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The Economic Aspects of Experimental Meteorology

YINCENT ). SCHAEFER

As basic rescarch along the frontiers of science advances,
there are few of the natural sciences which do not receive
careful scrutiny. As each study expands, it encounters the
borderlines of related phenomena which often become so
completely interrelated that it is difficult to determine
where one ends and the other begins.

This is particularly tue when the study involves a
subject such as the earth’s atmosphere and the physical
processes which occur within a few hundred miles of its
surface.

The general subject I should like to discuss at this time
involves an area of even shallower depth with few, if any,
of the problems to be considered involving a region
exceeding ten miles above the earth. Despite this relatively
narrow zone in the physical dimensions of the carth, the
problems encountered are of considerable magnitude and
of a nature which, if we are to approach their solucion
with any hope of success, must employ as many scientific
techniques as possible.

As in any pioneering venture, success is much more
likely if the investigations are carried out with enthusiasm,
imagination, and an active curiosity and without too much
regard for older theories or prejudices.

THE ROLE OF CLOUDS IN THE HYDROLOGIC CYCLE

In considering clouds and their formation owing to the
interactions between air, water, and sunlight, we have the
essential constituents of an important mechanism for the
release of energy on the earth. The water molecule is the
basic unit in this energy transfer system, since the water
mnvolved is continually passing through the closed cycle of
evaporation, condensation, and precipitation—the sequence
starting again by evaporation.

Because of its physical nature, the lower atmosphere
serves as a vast reservoir for water. A relatively high
concentration of water vapour may be stored in the form
of gaseous molecules before condensation forms. In fact,
even when this occurs, the small size of the condensed
droplets often permits the atmosphere to support this
additional moisture for a considerable time—often long
enough, in fact, for the cloud thus formed to evaporate
into warmer or drier air. It is in this manner that large
air masses become modified. Warm and moist maritime
air encountering colder, drier continental air mixes with
it at the contact interface and thus changes the nature of
both air masses.

In addition to forming clouds, water molecules in the
very low levels of the atmosphere often condense as frost
or dew. This is really a precipitate but, except in regions
where it is common, is not of great economic importance
since much of it soon evaporates again. Where cloudless
skies occur and dew dcposits are common, they may
constitute an important source of moisture on the earth.
Improved methods for enhancing this precipitation by
artificial means is an important problem that should receive
more attention.

The presence of clouds in the atmosphere tends to
decrease the flow of energy from the sun to the earth,
since most clouds absorb much of the visible and near
infra-red radiation of the sun. Even a thin layer of clouds
reduces insolation (incoming solar radiation). At night,
however, the presence of clouds provides an insulation
blanket and slows down the loss of heat from the earth
to outer spacc.

When a cloud forms in the atmosphere, the amount of
heat released to the air amounts to about 580 calories per
gramme of condensed water. This energy may be con-
sidered lost insofar as the water resources of the earth are
concerned if the cloud evaporates before it is precipitated.
Not until precipitation develops in the clouds as snow or
rain and then falls to the earth may we consider the
hydrologic cycle completed and the maximum energy
recovered. Extremely complex relationships in this respect
result from the interaction between the scasonal changes
of temperature and humidity, variations in the wind, the
effect of topography, land use, and similar factors, all of
which exert an influence on the delicate balance existing
between the sun, the atmosphere, water, and man’s welfare.

In discussing experimental meteorology, I would like to
limit my consideration to experimental studies in the lower
ten miles of the atmosphere and with air samples ranging
in volume from a few cubic millimetres to several hundred
cubic miles.

Among the interesting problems related to the atmos-
phere which require a solution is a logical and compre-
hensive understanding of precipitation processes. That there
is more than a single mechanism involved in the formation
of snow and rain as precipitation is now becoming well
recognized. It was onfy a few years ago, however, when
heavy rain was only thought of (1)! as necessarily preceded
by the initial formation of snow.

It seems to me that when we consider the economic
aspects of precipitation processes, it is important to evaluate
not only the quantity of moisture that reaches the earth
but also the reciated effects, such as winds, lightning, hail,
intensity of the precipitation, and the related amounts of
sunshine.

If any of these factors can be modified artificially, even
to a limited degree, it is of great importance that every
feature of the modification should bear careful scientific
scrutiny.

While it is true that it is relatively easy to assign a
definite value to an inch of rain on a square mile of newly
planted seed corn; 10,000 acre feet of water added to
an irrigation reservoir; two feet of snow on the upper
drainage basin of a stream used for power purposes; or to
supply a large metropolitan district with adequate drinking
water, it is ncverthc?ess of great economic importance to
evaluate other weather phenomena. The loss in timber
resources and recreationaF areas occasioned by fires started

*Numbers within parentheses refer to items in the bibliography.
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by lightning storms; the devastation resulting when high
local winds flatten banana plantations; the bruised fruit or
smashed vegetables following an intense hailstorm, and
the muddied streams and eroded farm lands left in the
wake of a torrential rain all serve as examples of the by-
products of unstable cloud systems which occur in the
atmosphere.

Most cloud systems are examples of colloidal instability.
Many of them rigorously follow the reactions which have
well known counterparts in colloid chemistry. In most
instances, where colloidal instability occurs, it is possible
to shift the system to a more stable form by the proper and
judicious use of chemical or physical reagents or reactions.

Even though glycerine and boric acid, for example, can
exist as supercooled liquids in a relatively stable condition,
methods are known \73’161'6‘.’)}' they can be changed to their
less common, though more stable, crystalline form. The
water in cloud systems also has a tendency to develop
supercooling as a common characteristic.,

CLOUD TYPES TO BE CONSIDERED

Before going into a detailed description of this interesting
phenomenon, it will simplify the discussion to establish a
certain terminology at this time. The clouds which we
shall refer to consist of the three common forms—cirrus,
cumulus, and stratus. The many variations in which each
of these may be classified will, in general, be neglected, for,
although they are very important from the standpoint of
the genetic development of a weather pattern, these
variations are not of prime concern in relation to the
subject under consideration. A physical feature of great
importance, however, is the freezing level in the atmosphere
and its relationship to the clouds under discussion. In
general, the temperature in clouds follows the wet adiabatic
lapse rate with the temperature lowering with increase of
altitude at the rate of about 2.1 degrees C (3.8 degrees F)
per 1,000 feet at O degrees C (32 degrees F). With relation
to the freezing level, we shall be dealing with clouds
existing under onc of three temperature conditions. The
term “warm cloud” shall be used to designate a cloud
of liquid water droplets warmer than 0 degrees C (32
degrees F). A “cold cloud” shall then designate a cloud
of liquid water droplets colder than 0 degrees C, while a
“coocl1 cloud” will be a cloud extending above and below
the freezing isotherm, thus combining the features of
“warm” and “cold” clouds. The term “cool cloud” may
thus designate a cumulus cloud, cooling according to the
wet adiabatic lapse rate and thus becoming colder with
increase of altitude, or it may be used to describe a more
stable stratus cloud extending through an inversion and
thus inverting the normal temperature sequence. These
various cloud conditions are illustrated in Figure 1.

THE AMOUNT OF CONDENSED WATER IN CLOUDS

The variation in the amount of condensed water vapour
in natural clouds covers a considerable range. In general,
it is lowest in cirrus and highest in cumulus, with stratiform
types intermediate. The temperature of the source air is
the major factor governing the limit to the amount of
moistare which may appear in clouds from condensation.
Table 1 shows the amount of gaseous water vapour which
may be contained in saturated air of different temperatures