these produced visible trails of ice
crystals, and in several instances the
;;aigs,were quite noticeable (20, 21,

s 497,

Several seedings ware also carried out
from an airplane in clear sir, ueing
both dry ice and silver icdide, In clear
alr supersaturated with respect to ice,
the seeding operation produced a cloud of
ice crystals. The results of these op-
erations indicated that, if the humidfty
is low, even at temperaturas below -39°C,
appreciable supersaturations with respect
to ice can exigt without the formation of
ice crystals. Ice crystals can then be
created, howevar, by eeeding with either
dry lee or silver iodide (24),

In s8ix of the Project Cirrus test
flights a considerable effort was di-
rected toward obtaining photographic
evidence of the appearance of the tops
of natural cirrus clouds. It was found
that, desplte the various irregularities
seen from below, the tops of such clouds
are extremely flat.

Most meteorologists and weather stu-
dents agree that a cirrus cloud formation
is often associated with the overrunning
of cold air by a warmer tongue of moist
alr. Whensver the molisture conditions
in the warm overriding air reach satura-
tion with respsct to water and the colder
air below has a temperature of -39°C or
colder, ice crystals will form spontane-
ounly at the inversion interface. The
number of primary crystals that form will
depend on the concentration of condenga~
tion nuclei and ice nuclei in the moiat
air mase, The number and size of secon-
dary crystals that form will probably be

some multiple of the effective number of
condensation nuclei, Since thess condi-
tions for the ice-crystal formation are
of a marginal nature, the variability
and often unique appearancs of true and
false cirrus clouds may be closely re-
lated te thesa spontanecus crystal for-
mation phenomena, Based oh this reason-
ing, Schaefer concluded that it is
likely that the concentration of super-
cooled water drcoplets at the transition
tamperature of =3%°C is of primary im-
portance in the formation of clrrus
crystals (53},

Langmuiz, analyzing the behavior of
cumulus clouds, described an action which
ha called cirrus-pumping, This occurs
when, with few or no nuclel present, the
cloud rises to great heights. If it
rises to a height when the temparature
gets down to =39°C or thereabouts, mi-
nute ice crystals are formed in great
numbers, almost instantaneously. These
have a lower vapor pressure than any
supercooled water droplets present and
rapidly grow at their expense. Thiw, in
turn, llberates a large amount of heat
simultaneously over the whole top of the
cloud, and this upper part risges still
further, forming a cirrus crown shaped
something like a pancake.

The pancake grows in dimension and gets
thinner, and 1t sometimes drifts gradu-
ally off to one side, go that it assumes
the general appearance of an anvil--a
type of ¢loud characteristic of the
tropics. One large cloud of this type,
sald Langmulr, might sometimes produce
¢irrus clouds which would spread over
25,000 square kilometers. Outside of
the tropics, they may often occur during
the summer in semi-arid regions such as
New Mexico, Arizona, or Idaho (7%).

STRATUS CLOUDS

Much more attention was pald to stratus
clouds, The flight test of December 20,
1946, for example, was conducted when the
sky wag completely overcast, and it pro-
duced snow (1), In the flight test of
March 6, 1947, under the auspicea of
Project Clrrus, seeding was conducted on
atratus clouds. Looking down on the
cloud, it was observed, first, that a
deep groove had been produced along the
top of the seeded area, and snow fell.
Soon the sky cleared up in a spsctacular
fashion, so that there was a c¢loudless
area 32 kilometers long and 8 kilometers
wide where the seeding had taken place.
There were no other breaks in the over-
cast in any direction (76). FPurther
tests on stratus clouds produced similar
results,

The conclusion was therefore reached
in the earliest days of the project that
cloud sesding could produce holes in
stratus clouds. Thus a plane ahould be
able to clear a hole for itself, The re-
sult would be not only to increase visi-
bility but also to eliminate icing



24

vohditions, Langmuir made an exhaustive
«nalysis of the photographic data ob-
taincd on these early test flights,
reaching some very interesting conclu=
siong regarding the nature and behavior
vt stratus clouds {717,

Lt was socn found that a very useful
Lechnique in seeding stratus clouds was
te soed in patterns--L shapes, race-track
shapes, Oreek gammas, ete. Thus it
would be possible to watch “5r modifica-
tien of the clouds followin the same
|rattern,  And invariably mo. .ficatien did
oveudr, agreeing with the pattern of the
seading.  In many cases clear areas were
uduced in the cloud deck.

Amang the stratus cloud studies made by
the project were:

(1) The effect of seeding supercooled
slratus clouds with various amounts of
dry ice and silver iedide;

(2t The optimum quantity of seeding
uent required to produce large cleared
areas Inoan otherwise solid deck of
supercooled clouds,

These nesulls were duplicated by
Several investigatons in various
Locales (78, 79, to, 81}, Vichenrs
and Chureh [82] conducted an exten-
si{ve denies of expeniments fo detfenr-
mine the optimum cleaning of &tratus
clouds with day ice. Among theia
tindings was evidence that deeding
effectiveness Lincrcased Lineanly
with decreasing cloud temperature
and that about ? kilogaami of dry
{ce per hilometer comstituted an
optimum seeding rate; 1 kilogaam
per kilomeier was neanly as goed,
but rates Less than .5 hilograms
pen kifometen were generally inef-
fective,

The clearing of superccoled fog
on an gpehrational basis has been
dccomplidhed at many airpoats around
the wontd [83], Day diee, biquid
€Oz, or Liquid propane are custom-
arily employed, In this countay
the preponderance of fog {~95%) s
of the waam fag fype [waimer than
04C) whene such nucleants are <in-
effective,
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Vi, CUMJLUS STUDIES

The most spectacular, fruitful, and
controversial results produced by the
activities of the project were thase
resulting from the work on cumulus
clouds. This work, which started in the
earliest days of the project, continued
throughout its duration and led to some
other very interesting activities.

Flight tests on November 23 and 23,
1948, were made on isolated cumulus-type
<¢louds, The whole of each cloud was
changed into ice within five minutes
after seeding, and show began falling
from the base of the cloud (20), But it
was realized that experiments with smalil
cumulus clouds were of little interest,
for the effects lasted but a few minutes,
Other experiments were conducted with
cumulus ¢louds in the early days of the
project and, although many of them were
made tc snow, the results were of com=
paratively little interest.

By the summer of 1947, however, some
spectacular results were obtained with
cumulus cleouds, especially with thunder-
storms, These were 30 impressive that
it was decided to make some studies of
cumulus clouds and thunderstorms in New
Yerk State's Sacandaga Reservolr terri-
tory, not far from Schenectady.

This reservojir is situvated just scuth
of the scutheast corner of the Adirondack
Mountains. Evidence pointed to the prob-
ability that this large body of shallow
water provides the molisture which feeds
thunderstorms in eastern New York State.
It was believed that the unusual condi-
tions there could be used to cbserve the
effect of seeding the intense thunder-
starms which developed. Actually, no
seeding was performed there, although
many photographs were taken and consider-
able time was spent in a study of condi-
tions in that area. It was found that
storms elsewhere were better developed
and less transient in nature, hence more
suitable for field investigatiomns.

HONDURAS

In 1948 and 1949, Langmuir visited
Eonduras, Guatemala, and Costa Rica to
study tropical cloud formations, and par-
ticularly to learn what was being done by
Joe Silverthorne, a commercial cloud
saeder, in eeeding cleuds for the United
Fruit Company. The work was being con-
ducted for the purpsse of testing out the
possibility of contrelling rainfall, and
particularly in the hope of stopping
blow-downs that result from winds asso-
ciated with thunderstorms, which occca-
sionally destroy large stands of fruit
trees,

At Langmuir's suggestion, Silverthorne
tried out a number of experiments early
in 1949 and made many worthwhile obser-
vations. It was sometimes desired to
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produce rain, and scmetimes it was de-
sired to prevent rain. ©On the one hand,
by overseeding the top of a high cumulus
cloud, rain would be prevented. The top
of the cloud would float off to a higher
altitude, where it would be blown away

by the counter trade wind, If, on the
other hand, the clcud was seeded just
above the freezing level, heavy rain
might be produced., Similarly, water
seeding by means of water-filled ballcons
released from airplanes might dissipate a
cloud and produce rain at low altitudes,
but it seemed that in such ifnstances dry-
ice seeding would be much more effective.

April 18, 1949. The results of the
f1TIght on this day, with tangmuir accom-
panying Silverthorne aleft, were so out-
standing as to merit detailed comment
(69), The following is extracted from
an account of the flight by Langmuir in
the Project Cirrus report to the govern-
ment of July 30, 1951:

"We flew up to Point Sal and found a
mass of dry air above the moist air come-
ing from the sea at an altitude of about
6000 or 7000 feet {2,0-2.1 kilometers)
s.us:-From a height of about 8000 feet
(2,4 kilometars), looking south, a whole
panorama of high cumulus clouds could bLe
seen rising above the smoke, which ex-
tended up to about 11,000 or 12,000 feet
(3.3=3.6 kilometers) further inland, al-
though it was much lower than this near
the sea.

"A large cloud was found which rose, I
believe, to a helght of about 25,000
feet {8.3 kilometers), and we seeded it
by making a series of short passes into
the cloud at an altitude of approximately
21,000 feet (6.3 kilometers)--two pel-
lets [dry ice] about one inch (2.5 centi-
meters) cubed being dropped into the
cloud at S50-second intervals Quring
these passes, The whole circuit of the
cloud was made, and then the plane moved
off a short distance, enabling us toc see
the effect produced,

"A band around the cloud, perhaps 500
(150 meters) or 1000 feet (300 meters)
high, was observed which obviously con=-
sisted of ice crystals and which ulti-
mately detached itself from the lower
part of the cloud and floated off as a
huge mass of ice crystals that could be
seen for a long time.

"After the top of this cloud had
turned to ice crystals and had detached
itself, there was left under this cloud
nothing but a group of lower clouds that
reached only ahout 14,000 feet (4.2
kilometers), which was below the freez-
ing level, Later we flew down among
these clouds and found that cloud bases
had gone down from 12,000 feet (3.6
kilometers) to about 7000 feet (2.1
kilometers). It was difficult to see
whether any rain was falling because of
the smoke, but from the lowering of the
cloud base we concluded that rain had
fallen from the lower part, while the
top of the cloud had @etached itself and
floated off towards the northeast,
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"Shortly after seeding this cloud with
10 1w 12 pellets, we picked out a smaller
vloud nearby whose top reached about
20,000 feet (6 kilometers) and dropped
one single pellet of dry ice one inch
(2,5 cm} cubed on this cloud, About
# or 10 minutes later we found that this
whole cloud had changed to ice crystals,
We [lew through the ice orystal cloud
andl verified the fact that “hey were en-
tircly ice crystala, You uld see them
blowing into the cabin, an. 4e also found
that the cloud gradually dissipated, It
probably rained out from the lower part
ol Lhe cloud but this was done in the
snoke level where we could not see it,
et Lhe Lop of the cleud then gradually
wixed with the surrounding dry air which
llad been deprived of its source of supply
of moisture Erom below.

"ln other words, on this day we had
beavtiful examples of two effects that
can be produced by seeding with pelleta
af dry ice., First the seeding of the top
ul Lhe cloud can cauge the top to fleat
off from the lower part. However, in
'his case some of the ice crystals reach
the lower part of the cloud and cause
tain to dissipate it. In the other
sceded eloud, which was much lower and
reached only a few thousand feet above
the freezing level, the whole cloud
rapidly dissipated as the upper part
chanyed to ice and the lower part rained
out, "

The results of the flight of April 18
constituted for Langmuir a wonderful
denonstration of the effectiveness of
single large pellets of dry ice for
wedifying large cumulus clouds, It
quickly became cbvious to him that the
set-up for carrying out cloud-aeeding
experiments in Honduras was unique,
Silverthorne made flights virtually every
Jay, and, somewhere within a 150-mile
(240 kilometer) range, clouds were nearly
ilways found suitable for seeding, Such
clhnis were almost always orographic and
welated with certain mountains,
any interesting experiments were con-
itieted, and almost always the clouds
would be profoundly modified with single
pellets of dry ice. The latter part of
S1lverthorne's seeding operations used
10-20 pellets, presumably to make sure
the ¢rystals wera more uniformly dis-
tribuled,

PRICST RIVER STUDY

Mranwhile the study of cumulus clouds
had been approached from another angle,
Farly in 1948 a visit was paid to the
4 arch Laboratery and Project Cirrus
I+ I, T, Gisborne of the Northern Rocky
Mountaln Forest and Range Experiment
Gtatien, tnited States Forest Service.
tishorne was in charge of fire research
ter Risqion Ho.o 1. He wanted to learn
v ek cloind modification studies,

This Titted in nicely with Schacfer's
tnlervest o the same subjeck.,  He was

anxious to atudy thunderstorms in a good
breeding ground, and Gisborne wanted to
see if anything could ba done to reduce
forest fires by thunderstorm modifica-
tion. #As a result, Schaefer visited the
Laboratpry at Priest River, Idaho, in
July of that year (1948). He conducted
quite a study of conditions there and
made rather compleate recommendations for
a plan of future activity--a plan which
should produce beneficial results from
both standpoints: Gisborne's practical
aspectes and Schaefer's theoretical ones
(74, ad}.

Actually, the recommendations were
never put into effect. A considerable
force for the completion of the project
disappeared with the death of Gisborne,
Although the project is still incom-
plete, interest still exists, however,
both at Schenectady and at Priest River.

In the mid-gigties, the U, 8.
Forest Seavice resumed i{ts interest
in aitempling te modify Lightning
damage by eloud seeding, Paoject
Skyfine was formed which involved
several cooperating groups {nelud-
ing Schaefexr (then with the Munitalp
Foundation), Tn 1954 a sifven-iodide
ground seeding program was init{ated
<n Montana im hopes of Limiting the
size of enystats and the charge sepa-
ration taking place in deep cumulus
cfouds. Paeliminany resulfs sug-
ﬂaezed a 33% reduction in the num-

es of Lightning stnihes but al a
dtatistically insignificant fevel,
Project Skydire was expanded to in-
efude cxpeniments in inteniox Alaska
where, in 1957, mone than 5 million
acres of foresit Land were buaned by
Lightning fixes [85),

RESULTS IN HAWAIL!

Further data, supplied from still
another aource, had some unaexpectad and
very interesting implications and re-
sults. FEarly in 1947 a request for in-
formation on techniques of dry-ice seed-
ing was received from the Pineapple Re-
search Institute of Honolulu, Hawaii,
This information was supplied by the
Research Group of Project Cirrus, which
had been supplying similar information
to meet numercus requests stimulated by
the published reports of the historic
showmaking flight over Pittafield in
1346. But in this case there was an
unexpected aftermath,

In October, Honolulu newspaper ac-
counts were received in Schenectady,
describing experiments carried out over
the island of Molokai by bDr. L. B.
Leopold and Maurice Halstead of the
Pineapple Research Institute. A few
weeks later, copies of a preliminary re-
port were received from these two wen,
describing interesting results obtained
by dumping dry ice into cumulus clouds
having temperatures above the freezing
point.

This was an important development. Al-
though Langmuir had given some thought to
the effects of seeding nonsupercocled
clouds, he hadn't deone much about it, and
this new work caused him to restudy theo-
retical caloulations he had prepared in
1944 in connection with the work at Mount
Washington (86) (p. 4 )., He now had a
new approach to the subject of weather
modification: the growth of rain.

RAIN CHAIN REACTION

Paior Lo and duning the period of
the Project Cixrus experiments, the
prevailing view among meleorologlats
was that practically all xain of any
importance occurned thiough the ac-
tion of the Beagenon [dce caystall
procesd. For a time at Lleasi this
view was accepted altmost without
resenvation by the scientific stafy
cf Profeat Cinnrus, This adéumplion,
that tiz Bergeren process wad the
paimary rdin-foaming mechanidm,
necessanily eagendened the beliey
that the newly developed techniques
of eloud seeding were more effec-
tive and §oolproof Lhan we new hnow
them to be, Aé we now recognize,
much of the xain that Lo formed,
rot only in warm, but also in super-
cooled clouds, L& produced by a
rapid droplet collislonal process
that may or may not Lnvolve {ce.

Tt {4 now genenally recognized that
undex centain conditions cloud seed-
ing might possibly decrcase nather
than incaease the foamation of pre~
eipitation, by tuaning the cloud to
{ee crysials and thereby preventing
an efficient drop coalescence on
accketion procesd faom taking ﬂlace.
The Hawaiian obseavations of the
aceelenation of rain proeducfion in
¢ rmendupercooled cloud and the sub-
sequent observation of warm cloud
precipitation in Pueato Rico hindled
the intenests oi Project Cirrus £in
Aain jormation {n waxm clouds and
Zed to Langmuda's foamulation of
the chain aeaction theoay of rain
formation which follows,

A typical large drop of watar grows in
size as it falla through the cloud,
growing faster and faster until it gets
80 big that it breaks up, producing
smaller droplets. If there are rising
alr currents, the little droplets will
be borne aloft into the c¢loud again,
growlng in size as they go, until they
get 80 big that they start falling again.
This process continues in & chain reac-
tion, cauelng the whole cloud to produce
heavy rain, Under the right circum-
stances, according to this theory, seed-
ing with water would be just as good as
with dry ice (87),

1t was recoegnized that the ambdient
cooling effect of day ice was not
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instrumental in any possible modi-
§ications of warm clouds. Rathea
the frost that foams on dry ice was
believed to melt ajflen the day ice
had subfimed, Leaving Lange drop-
Lets to seed the cumuld.

The outgrowth of this, in turn, was
conaiderable work by Projest Cirrua to
test lLangmuir's theory and apply some of
ite principles in practice, For sxample,
to determine the validity of several of
the important phenomena which his theory
postulated, extensive laboratory studies
were conducted on the growth of water
droplets and of the behavior of droplets
floating in the air (65, 88). Later,
the Research Group did considerable work
in the study of the drop size and size
distribution of various types of precipi-
tation (89, €6).

A= another approach to the subject, an
extensive series of experiments was con-
ducted to explore the possibility of in-
ducing precipitation or other modifica-
tion in growing cumulus clouds by water
seading (69),

The complete exposition of the theory
by Langmuir was a beautiful example of
theoretical analysis and mathematical
caleulation (87). Among othar things,
it reviewed the knowledge of cloud
physics which had already beean gained in
the light of the new theory, summing wp
the probable bghavior of both stratus
and cumalus clouds. It went so far as
to suggest that the chain reaction could,
under the right conditions, be atarted by
introducing wven a single drop of water
into a cloud, although the astion would
be most rapid when many large drops were
introduced near the top of the cloud.

It outlined the probable behavior of
self-propagating storms. It postulated
that the phenomena that occur in arti-
ficial seeding with dry ilce or with
water are essentially no different from
those that ocour spontanecusly in na-
tura. “Howaver," it went on, "there
will freguently be cases where the cloud
is not yet ready or ripe for spontanecus
developmant of snow or rain, although it
may be possible to produce these affects
by seeding.” It concluded with the fol-
lowing Bummary:

"When we realize that it is possible
to produce self-propagating rain or snow
storms by artificial nucleation and that
similar effects can be produced spon-
tanecusly by chain reactions that begin
at particular but unpredictable times
and places, it becomes apparent that im-
portant changes in the whole weather map
can be brought about by events which are
not at present being considered by mete-
orologists, I think we must recognize
that it will probably forever be impos-
pible to forecmat with any great acou-
racy weather phenomena that may have be-~
ginnings in such spontaneously generated
chain reactions,"



Langmuta's chain reaction hypothesdis
wwlatong ty the continuous breakup
of firge taindrops was Largefy ig-
wered fer the next decade ox fwe.
Prondently, at the First Internationad
Coargdaeney oo Weathen Mod{fication
Gn T96k, spunsuted by the Amenican
Meteenetogeeat Seedety, severad
e pendend (nvesdigatons and papens
deatd weti this subject, Thus,
fhere 18 revoveed {ndeaes  <n oand
merd aveepfance of the v thanism
[90), aftiiongh cfear-cut expeaimentat
vowdesee {y a0 tacking (920,

STURS BN PUERTO RICO

All theus: studies and tests which had
hean made, and theories which had been
cvinlved as a result, with regard to the
nature, Lehavior, and modification of
cumulus clouds were an important back-
sqround to another significant milestone
in the history cof Project Cirrus. That
was the cxpedition te Puerto Rico in
February, 1949 (90).

The objective of this trip was mainly
ta determine the type and physical char-
avteristics of the clouds that occur in
Puerto Rico during the winter months,
particularly the month of February, and,
il suitable clouds were encountered, to
develop and possibly to evaluate water-
seeding techniques. Considerable person-
ncl took part in the project, a supply of
planes was available, and a large gquan-
tity of photographs was made,

AL least two new pracipitation se-
yuentes were¢ ohserved, and considerable
data were accumulated to permit a better
understanding of the processes involved.
Also studied was the trade wind inver-
sion, a dominant feature which controls
cloud and precipitation development in
the West Indies reqlon during Pebruary.
A better understanding of this phenome-
non shouuld lead to a better understand-
iny of tropical meteorology.

The cumitlus clouds were obmarved to
have a different character than those
comuen Ln the eastern United States,
Conlacts made with interested local
pueople in Puorto Rico were expected to
ivad to the accumulation of some excel-
ient supplementary data on raindrop size,
converyence of winds, and the obaervation
ot deuble orographic cloud streams from
the Liguillo Mountains,

The carrying out of successful ground-
s operations on three different ocea~
slens, using time-lapse photographs as

part of the yround coverage, demonstrated
conclusively to the members of the proj-
vel the value of carrying out such stud-
tes of clouds which davelop in definite
cvloud-breeding reyions., Similar regions
in the Inited States known to possess
such developments were Albuquerque, New

Mexiao, nd Priest River, Idaho,

Hohacfer lue! already visited Priest
fover, ad arranaements had been made for
Pnvest ot o and experiments there,
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Also, a test mission had been conducted
at Albuquerque the previous year, de~
tails of which will be found in the next
section of this report,

Despite the fact that no suitable
clouds were found for testing out water-
seeding techniques during the peried,
many valuable results were obtained
which it was expected would lead to a
much better understanding of the forma=
tion of rain in tropical clouds. One of
the very significant resulta of the ex-
pedition was the observation of the im-
portant effect of salt nuclei on the
formation of precipitation in thin tropi-
cal clouds, Said one of the reports:
"This seems, on first sight, to be of
great importance in expltaining the rain
showers which are of daily occurrence
and random distribution in the vicinity
of Puerto Rico. Rarely ia raln observed
from such clouds in the eastern United
States.” Said Langmuir:

"Observatione in Puerto Rico in 194%
and in the Hawaiian Islands in 1951 have
shown that the rainfall depends on rela-
tively large particles of sea salt in
the air, in accord with the publicationa
of A, H. Woodcock and Mary Gifford, Cal-
culations of the rate of growth of salt
particles indicate that it should fre-
quently be possible to induce heavy rain-
fall by introducing salt into the trade
wind at the rate of about cne ton per
hour in the form of fine Qust particles
of about 2% microns in diameter. The
heat gaenerated by the condensation may
liberate so much heat as to produce pro-
found changes in the air flow and the
synoptic conditions in neighboring
areas" (93),

Seveaal groups subsequentfy have
experimented with the seeding of waxm
clouds with watern £o stimulate pre-
cipitation, the most notable effort
being That of the University of
Chicage (%4}, Clouds were seeded
grom above with water drops [median
diameten of 250u} at repoated rates
of 300 Litens and 1000 Liteas pen
kifometen im both Puento Rico and
the centaal United States. While
neithen seeding rate produced observ-
abfe rxadaa echoes in the United
States, the higher nate did show a
statistically significant inenease
in precipitation in Puertps Rico.
Thus some posditive nesults wene ob-
tained {n maritime clouds, but the
amount of walex required £y "paime
th: pump® was considered impracti-
cat.

More feasible is the concept of
releasing Large (10-20u) satt panti-
cles into the eloud updraft te pro-
duce Large dreops capable of stimu-
Lating droplet growth by coalescence.
Tnitial experiments were conducted
by Moady et al. 195) in Newaldi.
tncounaging caleufations by Bowen
162] were followed by guntﬂe& taint
experiments in East Africa {98),

Later in India (97, 94] and recently
4n the United States {(71). The Indian
experimentens suggested that a 20t
fncxense in keinfald might be ex-
pected {n summer monsoon conditions,

EARLY WORK IN NEW MEXICO

Although interest in cumulus clouds and
thunderstorms was high among the membars
of the Research Group in 1348, the cumu-
lua season passed in the vicinlty of
Schenectady without any significant
£lights having bean carried out, It was
realized that the best results could be
obtained from the seeding of cumulus
clouds in a region where storms originate
rather than in a region which, lika e
Schenhactady area, is travarsed by atorms.
Chairman Stine of the Uperatliona Commit-
tee had experience as a forecaster in New
Mexico, and he strongly racommended that
region as a base for experiments with
cumulus <louds. This recommendation was
aeconded by Schasfer, who knew of the
work being done in this field by Dr. E.
J. Workman's group at the New Mexico
School of Mines and who had obtained a
promise of cooperation from Workman,

Accordingly, it was decided to attempt
a flight to Albugwergue, New Maxico, to
determine whether the radar and other
facilities of Dr, Workman's group would
be of assistance in this respect. In
view of the waning cumulus season even at
the location, preparations were made to
carry out fullescale tests if proper
clouds were formed. As a result, members
of the project spent thres days at Albu-
quergque during mid-October of 1948, A
working arrangament was guickly made with
Workman and his staff for radar tracking
and photography of the tests to be made,
Two seading flightas were made, one on
October 12 and the other on October 14,
The second of these two flights was per-
formed under auch satisfactory conditions
that the results obtained were considered
particularly significant (99}.

For example, ah e&xceptionally complete
aerial photographic record was made of
the conditions of the cloud that was
seeded from one of the planes, including
176 photographs 10,1 X 12.8 centimeters,
pPlus pictures taken every 45 seconds of
a group of instruments giving time, alti-
tude, air speed, heading of the plane,
and other pertinent information. Every
time a photograph was taken of the cloud,
another picture would be taken of a clock
and the other instruments. In this way
an invaluable flight record was made of
the test,

Further data were collacted on the
ground, Time-lapse movies were made of
the clouds as seen from the station, as
wall as a saries of still picturea, and
radar was used to detect any rain that
might fall, Although some excellent sup-
porting data wers thus obtained, unfortu~
nately it was not as complete as it might
be, because of a fallure of the radio

communications between the airplanc and
the radar station. But significant
radar cbeservations were mads, and photo-
graphs were taken of the radar scope,
giving a complete pet of records of radar
observations for a considerable period of
time,

Four seading operations were conducted
on the Octobar 14 flight., The datalls
of these seedings and the results obe
tainad were diacussed at conasiderable
length by Langmuir in an o¢casional re-
port (99). His findings indicated that
rainfall waes produced over an area of
more than 100,000 =square kilomaters as
a regult of the seeding--about a guarter
of the area of the State of New Mexico,
And substantially all of the rain for
the whole of New Mexico that fell on
October 14 and 15 was concluded to be
the rasult of the seeding operations
near Albugquergue on Octobar 14. *Tha
odds in favor of this conclusion as com-
pared to tha assumption that the rain was
due to natural causes are many millions
to one,”

An early estimate by Langmulr was Lhat
about 100 million tons of rainfall was
produced, Later, using the rain reports
from 330 stations given in a U. S.
Weathar Bureau publiocation, he concluded
that the original estimate was unduly
conservative (99),. Said he: "The evi-
dence indicated that the rain atarted
from near the point of seeding shortly
aftar the time of seeding and then
spread gradually at a rate which at no
place exceeded 10 meters per second,
ovar an area of at least 31,000 =guare
kilometers north to northeast of Albu-
querque with an average of about 0.89
centimeters, This corresponded to
about 340 millicn tons."

SILVER JODIDE AT NEW MEX1CO

So satisfactory were the tests conduc-
ted at Albuguergue in 1948 that it was
decided to make a further study of cumu~
lus clouds at that location in the mid-
dle of July the following year. Much
more elaborate plans were made for this
second expedition; for example, not one
but a number of airplanea took part, and
virtually &1l the members of the Research
and Operations Groupa want along.

Prior to the arrival of the main body
of the projact, Langmuir and Schaefer
investigated the general cloud situation
in the various mountain regions nearby
and decided the cloud systems along the
Ric Grande Valley nesar Albuquergue were
superior for thelr purpose to anything
they could find in other parts of Arizona
and New Mexico. In addition, the excel-
lant radar, photographic, and shop facil-~
ities of the Exparimantal Range of the
New Mexlco School of Mines appeared to
be ideal for carrying out the operations
planned,

Between July 13 and July 22 a total of
ten flights was conducted, on eight of



which two or three planes participated,
bkxcellent coopoeration was enjoyed in
evoery phase of the operation, and an ex-
tensive mass of data was obtained both
in the air and at Lhe ground gtations
which were sct up, Seeding operations
with varying amounts of dry ice and the
yround operation of a silver-iodide gen-~
eralor were the subjects lfor the flight
studies (76),

Aipain the dry-ice seedin: was success-
lul, «md Lhe results of th various ajr=-
borne seeding opurations we. e quite satis-
tactory,  But a new factor was introduced
tnto this second expedition which put an
enlirely different aspect upon the re-
sults and had @ tremendous influence on
the course ol [uture ipvestigations and
analysis,  This was the effect of ground
socding wilh aiiver iodide.

As o usual, close attention was pai@ to
chanyes in weather conditions, in order
ta observe apy correlation between such
changes and the dry-ice seeding. Al-
though Vunneyut was gonducting some
silver-iodide seeding on the ground, this
was disregarded by Langmuir, who was con-
¢cntratinq vn the airborne dry-ice seed-
inys, Consequently, when he nhoticed some
weather conditions which could not be
explained by the airborne seeding, he was
puzzled. Then ha suddenly bacame con-
scious of the fact that Vonnegut had been
teying to vall the ground seedinyg of sil-
ver iodide to his attention, and he im-
modiately realized that this might ex-
plain the discrepancies he had observed.
Turther study convinced him that this
wai, lndged, the case.

Nob anly that, Lut the results of the
seeding activities in New Mexico the pre-
ceding yeoar were reconsidered in the
light nf this development. and it ap-
peared reasonable to conclude that the
similar widespread effects produced in
Uetoler, 1948, were the result of the
silvor-icdide seeading which was done at
that time, rather than of the dry-ice
seanfing, which nad been the previous
ihkerprotalion,

Laiymued r nade, as was his habit, an ex-
hanstivee analysis ol the avallable data
aid prosented a striking swnnary of his
findings (7%) from which the following is
rproLend;

"1 wish particularly in this paper to
desceribe the more widespread effects that
were prealuced by the opervation of tho
silviersiodide genctator on the ground
during July, 1949, near Albuquerque, The
First seeding with silver iodide during
this sitay in New Mexiou was on July 15,
1949, bul thn generator was not run for
more than a couple of hours on each day
Ihureatfter until the 19th, when it was

uperated for a short time only, ate in
the afterncon,  oOn July 20 it was not
aperated ot all, but on the 218t it was
aperated for )4 hours, starting about
B0 Al At amine 300 gqrams, or a total
ol 224 pandn ol nitver todide,

Brents acatie Ve T, Yonneanut have shown
el etk iram ot smiteer iadide disporsed
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under these conditions produced 10'%
sublimation nuclel that are slowly
effective at =5°C but very rapidly ef-
fective at -10°C,

The statement concerning the num-
bea of nucled per gaam that would be
effective at -5*C was not based onm
actual measurements of the number of
nueled effective at this tempeaature,
ITnstead, &t was an extaapolation
jounded on the suggestion by Vornegut
that, 4§ given enough time, all the
nucled becoming a‘gectiue at -20°¢
would afso eventually initiate ice
caystals az -5*C (see annotation,
page 191,

This estimate of Lthe numbea aE
particles aciive at -5"C &4 praobably
much too high., Even granting the
assumption that the nucleation pxo-
cesd L4 stochastie, it is Likely
that most of the panticles will
eithen be paceipitated ox deaeti-
vated Long before fthey seave as {ce
nueded, mone realidtic estimate
can be based or cold bex measure-
ments [see Fletcher [100)]. These
show that a well designed gexcsold
generater that produces 10'° panti-
cled pen gram effective at -20°C
and approximately 10'° pex gram at
-15°C witl yietd only about f01!
effective nuclei per gram at -5°C,

*The new probability theory.....has
served {as] a valuable guide in devis-
ing an objective method of avaluating
the distribution in space and time cf
the rain which follows the operatlion of
the silver-iodide generator on the
ground or in the airplane flights near
Albuquergue, To illustrate the results,
we will analyze the data obtained on two
days, Ogtober 14, 1948 (Flight 45} and
July 21, 1949 {(Flight 110},

"These days were chosen because large
amounts of silver iodide were used, but
no seeding was done on the immediately
preceding days. Furthermore, the wind
direction on both days was rather simi-
lar, On both days the Weather Bureau
predicted no substantial amount of rain.
Both mornings were nearly cloudless, and
on both days SW winds prevailed from the
cloud bases at 12,000 feet (3.6 kilome-
ters) up to 20,000 feet (6 kilometers),
At lower and higher altitudes and later
in the day there were also winds from
the E, W, and NW, o©n both days, visual
effects indicated thunderstorms and
heavy rain over wide areas were cbserved
a few hours after the start of the seed-
ing operations,

"In the July operation our techniques
had been improved compared to those of
the preceding October. In October radar
observations covered only a pericd of
about an hour in the afterncon, for at
that time it was not suspected that the
rain that lasted well on to the morning
of the 15th had anything to do with the
seeding.,

"on July 21, 1949, however, we had com-
plete radar coverage from early in the
morning until late at night. Photographa
of the clouds were taken not only from
planes but from the ground, including
time~lapse motion pictures with photo-
graphs every few seconds.

"Shortly before 8:30 a.m. on July 21,
1949, a single large cumulus cloud began
to form about 25 miles (40 kilometers) S
of the field station near Albuguergue in
a sky that was otherwiss cloudless. This
cloud wag located near the Manzanc Moun-
tains, and the silver-ipdide smoke had
been blowing from the N about 10 miles
per hour (4.5 meters per second} so that
it should have reachad the position of
the cloud,

"Batwaen 8:30 and 9:57 the cloud graw
in height slowly at the uniform rate of
160 fest per minute (.8l meters per Bac-
ond). At 9:57, when the top of the cloud
wag at 26,000 feet (7.8 kilometears)
{(temperature =23°C), the upward velocity
of the top of the cloud increased guite
suddanly, &o that the cloud rose 1200
feat per minute {6 meters per second)
until at 10512 it had reached 44,000
feet (13,2 kilometers) (temperature
-65°C) .

At 10:05, when the top of the cloud
was 36,000 feat (10,8 kilometers} {(tem-
perature -49°C), the first radar echo re-
turn was obtained from the cloud at an
altitude of 20,500 feet (6.2 kilometers)
(temperature -9°C), The distance given
by radar was 25 miles (40 kilometers) at
an azimuth of 165, which was exactly
where the cloud was found to be from
visual observations, The area of pre-
cipitation in the cloud was about one
square mile at that time and was deep
within the mass of the cloud, Within
four minutes, the precipiltation area had
increased to seven square miles (18
square kilometers), and within six min-
utes after the first echo appeared, the
precipitation had extended upward to
34,000 feet (10,2 kilometers), where the
temperature was -43°C.

"The chain reaction in this c¢loud
gtarted at low altitude at a time and
place which agreed well with the tra-
jectory of the silver-iodide amcke.

“the firast flash of lightning was seen
at 10:10, four minutes after the first
radar achg was detected. In all, per-
haps a dozen flashes of lightning formed
from this cloud, and very heavy rain was
seen to fall to the ground, The top of
the cloud moved towards the W, but the
lower part of the cloud, from which the
rain was falling, moved gradually to
the NE.

"At 10:45, a second cloud about eight
miles {13 kilometers) still further to
the NE developad a radar echo, and from
that time on during the day there was an
increasing number of rainstorms glving
vary heavy showers in the nelghborhood.
During the late afterncon 1.2 inches

{3 centimeters) of rain fell at the sta-
tion where the generator was located.
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The phenomena okserved near and at
Albuquerque from the ground and the
radio reports of excepticnally heavy
raln at Santa Fe gave immediatea evidence
of the success of this operation in pro-
ducing heavy rain.”

Langmuir's report then analyzes river
flow data and rain gauge data for the
reglon. In discussing the rain gauge
data, he says:

*The Weather Bureau observer with
Project Cirrus in New Mexico etated that
he ¢onsldered it possible or even prob-
able that seeding pperations carried on
there could have increased the naturally
occurring rain by five per cent, but cer-
tainly not more than 10 per cent. If
this were trua, it would be possible to
conclude that seeding cperations have
aconomic value only if experiments are
carried on many hundreds of days, and a
statistical analymis ig made of the rain-
fall data for all of these operations.t

*The rainfall data actually show, how-
ever, that the rainfall on both October
14, 1948, and July 21, 1949, was excep-
tionally high and could not have possi-
bly been accounted for as the result of
naturally occurrinz rain. This proof is
made by the analysis described in this
paper,

"The map of the State of New Mexico,
which represents about 120,000 square
miles (307,000 square kilometers), was
divided inte eight octants or 45° sec-
tors radlating out from Albuquerque.
Then concentrlc circles having radii of
30 (4.8 kilometers), 75 (120 kilometers),
and 125 (200 kilomaters} and 175 miles
(280 kilometers) were drawn on the map,
This divided the whole state into 27
reyions whose average distances and
directions from Albuquerque were known.

"By entering on the map for each of
these reglons the average rainfall for
Flights 45 and 110, a comparison could
be made of the distribution of the rain
on thosa two days, An objective way of
evaluating the similarity between such
two distributions is to employ the sta-
tistical device known as the correlation
coafficient, This was found in this
case to be +0.78 ¢ 0,076, The chance
that such a high value would occur among
these figures if one set of them were
shuffled giving a random distribution
on two days could thus hardly be the re-
sult of chance. There must be an under-
lying cause,

“We believe that the close simlilarity
in distribution is dapendent not only on
tha rather uniform synoptic situations
over the states that prevailed on these
days, but also depended on the fact that
on both days the probability of rainfall
depended on the nuclel that spread
radially out from Albuquerque, the

tA prophetic negative statement that now
appears to be the rule rather than the
exception.
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cohcentration decreasing as the distance
from Albuguergque lncreased.

“The next step was to Investigate just
what characteristics of thig distribu-
tion were so similar on these two days.
on each of the two days, nearly all of
the rain that fell occurred within four
uf the cight octants. If each sector
were divided into four to six parts ar-
ranyed radially so that + 1weh would con-
tain cqual numbers of ob' rving stations
{aboul eight per region), the analysis
showed that the average rainfall rose
vapidly Lo a maximum in intensity about
f0 miles (448 kilometers) from the point
ot seeding and that in each of the four
sevtors it decrgased regularly as the
distance fTrom the source of the silver-
rodide smoke increased. 1In fact, this
deeraase followed guite accurately equa-
tions (2) and {3), which indicated that
thue rainfall depended on the concentra-
tion of nuclei, and this, in turn, var-
i inversely in proportion to the dis=
Lance from the source.

“I'hiy analysis makes it possible to
suparale the effects of the artificial
silver=iodide nuclel from that of the
bavkgreund of sublimation nuclei that
were already present in the atmosphere.

".....We must conclude that nearly all
of the rainfall that occurred on Dctober
14, 1948, and July 21, 1949, was the
result of seedinc.

"The agreements between the intensity
of the average rainfall in separate re=-
yivns and the theoretical equations were
#o quod in cach of the four sectors on
vctober 14 and July 21 that the probabil-
ity factors [or each sector ranged from
10° to 10°, 7Taking all the octants to-
jether, the probablility factor rose to
about 10% to 1,

"lor each of the eight octants that
ygave appreciable rain, the rain started
progressively later as the distance from
the source of the silver iodide in-
creased,  The advaneing edge of the rain
arcea thus moved from Albuguergue on
July 21 at a velocity of about 14 miles
pur hour {6,] moters per second) and on
vdLlober 25 at a speed of about 25 miles
(1 hour (11 meters per second), These
velovities agree woll with the wind
velocitios obsorved at various altitudes.

"rhe methud of correlation coeffici-~
vt van be applied to the relation of the
time ol the start of the rain Lo the dis-
tance From Albuquerque.  This indicates
that there is another probability Factor
whivh ig the order of 10° to 1,

"lraking these resuvlts altogether, it
sectis to me we may say that the results
have proved conclusively that silver-
indide geeding produced practically all
ub the rain in the Btate of New Mexico
un both ot these days,

"L have net rentioned what happened on

the other duys.  The results, although
qomewhal aete conplicated due ko the
averleping the effoct of seecding on
SUC R v poare almost as striking
as those of Pliabas 4% amd 110, in which

we used silver-iodide sesding. Very high
probability factors are found, which help
confirm the results indicated by the
anazlysis of Flights 45 and 110,

"The total amounts of rain that fell in
the state on the two days as a result of
seeding were found to ba 800 million tons
on Qctober 14, 1948, and 1600 million
tona on July 21, 1949, If these unites
are not so familiar to you, I may say v
that on October 14, 1948, the total ]
amount of rain resulting from seeding
was 160 billion gallona and on July 21,

1949, 320 billion yallons,.

"Dr. Vonnegut hae measured the number
of effective aublimation nuclei produceg
by the type of silver-iodide smoke gen-
erator used in our New Mexico experi-
ments for each gram of silver iodide
used.....0ne thus finds that, to get a
30-percent chance of rain per day within
4 given area in Naw Mexico, the cost of

the silver iodide is only $1 for 4000
square miles {10,000 square kilometers}.
"If similar conditions prevailed over
the whole United States, the cost per
day to double the rainfall would be only
of the order of a couple of hundred dol-
lars. This verified an estimate that I
made in November, 1947, in an address
before the National Academy of Sciences
that 'a few pounds of gilvaer iodide would ;
be enough to nucleate all the air of the M
United States at one time, so that it 4
would contain one particle per cubic
inch (60 per liter), which is far more
than the number of ice nuclei which oc-
cur normally under natural conditions,*
Such a distribution of silver-iodide
nuclel 'in the atmosphere might perhaps
have a profound effect upon the cli-
matae', "

The report then discusses a new theory
which Langmuir had developed of the rate
of yrowth of snow crystals in super~-
cooled clouds containing known numbers
of sublimation nuclei, After a brief
exposition on the basis of this theory,
he says:

"From the probability theory of the
growth of showers from artificial nu~
cleation, one obtainas the result that
the total amount of rain produced by
operating a ground generator increases
in proportion to the square of the amount
of gilver lodide uged. Thus, with three
times as much silver iodide one would get
nine times the rainfall. The intensities
of the showers would be no greater, but
they would extend over a2 greater area.

B I I TR e

Viatually all aecent precipitation
augmintation experiments Arefute the
dramatic rainfall increases sug-
geated above. The effects induced

¥ ¢loud sceding have proven to be
exthemely complex, and they vary with
tocafe, season, stage of development
of a cloud, and the dominant paeeipi-
tation mechaniam(s) goveAnding ape-
cifée cfouds. T2 {a now known that
seeding can reduce rainjall (101}
s well o8 neAease 4t, with mexdmum

increases generally being of the
order of 10-20 peacent--Natiognal

Academy of Seciences RepoXT TIOT,

"It is very important that regqular
tests on certain salected days of each
week ba carried out throughout the year,
using amounts of seseding agents just
suffliciant to cbtain conclusive statis-
tical data as to their effectiveness in
producing widespread rain. It is to be
axpected that the rasults will vary
greatly in different parts of the
country, becausa of the changes in
synoptic situations,®

The significance of the two test proj-
ects at New Maxico is thus apparent.

They indicated not only the posaibilitias
of silver-iodide seeding from the ground,
but they suggested a widespread effect

on the weathar of the nation, And, as a
result, the project conductad some ex-
periments in perlodic seading which were
destined to have a profound=--and contro-
versial--significance.
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New Mexico Cumulus Before Seeding. ©On a July morning in 1950 near
Socorre, New Mexico, these small cumulus clouds at 15,000 feet were
the only ones to be seen, At 9:58 a.m. one of these clouds, about
15 miles from Socorro, was seeded by making one pass through it at

2,500 feet above the base with a spray nozzle silver iodide burner
in operation.
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Cumulus Cloud After Seeding. The cloud tops soon changed from

a hard white appearance to a grey cirrus-like structure,
minutes it had grown greatly in size.

In 20
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Fully Developed Seeded Cloud. The cloud continued to grow, and in
a little ovar an hour it had become a small thunderstorm, producing
rain. On the same day some distance away seeding with dry ice pro-
duced similar results.

Vil. PERIQDIC SEEDING

NEW MEXICO WORK

By this time, a rather close liaison
had been established with Workman and his
co-workers at the New Mexico School of
Mines. So, in view of the significance
of Langmuir's analysis cf the effects and
possibilitiea of silver-iodide ground
seeding, and in order to test as soon as
possible his ideas on periodic seeding,
a schedula of operations on this basis
was established without further ado at
New Mexico.,

Starting in December, 1%49, a silver-
lipdide ground-based generator was oper-
ated thars on a schedule o planned as
to introduce, if posaible, a seven-day
periodicity into the weather utycles of
the nation, Seeding was performed eight
hours a day on Tuesday, Wednesday and
Thursday of each week., Thia schedule of
regular waeekly pericdic geedings used
about 1000 grams of sllver ledide per
waek, and 1t continued with a few modi~
flcatiens until the middle of 1951.

Data were gathered by Falconer, and
almost immediately Langmuir found evi-
dences of a definite weekly periocdicity
in rainfall in tha Ohio River Basin.
again, he conducted an exhaustive analy-
sis of the facts and performed mathe-
matical calculations ko determine the
probabilities that these variations in
weather could have taken place by pure
chance.

He reported his findings and hig con-
clusions to the National Academy of
Sciences, October 12, 1950 (102); to the
American Meteorological Soclety of New
York City on January 30, 1951 (102);
and also to the New York Academy of
Sciences on October 23, 1951 (93)., He
pointed out that, during 1950, there was
a marked and statistically highly sig-
nificant seven-day pericdicity in many
weather elements., The significance was
so high, said he, that it could not be
explained on the basis of chance and
could not have gccurred from natural
cauges. The analysis involved not only
rainfall but also preasure, humidity,
cloudiness, and temperature over much of
the United Gtates.

in hie paper to the New York Academy of
Sciences (93), Langmuir said:

"Almost jimmediately, that is, during
December 1949 and January 1950, it was
noted that the rainfall in the Ohio
River Basin began to show a definite
weekly periodicity., A convenient way of
measuring the degree of pericdicity was
to calculate the correlation coefficient
CC between the rainfall on the syccessive
days during a 28-day period, with the
sine or the cosine of the time expressed
as fractions of a week, the phase bheing
taken to be 0 on-Sundays.

37

"Just before the start of the periodic
seedings, the correlation ceoefficient
CC{7} based on the seven average values
for the successive days of the week of
the 28-day pericd amounted to only 0,23,
but in the next 28-day period the value
of CC(7} rose to 0.91,

"Table 1 gives the average rainfall in
inchea per station day during 140 days
at 20 stations designed as Group A in
the Chio Valley Basin, representative oi
an area of about 600,000 square miles
(1,500,000 square kilometers}. The suc-
cessive rows correspond to five succes-
sive 2B-day periods, It will be noted
that the average rainfall on Monday was
0.272", whereag on Saturday it was only
0.064", a ratio of 4,3:1. The next to
the last column gives CC(28), the peri-
odic correlation coefficients for each
28=-day period, and the last column glives
the phases in the succesgive periods.
Taking the 35 zeparate values for the
4-waek averages given in the table, onc
gets CC{35) = 0.689 with a phase of
1.60 days. This result is statistically
highly significant.

"These periodicities in rainfall were
evident at almost any set of stations in
the northeastern part of the United
Statas, Table 2 gives the rainfall on
successive Tuesdays and Saturdays during
a l2-week period during the winter of
1949-1950 at Buffalo, Wilkes-Barre, and
Philadelphia., Thia periodicity is al-
most the same as that found in the Ohio
River Basin but with a one-day phase
lag. The striking contrast between thoc
total rains on Tuesdays and Saturdays
runs parallel to the total number of
days on which rains of 0.1" (2.5 milli-
meters) or more occurred on Tuesdays and
on Saturdays.

"Maps have been prepared giving for 24
successive 28-day periods the distribu-
tion of correlation coefficients, CC(28),
among 17 subdivisions of the United
States, these data being based on dally
weather reporta of 24-hour rainfall at
160 stations. During the first five
28-day periods there were always several
adjacent subdivisions that showed high
weekly periodiclties in rainfall, After
May 1950, however, the periodicities he-
came somewhat sporadic, although highly
significant periodicities over large
araas stil]l occurred during more than
half of the periods after July 1959.
Presumably the large amount of commer-~
cial silver-iodide seeding in the west.-
ern states (not done with a weekly
periodicity) masks the effects of the
periodic seedings in New Mexico, By a
map, the areas were shown in which known
saeding cperations have been carried on
in 1951, 1In 15 states west of the 35° W
meridian (excluding Texas) about 550,000
square miles (1,410,000 aquare kilome-
ters) or 37 percent of the total area ol
these states were under seeding con-
tracts during 1951.

"Maps for the months from December
1949 through 1950, taken from the
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Monthly Weather Review, illustrated the
distribution of abnormally large rain-
lalls over the United States, The heavy
raina nearly always occurred ln a band
extonding from the southwestern to the
northeastern states.

*An analysis of the pericdicity in the
rainfall induced by periodic seeding was
presented in a paper read Cctober 12,
1950, before the National ‘cademy of
Sgionces. ‘The greas havi a high weekly
periodicity were generally the same as
Lhose showing the highest abnormalities
in rainfall. Such heavy rains can only
cecur if the winds and the barometric
prossures cause an adeguate supply of
woisture to flow from the Gulf of Mexico.
The periodicities in the pressure differ-
ances between Corpus Christi and Jackson-
ville were studied. During the first
1490 days after seeding began, there was a
Iiighly significant weekly periodicity
indicating a periodic air flow from the
Gule,

"The upper air temperatures, even up to
the stratosphere, showed a high weekly
periodicity over more than half of the
United States. Nine stationa representa-
tive of an area of 1,300,000 square miles
(3,300,000 square kilometera) gave 950 mb
Lemperatures having CC(2B) greater than
0.5, These data were published, in de-
tail for Chicago and in summary for eight
other stations, in the Dec. issue of 'The
Bulletin of the American Meteorological
Society', and a statistical analysis was
given which proved that these pericdici-
ties were highly significant. Me. Wil-
liam Lewis and Mr. E. Wahl, Bull., Amer.
Met. Soc, 32:192-3 (1951), and Mr. Harry
Wexler, Chem, Eng., News 29:3933 (1951},
maintained, however, that these data on
the periodlcities in temperature were not
truly significant and similar weekly pe-
riodicities have frequently occurred in
the past.

"rhe degree of periodicity Iin upper-air
temperatures observed in 1950 during
April, July, and November shows a statis-
ticsl significance of a much higher order
of magnitude than those referred to by
Lewis, Wahl, and Wexler, 7To illustrate
this, an analysls has been made of the
temperatures at the 700 mb level at nine
stationsd in the United S5tates at the
inteozrsections of the 80, 90, and 100* W
meridians with the 35, 40, and 45%° N
parallels.

"The value of CC{28) at these nine
points of intersection ranged from 0,50
to 0.8%, The area represented is 1.5
million square milea (3,B00,000 syuare
kilometers) .,

"Recant ly we have extended this yrid
of regularly spacved staticns to include
the intersections of the 45°N parallel
with the 70*W and 110°W meridians, these
points giving CC values of 0.66 and 0.65
raspaclively., ''he 30°N, BD°W intersec-

tion just of [ Jackvonville, Flexida, alsc
gave a vreriedation of 0,65, We thus have
an ared of twiz million square miles or
2/3 of ke Lrea of the tinited Statos in

which CC{28) exceeds 0.50 with a mean
value of CC(2B) = 0.67,

"We have also examined these periodic-
ities at corresponding points for pre-
ceding and feor following pericds. The
25-day period in May showed low correla-
tions. On the other hand, the two pre-
ceding periods gave highl{ significant
valuea. Apparently the high periocdicity
in the upper air temperatures started
about January 25, 1950, and continued on
until about May 1, 1950, covering an
average area of about half of the United
States.

“For the nine points of intersection
during a 28-day period in April, 1950,
the total variance of the temparature
wag determined by taking the total sume
of the squares of the deviations of
these temperatures from their mean and
dividing by 27, the number of degrees of
freedom. The data obtained in this way
are called the 'total variance', By
multiplying thess values for each of the
nine stations by the corresponding
square of the correlation coefficient
cC(28), one obtained the ‘'periodic com-
ponent of the variance',

YExactly similaz calculations waere
made for a 28-day period in April, 1949,
when there was no pericdic seeding,....
The average values for all these nine
points show that the 'periodic variance'
in 1950 was 18 times as great as in 1949.

"Table 4 gives the corresponding
values of the 'residual component of
variance' obtained by subtracting the
‘period variance' from the 'total vari-
ance'. These data then indicate how all
the cther kinds of pericdicities, be-
side the seven-day periodicity, compared
with one another in the two years, It
wili be seen that there is only about
10 percent difference between the aver-
age variance of this type for 1950 and
1949,

“It seems, therefore, that the temper-
ature fluctuations in 1950 essentially
differed from those in 1949 only in the
superimposition of an extremely high
seven-day periodicity.”

As indicated in this extract,
Langmuir's conclusions were contested
by tepresentatives of the United States
Weather Bureau.

EASTERM U, 5, WORK

1n addition te the periocdic seeding
cunducted in New Mexico, similar seeding
wag initjiated in the Schoharie Valley,
New York, and at the base of Mount
Washington, An interesting result of
the seeding at Mount Washington was cb-
served by Joseph B, Dodge, who has
charge of the Appalachian Mountain Club
lodges in the White Mountains for skiers
and mountain climbers. Dodge, who knew
nothing of the seeding, pointed out
that, judging by the maps of snow cover-~
aye in Maine and New Hampshire there
wotre: two bands of snow running at a

diverging angle in the direction of those
two states and coming to a point back at
Mount Washington. This was a season in
which there was not much snow, but along
the line of these two bands there had
bean exceptionally heavy snow. The re-
gults of further study indicated that the
lack of snow may have bean caused by
overseading, but that along the two lines
of heavy snow there had besn just a light
asount of seeding.

LATER PERIODICITY

Early in 1952, during the vourse of
their normal analysses of weather condi-
tions throughout the United States,
Falconer and Maynard again found evidence
of periodicity. Purther study showed
that tha pariodicity was on a seven-day
basis and that it progressed regularly
from wast to east. The. correlation
coafficients wers calculated by Maynard
and found generally to be of a very high
order. For one 28-day perlod the corre-
lation coefficient was the highest so far
obtained for the country as a whole.

It was thought possible that thls phe-
nomenon Might be caused by a corraspond-
ing periodicity in the commercial seed-
ing going on in various parts of the
wegt, Inasmuch as the periodicity in the
weather progressed uniformly across the
United States, it was possible to trace
it on a map back to a likely point of
orlgin. The commercial seeding organiza-
tion active in that area was then asked
by Schaesfer for a schedule of its seed-
ing operations, which it willingly fur-
nished, It was found that the commer-
clal seeding had a periodicity corre-
gponding to that observed in the weather,
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Langmuir, in analyzing the data thus
obtained, cbserved that it would be
difficult to determine cause and effect.
In other words, it would be difficult to
know whether the periodicity in weather
wag caused by periodic seeding or vice
versa, for commercial seeding crganiza-
tions generally do not seed at any ran-
dom time but rather choose for seeding
those days when weather conditlons are
e:opitioul. If the conditions are

good" for the production of rain,. the
erator seeds. As a result, although
it might rain naturally, the seeding may
increase the quantity of rain--and it
may produce raln when none would have
fallen naturally. On the other hand, if
conditions are not right for rain, the
oparator does not seed, for seading will
net produce raln except when meteorclogi-
cal conditions are suitable,

Meanwhile, F. H, Hawkins, Jr,, of the
U, 5, Weather Bureau, in the May 1952
iasue of the Monthly Weather Review,
called attention to the same periodicity
and stated that, as far as could be de-
termined, no geeding which was under way
that spring could compare in periodicity
with the marked spacing of rainfall at
that time,

Langmuir, however, examined the data on
western seeding operations and was able
to show that the ocbserved periodicity in
weather conditions coincided with the
schedule of commercial operations. He
reported his findings to this effect at
the annual meeting of the Institute of
Mathematical Statistics in East Lansing,
Michigan, on September 4, 1952,
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desk at the time of Project Cirrus,

Irving Langmuir at his

YIII. HURRICANES AND FOREST FIRES

In addition to the normal studies and
tests with which Project Clrrus concerned
itself, there were two additional activi-
tiea in which it engaged early in its
history. One was a astudy of tropical
hurricanes and the cother, an attempt to
cause rain in & forest-fire area, Both
took place in 1947,

HURRICANE STUDY

The hurricane study was planned by the
various participating goverament agencies
for the purpose of determining whether
seeding operations could be carried out
in such storms. These agencies hoped
that the experience thus gained would
permit the planning of further oparations
in the future, with the hope of possibly
steering or in other ways modifying
tropical hurricanes.

It wae planned to study a "young® atorm
43 soon as posaible aftar it had assumed
the form of a hurricane. A group of
General Electric persennel was reguested
to act as consultants on these opera-
tions,

After a week of intenmive organization
and briefing, both groups were maintained
in “atand-by" position, but the season
progressed for some time without any
suitable storms occurring, Finally on
October 10, 1947, word was flashed from
Miami, Florida, that a storm was forming
below Swan Island in the Caribbean Sea.
Plans were immediately activated, and
the next evening the project's two B-17's
ware at Mobile, Alabama, The atorm had
travelad with such high speed, however,
that by that time it was crossing Florida.
The unit flew to MacDill Field, Florida,
the next day, joining forces with the
53rd Weather Reconnalssance group, Plans
were laid for take-off early in the morn-
ing of October 13. The storm was ex-
pectad to be from 480 to 640 kilometers
east of Florida by that time,

The following account of the observed
features of the storm, the seeding op-
eration, and chserved affects was pre-
pared by Lt. Com. Daniel F, Rex, at that
%%g? chairman of the Operations Group

"The storm consisted of an eye approxi-
mately 30 miles (48 kilometers) in
diamater, surrounded by a thick wall of
Clouds extending from about 500 feet
{240 metars} up into the cirrus overeast
at 20,000 fest (6 kilometers) and baing
some 30-50 miles (48-80 kilomsters) thick
radially, Several decks (4 or 3) of
stratified shelf clouds extended out from
the outer wall, the upper-most deck hav-
ing tops at 10,000 feet (3 kilometers).
These shelf c¢louda appeared as large
areas (100-200 square miles) (250-50p
Square kilometers) of solid, thin (1000~
2000 feet thick} (300-600 meters)

undercast, separated by large breaks
through which the surface was oftan
visible. An exceedingly active squall
line, appearing as an almost continuous
line of cumulonimbus with cirrus tops to
an estimated 60,000 feet {18 kilometers),
was observed as a spiral extending out
from the center-bage at 20,000 feat (%
kilometers} near the outer wall, lifting
to 35,000 feet (10.5 kilometers) at the
aedge.

"Approach to the storm center was ef-
fected from the southwest, this course
bringing the group into the storm's
right rear quadrant. After a brief re-
connaissancea flight around the outer
wall, the dacimion was made to seed a
track over the uppermost cloud shelf and
at a distance from the center sufficient
to permit the control airecraft to fly
contact 5000 feet (1.5 xilometers) above
the seeding alrcraft,

"A formation intrail was used, with the
seeding aircraft (B-17 No, 5560) leading
at cloud top level. The photoraconnais-
sance aircraft (B-17 No. 7746) followed
the seed ship, 3000 feet (.9 kilometers}
above and 1/2 mile (.B kilometera)
agtern, with the contrsl aircraft (B-29%
No. B16) trailing 500 feet (150 meters)
above and 15-20 miles (24-32 kilometers)
astern.

"Seeding commenced at 29.8 degrees
North, 74.9 degrees West at 11138 EST at
an altitude of 19,200 feet (5.8 kilome=
ters), the cutside air temparature being
approximately ~5°C. Continuous seeding
was effected along a straight course to
30.2 degrees N, 73.9 degrees W, thence
to 30.8 degrees N, 73,1 degrees W, at
which point {12:08 EST) seeding was
stopped. During this 30-minute period
80 pounds (36 kilograms) of solid carbon
dioxide was dispensed along the 110-mile
(180 kilometer) track. In addition, two
masa dropsa of 50 pounds (22 kilograms)
each were made into a large cumulus top
at 30.7 degrees N, 73,4 degrees W,

"Upon completion of this phase, all
planes {law a reverse course back along
the seeded track, taking visual and
photographic observations. No attempt
waa made to penetrata through the wall
of the storm into the eye or to mead in
or near the above-menticned squall line,
owing to the failure of the group's hom=
ing aids (radio, compass, and visual
flares). It was thought that such an
attempt, although desirable, would likely
result in a separation of the aircrafe,
with subsequent abortion of the primary
misaion.

"Visual observation of the seeded area
showed a pronounced modification of the
cloud deck sesdsd., No organized trough
was observad; rather, the overcast pre-~
viously obssrved appeared as an area of
widely scattered snow clouds. Tha dis-
turbed area coverad perhaps 300 square
miles (770 square kilometers), No con-
vective activity was amen to follow the
seeding proceas at any time during the
mission.®
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In addition to this account by Rex, the
following brief conclusiuns were pre-
pared, after the test, by Schaefer, who
carrivd cn ubservations from the B-29
{103) .

"l. Many suvitable clouds for seeding
vperations occur In this type of hurri-
cane,

"2. The seading operation produced an
area showing snow showers "nd stable
snow cleuds with light rai  in the above-
{reezing region. The stab. . snow clouds
coverced considerable area and might have
jersisted long encugh to affect other
suparceoled clouds. I concur with the
vstimate of Commandar Rex that about 300
syuare miles {770 square kilometers)
showed medification due to seeding opera-
Lion,

3, The region where profound effects
wight have been produced was in the ex-
tremely active sguall line mentioned by
(ommnander Rex. This was not attempted
for the reasons indicated,

“4, No build-ups were seen following
the seeding operation, This was to be
expegtad, owing to the thin character of
the supercooled clouds alony the seeding
path,

"5, Owing to the complex structure of
this 'old' storm, it is believed that a
‘young' hurricane would provide much more
satisfactory data for estimating the ef-
fect of seeding operations.

"6. The operation pointed out the im-
portance of making future studies a part
of the hurricane reconnaissance program.
Lxparimental seeding should be wade by a
yroup guite familiar with the structure
of the particular storm, stationed in
fairly close proximity, so that a num-
ber of forays would be made in rapid
SuCCesBsion.

“While the hurricane study project se-
cured important information and provided
excellent training for the Project Cirrus
personnel, the time required for planning
such an operation and in analyzing the
data raises the question of whether the
results justify further activities of
thig kind by this particular group until
the urgent and much simpler operations
are completed at Schenectady.”

Langmuir made some interesting cbserva-
tions with regard to the nature of the
hurricane (1). Speaking of the results
of the seeding test, he said: "The main
thing that we learn from this flight is
that we need to know encrmously more
than we do at prescent about hurricanes,”
tle concluded:

"It seoms to me that next year's pro-
gram should be to study hurricanes away
from land, maybe out considerably beyond
Bermuda, cut in the middle of the At=
fantic...,.l think the chances are ex-
cellent that, with increased knowledyge,
we should be able to abolish the evil
rn[focts of these hurricanes.™

An dntenvsting feature of the
secdinyg vapeaemend was that the
hurnecane changed (3 mofion from

a wuntheastealy Lo« weslerly course
that took {t acaoss Lthe coast into
Georgia. Conceivably this unusual
beghavion may have been the resuld
of the seading; howevex, an analysis
by Mook, et ab, (104}, Augﬂeeta
cZat the taack was ",....the noamal
outcome of accoempanying anomalies
in the generat eirculation.,...”

Fifteen yeans wene Lo elapie be-
fore a concerted field program Lo
assess hunnicane abatement was
Paunched, 1In 1967 Project Stoam-
funy--n joint Depaniment ¢f Com-
meAace {NéAA] and Pepartment of
Pefense (Navy) program--was foamed
with its princdipal objeclive experd-
mentation to neduce the intensity
of huraicanes. Faom 1982 Lo 1971,
only thaee hurricanes were seeded
because of rigid safety paccautiond
imposed ox wher and wheae a Lropi-
eat stoam could be seeded. Hurxi-
cane Debbie, seeded on 18 and 20
August 1969, gave some evidence of
responding Xo the treatment by a
measured decrease in maxdmum wind
vebocity un both days {105}, An
etabonate system of seeding and
monitoning such atoams has been
develvped as well as numexrdical
modeds [106) 2o adid in inteapret-
ing the results,

OPERATION RED

On October 2%, 1947, a flight opera-
tion was carried out in Vermont and New
Hampshire. At that time severe forest
fires were raglng uncontrolled in vari-
ous parts of New England. Although it
was not the policy of Project Cirrus to
carry out such a widespread operation,
it was felt that it would he worth the
additional effort required to make such

a flight for the experience to be gained,

particularly since it would be poasible
to use Schenectady as the base of opera-
tions.

The flight was well planned from an
operational point of view, but the re-
sults were not spectacular, because of
the absence over much of the area of
suitable clouds--contrary to a forecast
the previous day. Instead of encountar-
ing & clioud deck at 5.4 kilcmeters as
indicated by the forecast, the top of
the stratus was about 3 kilometers, with
isclated cumuluys reaching a maxitum of
about 4.2 kilometers.

Seeding operations were carried out by
twe B-17's, the one normally in use by
Project Cirrus and ancther furnished by
Major Keating of Olmsted Field of the
Signal Corps Weathaer Squadron. The slte
of operation was over some of the
stratus near Montpeller, Vermont, and in
the cumulus developments. Practically
all cf the latter showed the effect of
seeding after five to eight minutes,
Subseguent reports indicated the devel-
opment of some fairly intense local
showors along the flight path.

-

The next day word was received from
Alan Bemis of the Massachusetts Institute
of Technolegy Radar Research Group that
there had been a sudden increase in radar
achoes in the vicinity of Concord, New
Hampshire shortly after the seeding runs,
Fortunately Bemis had learned of the pro-
posed operations and had mada it a polint
to cbtain complete radar coverage of the
area in which the two planes cperated.

He subsequently supplied the Cperations
Group with a reel of 35-mm f£ilm of the

radar scopes as recorded his group on
October 29, i ,g i

Clear Air Seeding,
with respect to ice but unsaturated
can produce ice ecrystal cloud format
dispensing crushed dry ice under such conditions.
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The results obtained by the radar group
under Bemis emphasized to the members of
Project Cirrus the effectiveness of this
type of instrumentation as an adjunct to
their cloud-modification studies, It
raised the hope that a close relationship
between the two research groups might be
effected,

In the opinien of Langmuir the result
wag inconclusive, because scattered
showers began to form that day, starting
about one or twe hours before Project
Cirrus aesded,

When the moisture in the atmosphere is supersaturated

yith respect to liquid water, seeding
ion.

These clouds were produced by
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i i ! t five miles in
Clear Air Seeding. "This cloud of ice crystals, abou i
diameter, was produced by releasing silver fodide from a B-17 air
plane at an attitude of 25,800 feet.

[X, COOPERATION WITH OTHER PROJECTS

It was only natural that the activities
of Project Cirrus should stimulare others
to undertake #xperiments in cloud seed-
ing., Considerable publicity resulted
from Schaefer's historic snow-making
flight over Pittsfield in November, 1946,
and the fact that tha Rasearch Laboratory
of the General Electric Company was in-
volved took the affair out of the class
of cheap gensationalism ané provided a
background of authenticity that provoked
the intereat of scientists and weather
students tha world over, az well as
others with varying motives, Continuing
publicity of further General Blectric and
Project Clrrus weather research and ax-
periment caused further interest, Many
inquiries were received asking fer infor-
matien in general. and assistance in par-
ticular, in connection with specific
projects. No attempt will be made to
list all of these, but szeome are of par-
ticular interest.

PINEAPPLE RESEARCH INSTITUTE,
HONOLULU, HAWAIL]

On March 24, 1947, a request for dry-
ice seeding techniques was received from
the Pineapple Institute of Honolulu,
Hawaii, Although the records do not show
it, presumably the information was needed
because of the importance of rain on
pineapple growing in Hawaii, and the
Institute wanted to keep abreast of any
developmants,

At any rate, available information was
supplied by Project Cirrus. Later news-
baper accounts were received at Schenec-
tady describing experiments carried out
over the island of Molokai in 1947 by
Dr, Luna B, Leopold and Mr. Maurice
Halstead. Still later, copies of a pre-
liminary report (107) were received from
these men, describing interesting results
obtained by dumping dry ice into cumulus
¢louds having a temperature above the
freezing point. As described previously
(p. 27}, this led to Langmuir's famous
theory of the chain reaction of a rain-
storm,

MILLIKEN AND FARWELL
MOBILE, ALABAMA

For two or threec aseasons, some time
about 1947 or 1948, experiments were con-
ducted in the cloud seeding of thunder-
storma with dry ice by the firm of
Millixen & Farwell, a sugar company of
Mobile, Alabama, Activities concentrated
on big cumulus clouds in the neighborhood
of the Missigsippi delta. Information
was requested from Project Cirrus, and
Langmuiy cooparated actively. He later
reported very interesting results and
sdid the photographs taken were the best
he had ever geen.
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UNITED FRUIT COMPANY, HOKDURAS

On preceding pages an account was
given of the work done by Joe Silver-
thorne in aeeding cliouds for the United
Fruit Company in Honduras. This work
wag carried on for the purpose of test~
ing the pomesibility of controlling rain-
fall, and particularly in the hope of
stopping blow-downs that result from
winds asspciated with thunderstorms,
which cccasionally destroy large stands
of fruit treas,

Langmuir visited Honduras in 1948 and
1949 and cooparated actively with
Silvertherne. His observations con-
vinced him of the effectivenessz of
single pellets of dry ice in modlfying
large cumulus clouds; almost always the
cleuds could be profoundly modified with
single pellets (69).

NEW YORK CITY WATER SHORTAGE

This famous case received a great deal
of publicity, In order te keap the
record straight as to what happened and
the part played by Projact Cirrus, a
brief account of the case, as told by
Langmuir, is incorporated.

Although the work was done by and for
New York City, it was another case of
General Electric having some connection
with the activity, When Langmuir pre-
sented a paper on weather modification
to the American Meteorclogical Society
in New York in 1950, Mew York was in the
midst of a water shortage. At a news
conference assoclated with the AMS meet-~
ing, newsmen asked Langmuir if seeding
could be of any use in alleviating New
York's water shortage. He replied that
he knew nothing about New York; his
only experience had been in the west,

The newsmen then asked what Langmuir
would advise for MWew York. He replied
that the best thing for New York to do
would be to get a good meteorclogist and
have him leok into it. That advice was
reported by the New York Herald Tribune.
Later, when the supply of water was be-
coming less and less, this paper ran an
editorial saying that things were get-
ting desperate and that it was up to the
city to do something about it, Seeding
was mentioned in the editorial, and also
Langmuir's advice to get a good meteor-
clogist,

As a result, Stephen Carney, then New
York's water commissioner, got in touch
with Langmuir and arranged for a meeting,
Carney and two others visited Schenec-
tady. Schaefer recommended Dr. Wallace
E. Howell, director of the Mount Wash-
ington Observatory, who had been actively
associated with Project Cirrus and the
General Electric sciantists even before
the project started, Howell's services
were retalned as a result.

Howell's experiments have never been
published, and opinions vary about the
results obtained. An interesting result



wan o group of lawsuits totaling in the
neighborhond of $2,000,000, The possi-
bility of such suits had been mentioned
in the general discussions which preceded
(he actuil seeding, and at that time
Langmuir had commeated that it weuld be
wntipely possible that such suite would
beo elicap compared with the rasults which

might be obtained, The city, he said,
il dlready beeh committed “o spend
SHU0,000,000 to add from 2 to 30% more

water Lo ils available supp y, and if
thoy copld get as little as 20% more
water by seeding, it would be worth the
42,000,000 and any interest on it.

COMMERCLAL SEEDING 1IN THE WEST

A tremendous amount of interest in the
posgibilities of controlling precipita-
Lion was arcused in the west, especially
in the great agricultural regions where
an adequate supply of water is highly
impurtant and a drought can have cata-
strophic consequences. Many cooperative
groups of wator users were formed, and
vryanizations sprang uwp for the purpose
uf congaging in cloud seeding on a commer-
¢ial basis. At the time of writing (May,
1952), some l.4 million square kilometers
of the United States west of the Mississ-
ippi were subject to cloud seeding by
conmercial operators, according to cur-
rent ¢stimates (News release, James
stokley, for release May 12, 1952).

Although many private individuals have
undertaken to do their own seeding, most
1 this werk has been <done by a small
numbor nf commercial organizations., Top-
ping the list is the Water Resources
Development Corperation, with offices in
enver, Colorado, and Pasadena, Califor-
nia, whoge rainmaking contracts were re-
ported to cover an area of over 1.2
willion square kilometers, or about 12
timeg the area under irrigation in the
United States, “"Farmers and ranchers
paid millions of dollars for the services
of this organization, which contemplates
extending lts operations to Central
America, South America, South Africa and
Furgpe,"t Others include the Precipita-
tion Control Company, Phuenix, Arizeona;
North American Weather Consultants,
tagadena, Caltifornia; Olson & Taylor
t'orporation, Shelby, Montana; and
Wallare B, Howell Associates, Cambridye,
Massachusetts.

50 many and so active are the organi-
zations for this purposc, that theve has
been some concern over the effects of
introducing such gquantities of sllver
1inlide into the atmusphere. Studics by
Lthe Research Group of the project indi-
cated that silver indide can continue in

Hrage 2, Senste report #1514 (5127521 on
“Creating an R Ivisory Commitbee to Study
and Evaluate bigworiments in Weather Modi-
ticatjon.”

the atmosphere for an almost indefinite
period, and although its usefulness can
be inhibited by sunlight, the practical
vifocts of such photochemical decay are
hot signiticant when the silver iodide
is within or below the clouds, Pinally,
the described analywes and calculaticna
of Langmuir indicate that periodic
s5itver-iodide seeding in New Mexico pro-
duced a tendency toward periodic rain-
Fall and temperature fluctuations that
extended significantly all over the
United States. Currently, some members
of the Research Group feel that there is
a definite pessibility that some abnor-
mal flocd conditicns of recent years
have beun caused, at least to a con-
tributing degree, by commercial seeding
operations in the west.

Few cloud physicdists would sub-
senibe to this view today; precipi-
tation incaeases by seeding are far
mone modest Lhan ther supposed.

The Rapid City, South Dakota, §Loed
of 1972, when neanby seeding was
unden way, brought this quediion
info sharp gocus (108},

In addition to the commercial opera-
tors, who seed for the benefit of others,
at least one electric power company has
Adone extensive work in this fiald for
1ts own benefit., This is the California
Llectric Power Company of Riverside,
valifornia. This company's use of seed-
ing stems from Lts concern over an ade-
quate supply of water to operate its
hydroelectric generating stations., Not
unly docs it credit the seeding with
increasing its hydroelectric output by
many millions of kilowatt-hours, but it
also declares it has produced millions
of extra tons of water for the clty of
Los Angecles,

Interesting cloud-seeding experiments
were also conducted by John A, Battle,
consulting meteorclogist of Beaumont,
California, in California, for the San
Piego County Weather Corporation and the
Santa Ana River Weather Corporation.

The exporiments were conducted over the
entire area of San Diago County plus the
Santa Ana River drainage area in Orange,
Riverside and San Bernardino Counties.
Thr two corporations responsible repre-
sented various water agencies in those
regions, where the relative scarcity of
water makes any possibility of increasing
Lhe annual rainfall attractive,

Silver iodide was used in the seeding.
Unseeded arecas were used for control
zunen, in comparison with seeded areas.
About 20 percent more rain fell in the
target area than in the control area;
in other words, 1,7 billion cubic maters
of additional water, Statlstical apaly-
sog indicated that the chances that the
¢loud seeding did net have a positive
efroit on the measurad precipitation
varicod anywhere from t in 12 to 1 in
10,000, depending on the area invelved
[RELE AN
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Much ¢f the cloud seeding curncntly
taking place in this country i sLLEE
concentrated {n the west, where the
need gon wzten {8 more acute, For
example, the Bureau of Reclamation Tuteanational Con en nW
initiated a 5-yean pifet program ia Modification wa: Ei?d %ﬁ ganb:ﬁﬁﬁen
soathwes tean Colyrada {n 1970 fu Australia, attesling tv the woald:
deteamine whether the winten snowpack wide intereat in the subject, Two
could be incheased to add to the §2ow subsequent intexnational weathen
of the Colonade Riven (110]. This madiﬁication conferenced, dponsored
nivenr paovides water fox seven states by the Wonld Meteorolo ical Organiza-
and, by treaty, the countny of tion, wene held in Tashkent, USSR,
Mexice, Prion cxﬁen4mznt4 in Colorado in Octoben 1973 (400 participants
IRERE! 4uggested that a 163 increase were patsentd nepresenting some 18
lon 2.5 mellion ache-feet] {3 X 10? natiaons}, end in Boutdea, Colorade,
cubie metens) of water could be in July 1976 with high paxticipation,
added Lo the Coforado Rivea Basdin. The WMG i3 now plarning an inter~
national field expeaiment Lo assess
the rain-making potential in a
counlry with marginal nainfalé--
the so-calfed Precipitation Enkance-
ment Program {112),

These and many more countries dae
now engaged {n various theoretical
and experimental siudies of weather
modigication, In 1971 the first

WORK OF OTHER GOVERNMENTS

Active research in cloud seading has
been carried on in many foreign coun-
tries. Again, the work was stimulated by
the reports of successful tests made by
Project Cirrus, and in virtually all
cases the foreign work was based on in-
formation either obtained by direct
contact with Project Cirrus or through
the study of publighed data. Among the
foreign countries engaged in such work
are Canada, Cuba, Peru, England, ¥France,
Sw*tzerland, Israel, Algeria, Tanganyika,
Union of South Africa, Formosa, Japan,
and Australia,

HOLES FOR
THERMOCOUPLE ETC,
~TOP PLATE
“ " —SILIGONE PUTTY SEAL
\\ [™~wATER sUPPLY

\\‘Q\\\\\:{le DA PLATE GLASS WaLLS
\\:\\\n\\ \\\ //’ﬁggdﬁ#nuup
\\\\ §é§§§§§§§if ’/":::1 _fﬂ?”° WIRE

e

V-
S \\\ NP Al
Y : N {Q\}Q N ‘t’

- EENNAFT PN, 4l —INSULATED BOX
N \iktbs\\q‘\\\‘:?}i BN
r\,: \\\\\\‘\\\i ‘:’\' SIDE WALLS
\ |‘ \\\ \\ T
W . \\E\Q§> P\

N . L DRY ICE

)
. -~ ICE SEAL
(:::> NN <

—
[

e r " S 80TToM mLaTe
[ N l-", [—SAMPLING ROD
\II L")

AN o} A ] HERT SNk
Py R
B y
T4 /95( 222 TITIAN ¢
. /; ' r r .
vh z{\_r\,,,.“_,//\\I/\/\,’r‘—lu‘ RS

Continuous Cloud Chamber



44

Hacel rack patlern appierimately 20 miles long pgoduced ?y drogpt:g
crushiod diy ico train an airplane.  The safety pin like loop a he.
mear vind ot Lhe patlern resulited when the dry ice‘digpenser w:s{ n
adverient Iy lelt running as the airplane began climbing to attain
Al it ode T which ta photograph the results,

X. CONCLUSIONS

Contract DA36-039~8c~15345 (the last in
the series) terminated September 10,
1952, after a little over five years of
the active lifs of Project Cirrua as a
government-sponsored activity, By that
time all the early exploratory phases of
cloud seeding and allied research con-
cerned with the physics of clouds were
virtually complete. So many other re-
search projects had been stimulated that
continued progress in the search for new
baslc knowledge of weather phencmena
geems asaured,

OYER-ALL RESULTS

It is not, of course, easy to predict
the ultimate regults of the work done by
Project Cirrus. But it Beems certain
that the pioneering and spactacular work
of the General Electric scientists jin
cloud physics, cloud seeding and weather
modification will eventually have & pro-
found influence on domestic and world
aconomics.

S5ays the report accompanying Senate
Bill 2225:

“Lf practical, weather c¢ontrol promises
tremendous benefits for a small invest-
ment. Research work in the field in-
volves no test plants or production
facilities and very little expensive
equipment., The seeading agents, carbon
dioxide or silver iodide, are inexpen-
sive, yet when ugsed in small gquantities
they apparently produce weather phenomena
of the highest magnitude. If these phe=
homena cause only a small increase in
preclpitation, this small increase can be
economically important.

"An inch of rain, converted into runoff
and concentrated into a reservoir, can
produce electric power worth hundreds of
thousands of dollars. A small fraction
of an inch of extra rain, falling on
cropgs during the period of germination,
can greatly increase crop ylelds. But
artificial nucleation may have useful po-
tentialities in addition to that of
stimulating rainfall., It may have pos-
sibilities for increasing snowpack in
mountainous areas, for holding back and
'scftening' rainstorms, thereby reducing
S0il erosion, for inhibiting hall, for
breaking up hurricanes, and for precipi-
tating out and thereby cutting holes in
clouds so that aircraft can operate.”

Some of the possibilities inherent in
¢loud seeding as evaluated by Project
Cirrus scientists follow:

Widespread Weather Modification. The
results of the varicus New Mexico tests,
¢oupled with observations of the affects
of other ground seeding with silver io-
dide, point to significant possibilities
in the widespread modifying of weathar
conditions., Such work could eaeily have
profound economic, political, and milj-
tary effect.
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Modifying Orographic Clouds, Oro-
graphic clouds, wEEcE form as moist air
is forced to rimse when it encountars a
barrier such as a mountain range, are
very common in mountainous regions, and
they often form continuously for many
days. Relatively little precipitation
from them reaches the earth, except as
rime deposits on trees and rocks or as
scattered snow crystala. 1f taechniques
could be devisad to cause a widespread
and effective precipitation of such
¢louds, the depth of the snow pack in the
vicinity of mountains might be markedly
increased. Such a result would be of
much importance, since the snow pack on
mountain slopes is vary valuable in
stabilizing the streams which flow from
guch regions, fThese streams are impor-
tant for electric power and water supply.
(See contribution to this knowledge by
Califgrnia Electric Pgwer Co., p. TO.L

Producing Regions of Ice Nuclei, The
productionof BIgh conetnbratioms of ice
nuclei or potential ice nuclei in spe-
cific regione of the free atmosphere is
an interesting possibility. Cold middle
clouds, even though having no appreciable
moisture, may ba used as "holding reser-
voirs" to store ice crystals until they
come into coantact with lower ¢louds of
greater thickness or are entrained into
¢ool or cold cumulus.

An example of this type of seeding oc-
curred during the hurricane prodect in
October, 1947 (p. 41). A relatively thin
iayer of stratus clouds covering an area
of nearly 770 equare kilometers was
transformed to snow crystals. The sub-
sequent fate of the crystals is still a
moot question, but 1if a considerable num~
ber of them had been entrained into the
lower levela of a line of towering cumu-
lus cbgerved during the flight and situ-
ated in the southeast quadrant of the
storm, the entrainment might have exer-
ciged a profound effact on the subsequent
development of those cumulus ¢louds,

Similarly, the ice crystal rasidue from
seeded, but small, cumulus clouds may be
antrained at a low lavel into much larger
cumulus forming in their vicinity. In
this way, an effect of considerabla mag-
nitude i3 produced as the supercoonled
regiona are injected at a lower level
than would otherwise be possibla,

It will take much careful atudy to es-
tablish methods for utilizing this type
of seeding, Evantually, it may become
of great importance.

Modifying Stratiform Clouds. The
widespread modification of stratus
clouds by artificial means is possible
at the pregent time whenever =much clouds
are supercocled, Under such conditions,
the clouds may be either further stabil~
ized by overseeding, or precipitation
may be triggered by using the optimum
number of ice nuclei. Observed results
of the seeding of stratus ¢louds indi-
cate that holea can be made by this
mathod, which is bound to be of value
in aircraft operations,



Modifying Supercooled Ground Fogs.
Supercooieg ground fogs Yormed by advec-
tion or radiation may be modified and
even dispersed if care lg exerciged to
prevent overseeding, Too high a concen-—
tration of ice nuclei introduced into
such foygs might actually make the fogs
WOLSE .

Ay previovus by ment aned, the
clearing vf superncoc d fogd has
been accomplfisdhed at everal aix-
ponts around Lthe wonld with modest
ampunts o4 nucleating agents. In
theory one shoufd be able to over-
4eed a supencoofed fog and make 40
many Limy cxysials that fhey remain
suspended and wonden fog visibid-
ity, 1wm practice, however, if has
proven difficult or impossible Lo
overseed fegs, on clouds, even
with extremely fange quantities of
dry dice on 4iluer i{odide, T4 ap-
pears that suffjicient caystal growth
sL4 L oceuns and thai eaystal-
caystal agghegation Lo form largen
?all?ng snowgfakes can take place

113).

The prevention of the formation of ice
fog is another possibility from the
proper manipulation cof seeding tech~-
niques., By introducing an optimum num-
ker of sublimation nucleil into the air
in regions where such fogs are trouble-
some, it may be possible to continuously
remove from the alr the moisture respon-
sible for the formation of thie inter-
esting but often troublesome type of
vground fog.

The ice crystals generated in the
vortices of airplane propellers plus the
moisture added to the air by the combus-
tion exhaust of the plane are the causes
which generally lead to the formation of
ice fogs at ajrports. Whether the re-
moval of supersaturation with respect to
ice by seeding methods will be of suffi-
cient magnitude to prevent the ice~
fogging effects produced by plane opera-
tions can be determined most conclusively
by actual experiment.

Protection of Aircraft. There is no
question aboul being able to modify ic-
ing clouds in the vicinities of airports
and along heavily traveled air lanes.
The problem rather, is whether it may
have a practical application. Low
¢loude which restrict visibility for
landing approaches around airports,
thick clouds in which planes must cruise
as they wait for permission to land, and
thick clouds which might deposit a seri-
ous icing load on the plane as it tries
to climb up through them--these comprise
hazards to safe plane operations. And
whan such clouds are supercocled, they
may sometimes be profoundly modified,

The simplest means for carrying out
such ¢loud modification would be te em-
ploy a plane, well equipped for flying
under serious icing conditions, for
patrelling the air lanes., The plane

would report weather and cloud condi-
tions and, whenever serious supexrcoclsd
clouds occurred, would carry ocut seed-
ing operations,

In flying through a supercooled cloud,
the airplane itself may produce a falrly
affective modification. The vortices
which form at the trailing edges of the
wings and particularly from the propel-
ler tips form large numbers of ice
crystalai derst. " be

Modifying Thunderstorms. nay
possible Egat silver-lodids seseding from
ground generators would be particularly
useful in modifying oroyraphic "towsring”
cumulusg to prevent thelr growth into
thunderstorms. By determining the air
trajectory from the ground into the cold
part of the oloud, potentiasl ice nuclei
may be gent aloft by a very simpls pro~
coadure, If subsequent experiments indi-
cate that it is important to seed such
clouds at a temperature only a few de-
grees colder than the freezing point, it
may become necessary to use dry loe dis-
pensad from planes or c¢arried into the
clouds by free balloons or projsctiles.

Towering cumulus also forxrms over flat
country at times when the atmosphers is
conditionally unstable. Dangerous and
often deadly lightning strokes, torren-
tial rains, destructive winds, and some-
times hail and tornadoes are the end
products of such developments. Since
the high, vertical thickness of a super-
cooled cloud seems to be the basic requi-
gite in the formation of a thunderstorm,
it may be gquite feasible by proper seed-
ing methods to prevent thia phase from
developing.

Tha manner in which the seeding is done
may produce a wida variation in the end
results obtained. By seeding each cumu-
lus tower with large numbers of crystals
shortly after it rises above the freezing
level, the cloud would be continucusly
digsipated and no extensive regions of
supercocled clouwd could develop. On the
other hand, it might be desirable to seed
such clouds to realize the maximum pos-
sible energy release. This presumably
would involve seeding each cumulus tower
just previous to the point of its maxi-
mum development. If this could be done
effectively, it might be possible to
build the storm into a much larger one
than would develop under natural condi-
tions.

Preventing Hail. The possikility that
hallstorms might pravented by sesding
techniques is of considerable economic
importance. A great amount of basic in-
formation is needed on the various prop-
erties of storms that produce hail. 1In
some parts of the country where severe
hail damage is frequent, storms are
formed over certain mountain ridges and
peaks that serve as c¢loud barriers.

Such clouds should be particularly
suited for modification by ground gem-
erators, since the air trajectory is
definitely related to the flow of air
up the mountain and inte the clouds,

Over the past decade, one of the
most actively pursued weather modi-
fication effonts has been hail
duppression, The concept of heavy
deeding with si{lven {odide er fead
d{odide to neduce the 4izes of hail
pellets lvia competition} haé been
employed, 1n Rusala, clfaims of crop
damage aeduction of up Lo 70 £o
90 pexcent have been aepoated (174),
Conversdely, the Natiomal Mail Re-
segach Experiment in the United
Stotes led to inconclusdive atatisti-
cal results, with the suggestion
that the seeding method {nvolved
may actually have {mcreased hail-
fale 1115],

APPARENT LIMITATIONS

As in any of the physical phencmena,
there are definite limitations to the
degree in which experimental metecrology
may be employed in modifying clouds in
the fres atmosphere. Some of these ap-
parent limitations may disappear as our
khowledge increases, although most of
the restrictions now recognized are im-
posed by known physical laws,

Foremost of these restrictions is the
factor of cloud type and size. Certain
clouds, such as the falr-weathar cumulus,
have such a small volume and restricted
area that, aven though they are easily
modified when supercooled, their total
ligujid-water content iz inconsequential.,
Another complicating factor is that the
air below larger clouda is sometimes so
dry that a considerable amount of pre=-
cipitation evaporates before it reaches
the ground,

Another type of cloud which is diffi-
cult to modify is the warm ground fog
formed by radiation or advection. Such
foga are often extensive and of consider-
able economi¢ importanca, espacially from
the standpoint of airplane traffic cone
trol, But the natural structure of a fog
precludes any simple method of modifying
it. Generally, the vertical thickness
iz not more than 100 meters or so, with
a cloudleas sky abova, This rules out
the possibility of modifying from above
by forming precipitation in higher elouds
to *rain out" the fog.

A highty practical means of modi-
fying waxm fog has continued fo
tlude weathex modifiens, although
dome effective results have been
obtaanzd_by rather costly heating
0f the ain (British Project Fido;
U.S.A.F, Ancata and Vandenbeag
A.F.B, expeaiments; Paxis Oaly-
A&npu@t Systeml, More margiral
lechniques have produced Limited
clearing by helicopten downwash of
degen aia fnom above [114) and by
seeding the gog with giant hygno-
dcopiec nucled (1717, 118), The
Latten technique represented a varia-
ion of the aia-daying approach

51

uaed by Woughton and Radfond [119},
one of the few acientific weather
modification programs preceding
Project Ciraus,

Another weather situation where no
mothod of rellief is now apparent is in
the case of drought. Thiz condition
generally results from the stability of
a complex weather pattern in a manner
which, at present, is not very well
understogd. Drought is generally ac-
companied by either cloudlesa skies or
clouds of amall vertical and horizontal
development, because of strong inver-
sions or thick layers of dry air,

The development of convergence is an
important feature in the formation of
appreciable amcunt of rainfall in many
parts of the world, 2as a rule, such
developments are generally accompanied
by the occurrence of natural precipi-
tation, which continues so long as the
convergent movement ia present. About
the only thing that artificial modifica-
ticn of clouds might do under such at-
moapharic conditions is to initiate the
precipitation cycle a few hours before
it would start naturally, or under
some conditiens, to delay the onset of
precipitation by overseeding,

Another possibility {s that appnro-
priate seeding might L{ncrease the
amount of paecipitation beyond what
would nafurally oceeun, This premise
undeadies several recent projects,
recognizing that rigonrous statisdi-
cal design of experiments becomes
inereasingly impoatant in ondex to
distinguish between natural and
modified rainfall (119),

CONTROVERS[AL ASPECTS

As ls so0 often the case with the pro-
posal of striking or revolutionary new
concepts in sclence, the validity of the
cbservations and conclusions of the mem-
bers of the Regearch Group, both before
and after the establishment of Project
Cirrus, was challenged by many. As a
result, quite a school of opposing
thought has been bullt up, This is a
normal, healthy condition of affairs, and
the results would be of no particular
consequance were it not for the fact that
the possibilities inherent in artificial
weather modification have such great
economic significance.

Although eriticism and challenge have
by no means been confined to any ona
person or group, the spearhead of the
cpposition, so to speak, has been the
United States Weather Bureau, This unit
has kept a watchful aye on all the de-
velopments associated with Project Cir-
rus. 1In many cases it designated ob-
servers to work with the project on spe-
cific operations., It has conducted
experiments of its own to teat the
validity of Project Cirrus findings,



notably the Cloud Physics Project,
jeintly conducted by the Weather Bureau
and the United States Air Force.

The running controversy between repre-
sentatives of the Weather Bureau and
Langmuir la summarized in an article
{120} available in his office files.

In it Langmuir discusses and answers the
various criticisms and challanges. He
summarizes the importance ~f the aitua-
tion in the following par raphs:

"The possibility of suc wide-gcale
control of weather conditions, of course,
offers impertant military applications,
but since nearly all meteorcloglats are
much influenced by the opinions and the
attitudes of the Weather Bureau men, the
opposition on the part of the Weather
Bureau and other groups has, up to the
present, prevented the atarting of any
military applications, It was, there-
fore, of the utmost importance to clear
this matter up without getting too much
publicity.”

vLangmuir has since explained orally
that, in view of this situation, he has
resorted to the use of publicity only
when other methods of bringing matters
to a head had failed. At the time of the
preparation of this report, however, both
he and the other scientists assoclated
with Project Cirrus had begun to feel
that it would only be a matter of time
before the Weather Bureau would change
ite attitude. 1%t is believed that the
desceribed results cobtained by the Cali-
fornia Electric Power Company (p. 46)
have had a great deal to do with that
change of attitude.

Some picture of the Weather Bureau side
of the controversy may be found in testi-
mony (121) presented during hearings
before Senate subcommittees on three
bills, aa follows:

5.5, a bill to provide for research
into and demonstration of practical means
for the economical producticn, from sea
or other saline waters, or from the at-
mosphere (including cloud formationsl,
of water sultable for agricultural, in-
dustrial, municipal, and other beneficial
consumptive uses, and for other purposes.

5,222, a bill to previde for the de-
velopment and regulation of methods of
weather modification and control.

5,798, a bill to authorize the Secre-
tary of Agriculture to conduct research
and experiments with respect to metheds
of cohtrolling and producing precipita-
tion in moisture-deficient areas,

The attitude of the Weather Bureau is
summarized inh a statement presented to
the above groups on March 14, 1951, by
W. F. Mgbonald, assistant chief of the
United States Weather Buresu, and a
further clarification of Weather Bureau
views is found in the subsequent dques-
tioning of Mr, Mcbonald by members of
the committees.

The fact that the challenges to the
valtdity of Projoct Clirrus claims are not
confined to the Weather Bureau is also
indicated during the same Senate
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hearings. Statements were made At those
hearings by other individuals not asso-
ciated with the Weather Bureau, and some
of those individuals did not agree with
the findinga of Project Cirrus. Among
them were Hans H. Neuberger, professor
of meteorology and chief of the Division
of Meteoroleogy, Pennsylvania State Col-
lege, Charles L. Hosler, a staff member
of that collaege, and Henry G. Houghton,
professor of meteorology and head of the
Department of Meteorology, Massachusetts
Institute of Technology.

The Weather Buneau {now the
Natioral Oceanic and Afmesphenic
Administiation} has assumed a majon
nofe {in the investigation of weather
modification potential, Theinr xe-
cent projects include Project Stoam-
jury lhunnicane modification ab
mentioned), Gheat Lakes snowstoam
ned{stnibution [122), Floaide
cumulus rainfalfl enhancement (123,
124), participation in the National
Hait Reseanch Expeximent, Lightning
abatement [125), fog modificalion
arnd numerous basic reseanch studies
in weather mod{fication.

LEGISLATION

For various reasocns, national legisla-
tiom has been suggested, and actually
introduced, to regulate and control arti-
ficial weather modification, Of the
three bills raferred to in the preceding
paragraphs, two (S.222 and £.798) spe-
cifically covered this proposed regula-
tion and control (5.222) and authorized
the Secretary of Agriculture to tonduct
research and experiments (5,798).

Since that time a new bill was drafted
and introduced in the Senats, 82d Con-
grese, second seasion: g§.2225, This
bill would create a temporary advisory
committee of nine persons to study and
evaluate experiments in weather modifi-
cation, continuing no longer than
July 30, 1955. 'The committee would re-
port to Congress at the earliest possible
moment on the advisability of the Govern-
ment regulating, by meana of licenses
or otherwise, the activitiea of persons
attempting to modify the weather. The
advisory committea would conmist of five
members appointed from public 1ife by
the President plus the Secretaries of
pefense, Interior, Agriculture, and Com-
merce, or their designees. The bill was
referred to the Committee on Interstate
and Foreign Commerce on October B, 1951,
and reportad out with amendmente on
May 12, 1952,

The General Electric attitude toward
legialation was summed up at tha above
hearings by Vice President and Director
of Research, C. G. Suits, and by Schaefer
and Vonnegut, who accompanied him to the
hearings., Said Suits, in part:

*These facts which underlie experimen-
tal meteorology are not in the

controveraial area; they have heen demon-
strated and proven. What controversy has
arisen has been concerned with such mat-
ters as (1) the economical importance of
induced rainfall--by ‘'induced rainfall' I
mean artificially induced rainfall

{2) where long-range effects of cloud
seeding exist, and (3] whether induced
rainfall may not have occurred naturally
in the absence of seeding. There is a
great mass of information bearing en
these questions, and it would not be pos-
sible to discuss it all here,

"It is my considered opinion, however,
that the results of the most recent work
are of the very greatest importance to
the Nation, We have at hand a means of
exerting a very considerable degree of
control of weather phenomena. FPrecisaly
how much control can be accomplished will
come from further study. Much work re-
mains to be done, and it would be a
national tragedy if legislation did not
provide a propar framework for developing
the full potentialities of weather modi-
fication methods. It would be hard to
imagine anything more important to the
country than weathar modification and
control.®

Angthar extract from the Suits state-
ment:

"I wish to be very clear on one point.
The work my company has done in this
fleld, initially at our own expense and
more recently under a Signal Corps con-
tract with the participation of the
Office of Naval Research and the United
States Air Force, has had no aingle prac-
tical application within the Company.

The work originated as an unexpected re-
sult of one of the many fundamental in-
vestigations which we undertake in the
search for new knowladge. It was con=-
tinued because the leaders of my company
and responsible reprasentatives of the
Government believed that the peossibili-
ties of weather modification might be of
great importance to the Naticn as a
whole. On December 27, 1950, my company
annogunced that for the present and until
further notice it does not intend to en-
force any of its patents relating to
waather modification by the artificial
production of show and rain.

“A contractor of the Government for re-
search in this field, where the general
public is the intended beneficiary,
should not be subjected to the uncertain-
ties of legal liability hazards which are
inharent in experimental weather modifi-
cation. The provisions of 5,222 would
yreatly minimize the legal hazarda which
now exist, Some such solution of this
l:roblem muat be found if private agencies
Are to engage in research in this field,
and by that I mean undar contract with
the Government,”

Other aspects of the need for legisla-
tlon were voiced at that time by
Schaefer, The following quotes from his
stetement illuatrate these other aspects:

It i very important, in my cpinion,
that weather studies involving
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experimental meteorology be conductea in
such a manner that all of the modifica-
tions attempted by man-conductad seading
operations ba known and controlled. If
this i not done, the effort of attempt-
ing to understand the reacticns which
occur is a hopeless one,...,.

*It is obvious that some type of
national legislaticn is of the utmost
importance at this time to protect the
public in the future from unscrupulous
individuals who would play on the gulii=-
bility, hcpe, or desparation of indi~
viduals or groups in need of water or
other relief from an undesirable climatic
gitvation.”

vonnegut, also, in his statement read
at those hearings, urged the adoption of
suitable legislation., In addition to the
reasons voiced by Suits and Schaefer,
he added others, which are found in the
following extract:

"The proklems of weather control are so
large and of such nationwide importance
that only Federal legislation can insure
that this powerful new tool will result
in the greatest good for the largest num-
ber of people, 1In the absence of this
legislaticn, I believe that the develop-
ment of the benefits to be derived from
cloud seeding may be greaatly retarded or
prevented and that possibly much harm can
result from storms, droughts, or floods
produced by uncontrolled seeding.

"Theory has predicted and experiments
are confirming the fact that a few pounds
of silver iodide released into the atmoa-
phere in the form of fine particles can
exercise a profound influence over the
weather hundreds of miles away from the
point of releage, Clearly no private
individual or group can be permitted to
carry on operations likely to affect
waather conditiens over thouwsands or
hundreds of thousands of s¢uare miles,

*"The potentialities, both for good and
bad, which attend silver-iodide seeding
are so large that the development and
use of this technigue must be placed in
the hands of the Federal Goverament.

"Secondly, it is highly desirable that
the Government pass laws regulating
cloud seeding, in order to promote the
rapid development of this acience, Many
facts are yet to be learned concerning
the best methods of seeding to obtain
desirable results. Thesa facts can be
determined only by experiments in the
atmosphere. The analysis of the results
of cloud-seading experiments is a compli-
cated and difficult problem. 1f, as in
the case at present, many seeding experi-
ments are being independently and simul-
tanequsly carried out in many placas,
the problem of analysis becomes even
more difficult and frequently impossible.
Federal regulation is nacessary to insure
the rapid development of the benefits of
cloud seeding,

*Thirdly, the science of weather con-
trol can be of such graat bensefit to the
entire country that the responsibility
for its advancement must reat with the
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Suverntent.  Legislation should provide
tunds for research by Government and by
privale groups into fundamental scien-~

tifte problems connected with the

weeat hor "

A the Tine ol the preparation of this
history, no national legislation had yot
hmen enacted Lo cover any of the needs
S tined in the Foregoing,

The Fedenal Government now makes ade-
quale provisions foa repenting fiefd
aelivitdes and requining Emvinonmental
Impaet Statements [Pubfiec Law 205, 92nd
Congress], but has nefnrained from eater-
(ng inta matiens of Licensing and eon-
thot, The fatiten {4 genmenafly deemed the
nesponsdbility of individual 3fates.
Whife moneg than half the states have aome
fonm of weather modification statutes,
few are consdidered 2o he ideaf (124),

This photograph of Langmuir (Raymond Falconer on his right) was taken
Lyt 1956 when he appeared on the NBC television show, “To§ay', with

Dave Garroway. He utilized this opportunity to urge again that some
grvcinmental agency carry out hurricane seeding experiments., In 1963
dushoa program was initiated by the U, $§. Navy and the U, S, Weather
Nurean,

Epilogue (197§}

In hethospect, {1t appears accurate fo
state that Project Cianus activities
stinned the imagination ef scientists the
woendd over. [t also incurred the shepti-
cidm of dome and stimufated the profit
mative of a few anxious %o capitalize on
a new Zechnology. An <impentant by~
product, {f not the most important ef-
fect, was fhe stimulus the weather modi-
fication discovenies pacvided to the
field of cloud physics. McDonald (127
necounts the very sfow progress being
made in cfoud physics during the 1900's,
when such research was apparendly only of
academic intenest. He states:

"When, aften 1945, thene scemed to cx-
<4t tome prospect of control over a matu-
kal phemomenon whose economic vafue 44 so
kigh, suppont of cloud phyadics hedgarch
Jumped by what T would esfimate musi
dunely have been a facton of twe Lo thaee
erders of magnitude, and fotal rumbers o
workexs in the f({eld must have (ncreased
by a factor of something Like fwu ondeas
of magnitude."

Led by a vital Nobel Laurcate and com-
prisded of several investigatons unigue in
thedin own night, the smaff Project Céinanua
group in $Lightly more than fiuve yeard
accomplished what must be considercd ne-
markabfe, During that short span, theo-
rdiesd were expounded on precdpitation
mechanisms in cold and warm clouds; ek~
fective cfoud deeding ageats {ncluding
dry ice and aifver {odide were discoy-
ened; ground and airncragt agenexndions weag
developed not foo dissimifan from Lthose

in use today; and a variety of new (nstlnu-

ments and fechniques was devised o mond -
tor cloud behauior., Amidst alf Lhid,
oven 180 aincaaff expesiments and £4
ground experiments weno conducted--from
Pueate Rice to Honduras fo Hawail and in
some dozen stales <in between.

As Havens' account suggests, fow of the
weazhen modification concepls being pur-
sued teday wene ovealooked by the Proy-
ect Clanus group, although in-depth s tudy
obuiously was not alwags possibfe, The
work on supeacocled stratud-Lype clouds,
which the project titfe denotes, has
Soledly withstood the test of time.

Tronicably, as a poaticn ¢4 the ne-
seanch tuaned to deep, complex cumufus
clouds, some 04 the anrows went wide o4
the mank, Langmuin's conviedions on
*afngatl periodicities and the degree to
Which rainfall could be <nereased weng
tar too optimistic acconding to present
Viewd,  Consddering the vartab{ ity of
wedathea and the exfent Lo which atatis-
tics can fead to congficting intenpreta-
fions even today, penfaps one should not
be surprised, got to be cvenfoaked weay
langmuin'y pioneeading theoreticaf edfonts
tH dnoplet growth by diffusien, hydae-
meteon ¢coflision edficiencics, the chain
Waction mechanisam (avefuing dsoplot

breakup, and the impontance of tatent
heat refease fin efoud development and
modification,

The extensdve studies 04 sd{lver Lodide
and manyg ofher {ce nucfeafing substances
condinues, Other inorganic materials,
such as coppen oxide, coppen Sulfide, and
cupnoud iodide, have been found to nucle-
ate Lce foamation at femperafures ondy
several degnrees befow the (reezing point.
Some of these substances have a crystal
sLauctune apparently unaelated to that
of Lce. By suitable modifications 04
thein surface, Lthe {ce Huclealing capa-
bility of ailicate paaticles possibly may
be improved (128). (Qrganic substarnces
beaning Litile sdmifandty to {ce have
been found to seave as cffective nucted,
for example, phlonogfucined (129} and
metaldehyde {130),

Studies have been cannied out to in-
vestigate the effect of crystal fattice
parametens. The staucture of silvea
iodide, which is appagximatefy T, 51
Larnger than ice, has been reduced in
sdze by Lhe subdiitution of eithenr
bromine fea the {odina on by ceppea oA
the &ifuen [131,132), woth an improvement
of the ab{fity of these medified cagstal
substances Lo nucleate ice fonmaticn,
These and othex studies have shown that
the efficacy of ice nuclel (4 a veky com-
plicated matter depending on g variedy
of paclors acting togedhen, such as faz-
Lice panameten, sunface electricaf poten-
tial, dolublifity, photochemistry, panti-
cle sdize, the surfdce distribution o4
hydrophi€ic sites, the nature of the
soluble iodides usced in producing the
dofutions of the silven <odide, ete, Tt
appeairs, however, that the discovery o4 a
matenial greatly supcrdon to s{lvga
todide {4 not voay Liketly.

Project Cinnud's investigations of wags
that man can {ntentionalfy ajfect the
weathan cast a new Light on how man's ac-
tivities might unintentionally have a
Large influence on weathen processes .,
Adong with the selentific study of de-
Ecbenate weathen modificaticn, a new vig-
onous tedeanch activity &8 developing o
explote how man may be agfecting his on-
vingnment by fhe gases, acrosols and heat
Re emets into the atmosphene in the
course 0p h{s many activities. Studies
indicate that thete may ho far mone unin-
tentional cloud seeding as a resuft 33
pollution than was appreciafed duaing the
early days of Paoject Cirnus, In recent
veans several cnlevnatieand workshops on
(radventent weathen moddfication have
been held, These are undoubtedf anly
the §inst of many simifan ones CKa{ wilr
be held in the fufure on this subject,

Envinonmantalidts have heen justly con-
cenned that cloud seeding might disaupt
caological balances and pose hazards when
deeding mateniads enten the water supply.
Recent dtudies {133, 134) suggess that
thene (4 Little cause fox concern on +his
sCone.

One might anticipate because FProject
Corrus cnvotved the cooperative activity



va e userte U derdved frem et depardle
ik fregnently competolove etgdadad-
Cronse fhe L S0 Ay Segnal Coaps, fhe
U, S, Ay Teree, the U, 8, Nawy, wid the
el Léeedaoe Compdity- - that thos weald
e posed Setoeuy organd ddltondl prob-
Coms,  Sueh was wot e cade. What rou-
alag s ted was griendiy, metale was
hiogh, and @ sfaung spurit of covperdatoen
existed Hhreughout fhe cour o of the
progect,

Tt osvems appatent hat th comong wearns
showdd Wwétneds o degenctove cvafuation ef
fevenadl wedther medoficatar concepts.,
Progaess an e foetd may come grusdgingly
Bevause of budgetaty prierd $dcs, enviten-
wen bl and fegal conceans, and fhe reabd-
catoon that substantial data are weeded
fev sfatisticabty sdgnificant findings,

Scenee the toxmonat<on ¢f Project
Cirnus, fwe powetful nwew toofd have be-
coeme avacfable te nvestigute rloud Seed-
(ng, The modetn computon maktes (¢ pos-
sibfy by medeting te study the effects
e sy tems aaagdng n sdze faom swaft
cleudy to glant steams. Weathea satel-
fites now pruvide o new detacled verw
frem above vf the dynamics of weathen
procesdes that will doubtfess give new
(nsights dnte how sceding affects tie
brhavier of wealltet prgedsses,

Inadvertent weathen and cfimate modefi-
cation Eihely woll overshadow ptanned
madification--if nod already the casce--as
the glebal popufation {ncavascs and be-
comes mene Dndusfrialized. The preblems
webt be both challenging and exciting,
but {n teams of rapidfy mobildizing, cu-
cadenating, and exccuting a cooperatove
pregham similar {n ploneening scope {o
Paoject Cinaus, héstoay 4o not lehedly to
nepeal {(fhcff,
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APPENDIX 1
CONTRACTUAL HISTORY

The two rescarch projects, involving
first the work on gas masks and smoke
f{lters and then the work .n smoke gen-
¢rators, extended over a , riod from
Outober 1940 through Pebruary 1944, This
wotk was done under twe contracts {(NDCro-—
104 and OIMsr-131) with the Office of
Scientific Hescarch and Development,

From October 1943 through June 1945,
Precipitation static rescarch was carried
wn under Signal Corps contract W-33-106-
se-65 and, subsequently, under Air Force
contragts W-33-038-AC-9151 and W-33-018-
AC-15801,

The meteorological research which be-
came Project Cirrus, was Supported for a
time by the Ceneral Electric Company .,
ln rebruary 1947, the first of three
Signal Corps contracts (W-36-03%9-ge-
32427, Wn36-039-5c-36141, and DA-36-039-
5c-15345) was signed. The last of these
remained in force until the end of Sep-
tembar 1952,
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APPENDIX 2
ALPHABETICAL LIST OF PERSONNEL

Mrs, Margaret Bakuzonis, GE

Raymond Bellucei, eivilian mathematician

5/8gt. C. B, Belote, USAF, radio operator

§/Bgt. Roy E, Berry, USAF, cxew chief

George Blair, GE

Duncan Blanchard, GE

Major D. Blue, USMA

br, €. J. Brasefield, Signal Corps,
Stecring Committee Alternate

lst Lt, Mitchell B, Bressette, USAF,
navigator

Vincent Bruck, Signal Corps, photographer

Robaert C, Bulock, Signal Corps

Major E, Cartwright, USAF

Theodore Catellie, Signal Corps photog-
raphear

Cmdr, R. A. Chandler, Navy, Steering
Committee Alternate

Capt. Clarence N, Chamberlain, Jr.,
USAF, pilot

T/Sgt. Vernon H, Pavis, Signal Corpa,
Supply Sgt.

M/8gt. Eugepe R, Dickson, USAF, crew
chief

E. G. Droessler, ONR, Steering Committes

Mrs, Analee Durant, secretary

Lt., Max A, Eaton, Navy, Steering
Committea

Robert F, Egger, AL2, USN, radio and
radar opsrator

Raymend Falconer, GE

Lt. Cdr., Elwood B. Faust, USN, pillot

Dr. Michael J, Ferrence, 8ignal Corps,
Steering Committee

Charles 8, Ferris, ecivilian electrician

Victor Fraenckel, GE

5/8gt. Russell C. Friedl, USAF, crew
chief

lst Lt, Carl g, Fuhrmann, USAF, pllot

Myer Geller, GE

Miss Constance Godell, secretary

Cmdr, G, D, Good, Navy, Steering Com-
mittee Alternate

?/5 C. E, Hall, Signal Corps, driver

Cpt. Prancisg N. Ham, Signal Corps,
driver

Roger Hammond, GE News Bureau, communica~
tions media liaison

Lk, Cdr, B, X. Harrison, USN, pilot

lst Lt, Ted E, Hoffman, USAF, pilot

T/Sgt. €. E, Hughey, USAF, crew chief

Thomas J, Rurley, Signal Corpa, Photog-
rapher

Lt, J, w, Iler, USN, pilot

Cpl. Billy G. Jackson, Signal Corpa,
photographer

Cpl. Ernst S, Johnson, Signal Corps,
prhotographer

T/Sgt, Martin M, Kalich, USAF, radio
operator

Major P, J, Keating, USAF, Steering
Commi ttee

John Kelly, Signal Corps, civilian tech-
nician
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Major Rudolph ¢, Keoerner, Jr., Signal
Corps

Cpl. James w, Land, Signal Corps,
Supply Sgt.

Dr. Irving Langmuir, GE

William Lewis, U, 5, Weather Bureau
consg,

Xiah Maynard, ¢k

AERML E. R, Millan, USN, asrologist

5/8gt, H. E. Millett, USAF, crew chief

Landon Morris, Signal Corps, photographer

Raymend L. Neubauer, GE

S/8gt, J, H. Niven, USAF, radio operator

Wiliiam N, Perry, AbC, USN, pilot

Capt, John A, Plummer, USAFP, pilot

Harold Pontecorvo, Signal Corps,
photographer

Alexander Preede, $ignal Corps,
photographer

T/Sgt. William M. Ratcliffe, USar,
crew chief

Carl R, Remgcheid, AGL, usw, aerologist

Lt. cdr. Daniel F, Rex, USN

Edward Rudzik, AD3, USN, engineer

AERM1 R. F, Rayan, USN, aerologist

Capt. Michael A, Sbarra, USAF, pilot

Dr. Vincent Schaefer, GE

Lt. Cdr., Paul J, Siaegel, USN, pilot

Robert Smith-Johannsen, GE

Donald Bouthard, Signal Corps,
photographer

Cel, N. C, Spandaer, USAF, Steering
Committea

Samuel Stine, Signal Corps

Georye Swistak, Signal Corps, photog-
rapher

ACMM Adam Szepkowsky, USN, chief

Lt. Cdr. C, £, Tilden, vsN

Lt. David D, Tracy, USAF, navigater

Lt. Col. J. Tucker, USAF, Steering
Committee Alternate

lst Lt, Henry w, Tutt, USAF, pilot

or. Bernard Vonnegut, GE

Howard J. wells, AGC, USN, aerclogist

CAERM G, B, West, USN, aerclogist

Roger Wight, Signal Corpa (civilian)

Capt. Carl P, Wood, USAF, pilot

Charles Woodman, GE
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APPENDIX 3

PROJECT CIRRUS UNNUMBERE

D FLIGHT TESTS

DATE LOCATION OPERATION
11/13/4¢ Pittsfield DI seeding
11/23 Schenectac DI aseeding, isolated cumulus
11/29 Schenectad, DI seeding, isolated cumulus
12/20 Schenectady DI seading
01/06/47 Schenectady DE seeding
031/07 Schenectady DE seeding
03/12 Schenectady DE saeding
04/07 Schenectady DE seeding
05/08 Schenectady DI and SI seeding
08/05 Schenectady Inatrument check
08/06 Schenectady Instrument check
08/07 Schdy-Westover, MA Weighing
08/11 Schenectady Ingtrument calibration
08/13 Hest Point DI and 5! seeding
08/15 Schenectady SI meeding
og/l8 Schenectady tnstrument check
08/20 Schenectady Inatrument check
08/21 Schdy-Indian Lake DI and 81 seeding
08/25 Schenactady DI and 5T seeding
06B/27 Schenectady Instrument check
08/28 Schenectady Instrument check
08,/29 Schenectady Inetrument check
09/19 Schenectady Dry run for hurricane
05/25 Schenectady Instrument check
99/3¢0 Schenectady Instrument check
10/07 Schenectady Tracing SI
10/10 Schdy~Mitchell Field Hurricane study
10/11 Olmstead, PA-Brookley, AL Hurricane study
10/12 Brookley=McDill, FL Hurricane study
1013 Florida Hurricane study
10/14 MeDill-Olmstead, P& Hurricane study
10/15 Olmstead=Schdy Hurricane study
05/31/48 Schenectady Water drop tests, pumping
06/02 Schenactady Water drop tests, balloecns
10/18 Schenectady DI seeding
11/30 Schenectady Stereoscopic camera test
12/14 Schenectady Info, Flight ¥} = balloon soundings
0z2/01/58 Boston-Schenectady Observation -~ tie-in with Ground
Operation #75
PROJECT CIRRUS NUMBERED TEST FLIGHTS
FLIGHT
NUMBER DATE LOCATION OPERATION
i e9/11/47 Schencctady bl seeding
2 10/20 Now Hampshire Forest-fire seeding; Oper. Red
3 1i/12=313 Olmstead, PA; Brookley, AL Water seeding
4 11/17 Schenectady Racing S1I
5 12/11/47 Schenectady 51 seceding
[ 12712 Schenectady DI seeding
7 01/13/48 Schenectady Di pattern seeding
B 01/14 Schenectady DI seeding
9 01,22 Schenectady None
10 01/28 Middletown, PA Servicing
11 02/02 Schenectady DE pattern seeding
12 03/09 Schenectady DT pattern seeding
13 01/31 Sacanadaga Rescrvoir Training

FLIGHT
NUMBER

DATE

04/07
04/07
04/08
04/13
04715
04/19
04721
04/29
04,28
04/29
04,30
05707
05707
05/18
05/21
06703
07/09
07/16
07/20
07/26
07/30
08/03
08704
08/06
08/03%
08/10
08/31
09/01
09/16
09/22
10/12
10714
10/13
10714
11715
11/16
11717
11723
11/24
11/24
12/01/48
12/08
12/09
12721
12/22
01/14/49
02/04
02/05
02,05
02/06
02/08
02/08
02/10
02/11
02/11
02712
02712
03703
03704
03/10
03715
03/16
03717
03724

03/25
03/30
03/31
t4/07
G408
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LOCATION

Schenectady
Schenectady
Schenectady
Schenectady
Schenectady
Schenectady
Schenectady
Schienactady
Schenectady
Cape Cecd
Schenectady
Schenectady
Schenectady
Schenectady
Schenectady
Off New Jersey Coast
Schenectady
Schenectady
Schenectady
Laka Gaorge
Glens Falls
Catskill, NY
Schenectady
Schenectady
Schenecatady
Schenectady
Schenectady
Schenactady
Schenhectady
Lake George
Albuquerque, NM
Albuquergue, NM
Schenectady
Schenectady
Schenectady
Sc¢henectady
East cf Albany
Schenegtady
Schdy and Amsterdam, NY
Schdy and Rome, NY
Schdy~NW of Albany
5 cof Utica
N of Schenactady
E of Albany
Albany & East
W of Coxsackie
Puerto Rico
Puarto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puerto Rico
Puarto Rico
Puerto Rico
Puerto Rice
Puerto Rico
Puerto Rico
S of Lake Ontario
Sprakers, NY
Albany
W of Syracuae
Ft. Dix, NJ & return
Schenectady
Schdy-Rome-Middletown-
Amsterdam
E of Albany
Schenectady
Albany vicinity
Schenectady
Schenectady

OPERATION

bl geading

DI pattern seeding

DI Beeding

DI pattern seeding

DI seading

DI seeding

DI seeding

DI pattern seeding
Obaarvation

DI seeding--MIT project
Seeding

Water seeding

Nothing

bl pattern seeding

DI seeding

DI cumulus seeding
Water seeding

pI sesding

b1 and water seeding

DI seeding

DI and water seading

bl seading

Water Saeding

Water seeding

DI and water seading

DI seweding

DI and water seeding
Water seeding
Calibration

Photography

Water ice and DI seeding
81 and Dl seeding

Water ice and DI seeding
Water jice geeding

DI seeding--pattern

DI seeding-=-pattern

DI seeding--pattern

DI pattern seeding

DI pattarn seeding

D] pattern seeding

DI pattern seeding

DI seeding

DI seeding

SI & DI seeding: pattern
DI saeding; pattern

DI seeding; pattern
Survey

Survey & water geeding
Water seading

Survey

Water seeding

Survey

Survey

Survey

Survey

Survey

Survey

DI & SI seeding; pattern
Temperature scundings
51 sesding; pattern

DI seeding

Testing vortex thermometer
Temparature soundings
Taesting cloud meter; photo

Testing vortex thermometer
DI pattern seeding

DI pattern seeding

Testing vortex thermometer
DI seeding



FLIGHT
NUMBER

B3
a4
85
86
¥}
88
89
890
91
92

117

118
119
120

121
122

123

124
125

126
127

128
129
130

DATE
04/18
04/22
04/25
04/28
05,03
05/05
05/05
05/09
05/10
05/11
05/16
05/18
0S/24
05/24
05/27
06./09

06/17
06/22
06/29/49
07/06
07/13
07/14
07/15
87/16
07/18
07/19
07/20
07/21
67/22
07,23
08/24
09/01
09/02
05/06
09/20

09/23
09/26
09/27

09/28
1o/12

10/13

19/18
los17

10/24
11/01

11/10
11/16
11/17
11/16
11736
11/30

12/01
12/13-14

12/15

12/16
01/04/50
0i/20
01/30
01/30
02/03

LOCAT1ON

Schenectady

West Point & return
Schenectady

Rome, NY, & return
Schenectady
Schenectady

Ashokan Reservoir
Schenectady
Schenectady

Little Falls & Rome
Schenectady
Schenectady
Schdy-Rome & return
Schenectady
Schenectady
Schenectady

Ballston Spa
Winchester, VT
Schenectady
S5chenactady
Albugquerque, MM
Albuguerque, NM
Albuquerqgue, NM
Albuquerque, NM
Albuquergue, NM
Albuguerque, NM
Albugquerque, NM
Albuguerque, NM
Albuguerque, NM
Albugquerque, WM
Schoharie valley
Scheharie valley
Schoharie Valley
Schoharie valley
Schoharie Valley

Schenectady
Schenectady
Schenectady

E of Schenectady
Schenectady

Schenectady

Schenectady
Rome

Albany
Schenectady

Schenectady

Schenectady
Schonoctady
Schdy-Indianapolis

fndianapulis—schdy
Schenecctady

Schenectady

Cape Cod

Mt. Washington
Schdy-Mt, Washington
Schenectady
Schenectady
Schenectady
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QPERATION
———

51 pattern seading

Testing vortex thermometer

Instrument testing

Obsexvation

Testing condensation nuclei meter

Ingtrument testing

DI seeding

Instrument testing

Instrument testing

Instrument testing

Ingtrument testing

Instrument teating

Testing condunsation nuclei counter

Instrument echeck

Teating vortex thermometer

Testing vortex thermometer, high
altitude

Salt water seeding

bl seeding

Instrument test

Instrument test

DI seeding

DI, liquid CO; & water seeding

DI § liquid CO; seeding

DI seeding

DI & SI seeding

DI seeding

58I ground & DI air seeding

5I ground § DI air seeding

51 ground & DI air seeding

SI ground & DI air seeding

Observing ground seeding

Observing ground seeding

Observing ground geeding

CObserving ground geeding

Observing ground seeding-~tie-in
Ground Operatien #13

Testing vortex thermometer

Testing vortex thermometer

Testing vortex thermometer--tie-in
Ground Operation #16

DI seeding; Ground Operation #17

Temperature sounding; Ground Opera-
tion #24-25

Instrument testing: Ground Opera-
tion #26

Observation

Temperature soundings; Ground
Operatijon #34

Observation

Temperature doundings; Ground
Cperation #34

Observaticn; G0-39

GO-4]1

GO-42

Instrument test; Go-41

Instrument test; Go-46

Instrument test & weather cbserva-
tion

Instrument test; GO~-47-4§

Calibrating vortex thermometer;
GO-53-54

Snow replicas: vortex thermometer;
GO~55

DI seeding; joint with MIT

SI detection; GO-63

Instrument check; DI seeding

Snow replicas; Go-71

Calibrating vortex thermometer; Go-71

DI clear-air sceding

FLIGHT
NUMBER

143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

174
175
176
177
178
179
180
1B1

PATE

02/06
02/10
02/20
02/28
02/28
03/03
03717
03720
03/21/50
03/22
04/10
04712
04/18
04/1%
04/25-26

05/08
05/23
06/06
06/23
06/26
06,27
06/27
06/28
06,29
06/30
07/01
07/05
97706
07/07
07/08
07/11

07/12
07/13
10/26
05/15/51
04/08
04,24
05/09
05/15
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LOCATION

Schenectady
Schenectady
Schenectady
Schenectady
Bchenectady
Schenectady
Schenectady
Schanectady
Schdy-Dayton, Ohio
Dayton-Schenactady
Schenectady
Schdy-Amsterdam
Schenectady
Schenectady
Schdy-Boston-Bangor-
Ma!sena-kochester-Schdy
Mt. Washington
N of Schenectady
E Troy & Albany
Albuguerque, NM
Albugquerque, NM
Albuguergue, NM
Albuquerque, NM
Albuquerque, NM
Albuguerque, NM
Albuquerque, NM
Albugquergue, NM
Albuquarque, NM
Albugquerque, WM
Albugquerque, NM
Albugquerque, NM
Albuguergue, NM-
Burbank, CA
Burbank-Gt. Falls, Ont,
Gt, PFalla-Schdy
Mt. Wamhington
Mt. Washington
Schenectady
Schenectady
Schenectady
Schenectady

OPERATION

—_——
Snow replicas; vortex tharmometer

Photos; snow replicas
Clear-air seading

DI seeding; anow replicas
DI seeding; snow replicas
Attempted vapor trails
Inetrument calibration
Snow replicas

Weather reconnaissance
Weather reconnaissance
Snow replicas

SI meeding; Go-83
Obgaervation

51 seading

SI seeding

81 seading

DI clear-air seeding

DI seeding

DI cumulus seeding

DI cumulus seeding

DI cumulusg seeding

01 cumulus seeding

DI cumulue seeding

DI cumulus seading

DI cumulus seeding

DI cumujus seeding

Tracing ground sI; pI aeeding
Tracing ground S5I; bl seeding
DI seading

DI & SI seeding

Gathering weather data

Gathering weather data
Gathering weather data

O seading (jolnt)

SI seeding (joint)

81 & DI Beed ng
Obaervation

DI, liquid COy ¢ SI gseeding
DI & SI meading
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DATE

03/08/49
031/23
04,06
06/06
07/02
07/24=29
08/23
08/2%
08/30
08/31
09/07
09/08
09,/20
09/21
09,22
09727
09/28
09/29
10/04
10705
10/05
10/06
10/11
10/12
10/12
10/13
10/18
10/19%
10/20
10/20
10/25
10/26
10727
11/01
11/02
11/03
11/09
11/09
11/10
11/15
11/16
11717
11/22
11/23
11/29
11/30
12/01
12/01
12/02
12706
12/07/49
12/08
12/13
12/14
12715
12,/20
12721
12722
12727
12/28
12/29
01,/03/%0
aLso4
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APPENDIX 4

PROJECT CIRRUS GROUND OPERATIONS

LOCATION

Schdy Co,
Schdy Co.
Schdy Co.
Schdy Co.
Schdy Co.

Alrport
Mirport
Airport
Alrport
Airport

Albuguerque, NM
Schoharie valley
Schoharie Valley
Schdy Airport

Schoharie valley
Schoharie Valley
Schoharie Valley
Schoharie valley
Schoharie Valley
Schoharie Valley
Schoharie valley
Schoharie Valley
Scheharie Valley
Schoharie Valley
Schoharie vValley
Schdy Airport

Schoharie Valley
Schoharie valley
Scheoharie Valley
Schdy Airport

Schoharie Valley
Schoharie Valley
Schoharie Valley
Schdy Airport

Schoharie Valley
Schoharie Valley
Schoharie valley
Schoharie Valley
Schoharie Valley
Scheoharie valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Scheoharie Valley
Schoharie Valley
Schdy Alrport

Schdy Airport

Schoharle Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Sehoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie valley

OPERATICN

Cloud photography
Cloud photography (still
Cloud photography
Cloud photography
Time lapse movies

51
SI
SI
51
&1
SI
sI
SI
81
51
SI
81
81
51

seading
seeding
geeding
geeding
seeding
seeding
geeding--tie=in
seeding
seeding
seeding~-~Flight
aeeding—-Flight
seeding
aeeding
seeding

Time lapse movies

SI
51
ST

seeding
seeding
seeding=-=-Flight

Time lapse movies

s1
S1
SI

seeding~-~Flight
seeding--Flight
seeding

Time lapse movies

SI
SI
s1
SI
81
81
sI
SI
SI
s1
sI
ST
81
sI
SI
s1
SI
s8I

seeding
saeding
seeding
seeding--Flight
seeding
seading
seeding
seeding
seading
seeding--Flight
seeading
seeding--Flight
seeding-=-Flight
seeding
seeding
seeding
seeding--Flight
seeding--Flight

Time lapse movies
Time lapse movies

51
s1
51
SsI
SI
51
s1
sI
81
51
81
st
sSI

81

seeding
aeeding
seeding
seeding--Flight
seading-~Flight
seeding--Flight
seeding
seeding
seeding
seeding
seeding
seading
sceding
seeding--Flight

(still)

{atill)
{still}

Flight #117

#120
#121

#122

$123
§124

#127

#128

129, 131

#130

1132,
#1234

#135
4135
1136

#138

113

LOCATION

Schoharie Valley
Schoharle valley
Schoharie Valley
Schoharie valley
Schdy Alrport

Schoharie Valley
Schoharie valley
Schdy Alrport

Schoharia Valley
Schoharie Valley
Schoharie Valley
Schoharie valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie Valley
Schoharie valley
Schdy Airport

Schdy Airport

Schdy Alrpeort
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CPERATICN

51 seeding

51 seeding

81 seeding

SI aeeding

Time lapse movies

SI seeding

81 seeding

8til1l photos; Flight #140,141
51 seeding

EI meeding

SI seeding

51 seeding--Flight unnumbered
51 seeding

SI seeding

§1 seeding

51 seeding

51 seeding

Time lapse movies

Time lapse movies; Flight #4154
5till photos
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APPENDIX §

PROJECT ClRRUS REPOQRTS

These reports were prepared by
members of the froject Clvrus staff and
were widely distributed, Most of them
were subsoquently publist + a8 papers in
sciontific journals,

1. "Meteurolegical Research®

L. feneral Summary of Cloud Studies
Project
Vincent J. Schaefer
LI, Sunmary of Results Thus Far Op-
tained in Arcificial Nucleation
of Clouds
Irving Langmuijr
LIl Techniques for Seeding Cloyds
with Ice Nuclei
Vincent J. Schaefer

IV. Instrumentation Developments for

the Cloud Study Project
Raymend E, Falconer
Nucleation of Ice Formation by
Silver lodide Particles
Bernard Vonnegut
VI, Typical Data Obtained from
Photographs of a Seeded Area
Raymond E. Falconer
VII. Proposed Flight Plans for Cloud
Studies
Irving Langmuir, Vincent g,
Schaefer, angd Bernard Vonnegut

<

2. 'Meteoroloqical Research”, Supplement
to Section v, General Elactric Prog-
ress Report on Meteorological Re-
Search., This portion of the report,
by Rernarq Vonnegut, dealing with

3. Qucasional Roport No, 1;  “rhe Pro-
duction 6f Rain by a Chain Reaction
in Cumulus C)ouds at Temperatures
Above Freezing", Irving Langmuir,
W-36-039—SC~32427, 15 Aprii 1948,

1. Occasicnal Report Ne, 2; wp New
Plane Mndel Cloud Meter”, R, E,
Falconer, v. 7. Schaefer, W=36-039-
H0-32427, 15 May 1948,

Y. D¢casienal Report No. 3: "Sgme Ex=
periments on the Freezing of Water®,
Robert SmiLh-Johannsen, We36=039=-50-
312427, 1 Jupe 1949,

6. Occasicnal Report No, 4¢; "Smoke from
Smelting Operations as 2 Poggihle
Source of 5ilver Todide Nuclej",
Raymond E, Falcener, Bernard
Vonnegut, N-36-039—SC-3242L
15 July 194y,
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1.

10

11.

12,

13,

14,

15,

1g,

17,

1g,

- Occasional Report Ng. 6:

Occasional Report Ne, S5:

1. Production of Ice Crystals by
the Adiabatic Expanaion of gas
1L, Nucleation of Supercoolad Water
Clouds by Sllver Iodide Smokes
I11I, Influence of Butyl Alcohol on
Shape of Snow Crystals Formed
in the Laboratory

Bernard Vonnequt, W-36-039-SC~32427,
15 September 1943,

"Variation
with Temperature of the Nucleation
Rate of Supercocled Liguid Tin and
Water Drops®, Bernard Vonhagut, W-16-
039-5C-32427, 15 October 1948,

Cccasional Report No, 7: *Observa-
tions on the Bahavior of Water Drops
at Terminal Velocity in Air*, Duncan
c. Blanchard, H-JG—OJB—SC-3242L

1 November 1948,

Occasional Report No, B: *A Method
for obtaining a Continuous Record of
the Type of Clouds in the Sky During
the Day", Raymond E. Falconer, W-36-
039-8Cc-32427, 1 March 1949, RL-145,

Occasional Report No. 9: “The Detec-
tion of Ice Nuclei in the Free Atmog-
phere”, vincent J, Schaefer, W-139-
039-32427, 1 Fabruary 1949, RL-134,

Occasional Report No, 10: "Stydieg
of the Effects Produced by Dry Ice
Seeding of Stratus Clouds™, Irving
Langmuir, W=139-039-32427, 1 February
1949,

Occasional Report No, 11: “The Pos-
8ibility of Modifying Lightning
Storms in the Northern Rockies™,
Vincent J, Schaefer, W-36-033-5C-
3gl4l, 1 February 1949, RL~114,

Occasional Report No, 12: "Report on
Cloud Studies jn Puerto Rico",
Vingant J. Schaefer, W-36-039-5C-
iBl41, 1 April 1949, RL=190,

Occasional Report Neo, 13: "Silver
lodide Smoke, Bernard Vonnegut, W-3g-
039~SC—38141, 1 July 1949, RL-227,

Occasional Report No, l4: “Vortex
Thermometer for Measuring True Air
Temperatures and True Alr Spasds in
Flight", Bernard Vonhegut, W-36-039-
SC=-38141, 1 September 1949, RL~247,

Occasicnal Report No, 15: *"The pigtri-
bution of Raindreps in Natural Rain®,
Duncan ¢, Blanchard, W-36-039-5¢-
JBl4l, 1s November 1949, RL-283.

Occasional Report No, 16: =phe Use
of Sooted Screens for Determinin
Raindrop Size and Distribution™,
Duncan ¢, Blanchard, W~36-029-5C-
38141, 1s Rovember 1949, RL-284,

13

20.

21

22

23

24,

25

26

27,

28,

29,

El+]
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Occasional Report Ne. 17:  "Experi-
ments with water Drops and the Inter-
action Between Them at Terminal ve-
locity in Ajirv, buncan C, Blanchard,
W-JG—OJB—SC-JBI!l. 15 Dscember 1949,
RL~285,

Occasional Report No, 18 "Some Cop-
relations Between Variations in the
Atmospheric Potentia] Gradiant at
Schenectady and Cartain Metsorologi-
cal Phenomena”, Raymond E, Falconer,
W—]GEOJQ-SC-Jalll, 1 becember 1949,
RL=-287.

Occasional Report No, 19:  “Continu-
Qus Racording Condensation Nuclej
Meter", Bernard Vonnegut, W-36-039-
5C-38141, 1 January 1950, RL-340,

Occasicnal Report No, 20:  “Thg Oc-
currence of Ice Crystal Nuclei in the
Free Atmosphere®, Vincent J. Schaefar,
w-36-039-SC~38141, 15 January 1950,
RL-308,

Occasional Report No. 2l  "Progress
in Cloud Modification by Project
Clrrus, Irving Langmuir, W-35-539-
SC-3R141, 15 Apri) 1950, RL-357,

Occasional Report No. 22: “Cause and
Effect Versus Probability in Shower
Production", Irving Langmuir, W-3g-
039-Sc-38l41, 15 July 1950, RL*JSS._

Dccasiconal Report No, 23: na Gamma
Pattern Seeding of Stratus Clouds,
Flight 52 and a Racetrack Pattern
Seeding of Stratus Clouds, Flight 53,
Charles A, Woodman and Irvin

Langmuir, W-36-039-SC~38141, 1 June
1350, RL~363,
Occasional Repart No. 24: "Results

of the Seeding of Cumulus Clouds in
New Mexico®, Irving Langmuir, W-3g-
039-SC-38141, 1 June 1950, RL-364.

Occasional Report g, 25: “"Study of.
Tropleal Clouds”, Irving Langmuir,
W—36~039-Sc-38141. 1 July 1950,
RL-16%,

Occasional Report No, 26: "Periodic
Fluctuations in the Ohio Basin Moilge
ture Balance, LTJG W. E. Hubert, §x,
J. Walls, AGC, U, s, Navy, W-36-039-
§C-38141, 15 Janvary 1951, RL~485,

Occasional Report No, 273 "Seven-Day
Periodicity in Upper Air Temperaturas
Induced by Localized Silver-Todide
Seeding”, rTJg W. E. Hubert and H. J,
Wells, "AGC, U. 8. Navy, We36-039-50.
38141, 15 January 1951, RL-486,

Cccasional Report No, 28t *Concan-
tration of Ice Crystal Nuclei Under
Various Weather Conditions™, LTJG W,
E, Hubert and H., J, Wells, Agc, u. s,
Navy, W-JG-OJB-SC-JBIGI, 15 June
1951, RL=-541,

3l

32

33,

34,

35,

36,

37

g

39

40,

Gecasional Report No. 29: *Detection
and Measurement of Aerosol Particles
by the Use of ap Electrically Heatad
Fllament", Bernard Vonnegut and Ray-
mond Neubauer, W-36-029-5C-38141,

1 September 1951, RL-555,

Occasional Report Ne. 30t A Vortex
Whistle", Bernard Vonnegut, DA~16-
039-5c-15345, 1 November 1951, RL-
59

Occasional Report No, 31: "Spray
Nozzle Type of Silver lodide Smoke
Generator for Airplane Use", Bernard
Vonnegut and Kiah Maynard, DA=36-039-
5C-15345%, 15 February 1952, RL-§35,

Qecasional Report No, 32: "A Con-
tinwous Cloud Chamber for Studying
Small Particles in the Atmosphere®,
Vincent J, Schaefer, DA~36-03%-5C-
15345, 1 March 1952, RL-654,

Occasional Report No, 33: "the
FPormation of Ice Crystals in Ordinary
and Nuclei~Free Alr®, vincent J,
Schaefer, DA-36-039-5C-15345,

1 March 1952, RL~655,

Occasional Report No, 34:  "Thin
Fllms of Supersaturated Solutions for
Detecting, Counting, and Identifying
Very Small Crystalline Particles"™,
Bernard Vonnegut, DA-36-039—SC~15345,
15 April 1952, RL-677,

Cccasional Report No., 35; *“The Con-
centration of Ice Wuclei at the Sum-
mit of Mt, Washington", Vincent J.
Schaefer, DA-35-039~SC-15345.

1 August 1952, RL-722,

Occasional Reports Nom, 36 and 37:
"Production of Monodisperse Liquid
Particles by Electrica] Atomization®,
Bernard Vonnagut and Raymond I,
Neubauer; 'Multiplu-stage Dilution of
Aerosols by Use of Aepirators®,
Bernarxd Vonnegut, Myar Geller, and
Kiah Maynarg, DA-36~039-SC-15345,

1 dotober 1952, RL-747,

Occasional Reports Nos, 38 and 39;
"Counting Sodium-Containing Particlas
in the Atmosphere by Their Spectral
Emission in & Hydrogen Flame®, Ber-
nard Vonnegut and Raymond L. Neubaueyy
"Effect of Halogens on the Production
of Condenszation Nuclej by a Heated
Platinum Wire*, Bernard Vonnegut, DA-
36-039-5C-15345, 1 October 1952,
RL~748,

Occasicnal Report No, 40; "Varia~
ticns in the Concentration of Con-
densation Nuclel in the Atmosphere”,
Raymond E, Falconer, Kiah Maynard,
and B, Vonnegut, DA-36-039-SC-15345,
15 April 1953, Ry-g3s5,
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adiabatic expanasion of gas as scurce of
ice crystals, 18
Advisory Committee ko study and evaluate

experiments in weather modification, 46

acresoel precipitater, 15

air decelerator, 14

Air Force, U. §., 4, 5, il, s2, 53,
55, %6

Air Weather Service, 8

airecrafe icing, 4

Aitken nuclei, 21

Alabama, 45

Albugquerque, N. M., 28, 29, 20

Aleutians, 3

Alyeria, 47

American Meteorological Society, 37, 45

analytical work, 21

antimony, &

Appalachian Mountain Club, 38

Army, U, §,, 11

Australia, 19, 47

automobile exhaust, 17

bacteria as ice forming nuclei, 18

balloon (rubber), popping as source of
ice crystal, 14

Battle, John A., 46

Bemis, Alan, 43

Bergeron procesa of rain formation, 27

Bergercn, Tor, 6

Blair, George, 11

Blanchard, Duncan
Research Group, 1l
vertical wind tunnel, 1%, 20
water droplet study, 17

Bloch, M, R., 6

Blodgett, Katharine, 4

budget, 11

Buffalo, N. Y., 37

Bulletin of the American Meteorclogical
Seclety, 38

Bureau of Reclamation, 47

butyl alechsl, normal, effect on ice
crystal habit, 18

California Electric Power Co., 46, 52

camera clinometer, 14

Canada, 47

Canberra, Australia, 47

Carney, Stephen, 45 -

chain reaction
ice crystal multiplication, 19
theory of rainfall formation, 20, 27,

28
Chamberlain, C, N,, Capt., USAF, 11

charcoal silver iodide aerosol generator,

19

chemical effects on ice crystal habit, 18

Chemical Enyineering News, 38
Chemical Warfare Service, 3, 5
cirrus clouds, 21

cirrus pumping, 23

Clark, Victar, 4

wlay, 17

c¢lear air seeding, 23, 41, 44
cloud chamber, 15, 47

72

cloud dissipation for aircraft, 49

cioud drop meter, 14

¢loud physics funding, 55

cloud studies
Massachusetts Institute of Technology, 5
Mount Washington, 4

cloud type indicator, 15

cloud type recorder, 15, 21

cold box, 1, 4, 5, 9, 14

collection efficiency, 4, 55

Colorado River, 47

commercial seeding in west, 46

Committee on Interstate and Foreign Com-
merce, U. 5. Senate, 52

computer modeling, 56

con¢lusions of Project Cirrus, 49

condensation nuclei detector, 14, 16

condensation nuclei measurement, 14, 20

continucus cloud chamber, 15, 47

controversial aspects, 51, 52

cooperation with other projects, 45

coroha point, 21

Costa Rica cumulus seeding, 25

crop yields, increasing, 4%

Crozier, William, 18§

crystal habit, 18

crystal structure, 5, 6, 55

Cuba, 47

cumulus seeding, 25, 34, 35, 36, 55

cutting heles in clouds for aircraft, 49

differential analyzer, 5
diffudion cloud chamber, 15, 47
Dodge, Jeseph B.,
Droessler, Earl G., 11
drop size measurement, 14
drought, 51
dry ice
crusher, 13
dispenser, 13
evaporatlon, 6
fall velocity, 6
pellets, 26, 6
seeding effect discovery, S
seeding of natural clouds, 7

electric power, 49

electrical atomization of water, 21
eloectrical phenomena, 21
electrification, 3

emulsion, 5

England, 47

cnvironmental effects, 55

Epilogue, 55

Fvans Signal Laboratory, 8

Falconer, Raymond E,, 54
clectrical observations, 21
egtablishment of weather station, 17
Mount Washingten, 4
periodicity studies, 39
Project Clrrus Research Group, 1l
Ference, Michael J., Jr., 11
filters, 2
First International Conference on Weather
Modification, 28
Iight program, 12
carly flights, 7
[lighl instruments, 14
Moods, 46

fog
dimsipation, 7
ground, 20, 50
seeding with dry ice, liquid Co,,

liguid propane, 24

forest fires, 18,

Forest Service, U. S., 26

Formosa, 47

¥raenckel, Victor, 11, 17

France, 47

funding, 11

gas masks, 3
Geller, Myer, 11, 17
General Electric
attitude toward legislation, 52
Monogram, i, 7
News Bureau, 7
participation in Project Cirrus, 56
request for history of Project Cirrus,
1
Research Laboratory, 8, 13
Review, i
sclentists, 3
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Gifford, Mary, 28
Gisbornea, H. T., 26
ground operations, 12
Guatemala cumulus seeding, 25

hail reduction, 11, 4%, 50, 51

Hallett and Mossop, 19

Halatead, Maurice, 26, 45

Havens, Barrington, 7, 55

tawaii warm cloud seeding, 20, 26

Hawkins, F. H., Jr., 39

holes in stratus clouds produced by
seeding, 23

homogeneous nucleation temperature, 18

Honduras cumulus seeding, 25, 4%

Hosler, Charleg L., 52

Houghton, Henry G., 52

floughton and Radford, 51

Howell, Wallace E,, 45

Hubert, W, E., Lt. [jg), USN, 13

Hurricane Debbie, 42

hurricanes, 41, 49

hygroscopic¢ nuclei, 51

ice crystal multiplication, 19
ice fog prevention, 50
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ice nuclei crystal structure, grewth and
multiplication, 18
icing, aircraft, 4
elimination by seeding, 23
measurement, 14
inadvertent weather modification, 55, 56
India warm cloud seeding experiments, 29
Institute of Mathematical Statistics, 39
instrumentation, 13, 14, 15
International Commission on Snow and
Ice, 18
International Conference on Weather
Modification, 47
iodine, &
indoform, 6
larael, 47

Japan, 47
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Kumai, 17

laboratory studies, 17

Langmuir, Ieving, 2, 10, 40, 54
accomplishments in cloud physics, 85
airplane icing cloud studies, 4
analytical studies, 22
Central America vislt, 25
chain reaction rain formation, 20

development of chain reaction theory, 27

early seeding calculations, &, 7
gas masks, 3
hurricane seeding, 42
New Mexico studies, 29, 30, 31
perliodie seeding, 37, 38, 39
precipitation static, 3
Puerto Rico studies, 28
retirement, 11
seeding effects on cumuli, 23
Senate hearings, 52, 53
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Steering Committea, 11
Weather Bureau controversy, 53
Langmuir Laboratory, 18
latent heat release, 6, 23
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51, 52

National Oceanic and Atmoapheric Admin-
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Mavy, U, 8., Office of Naval Research, 9
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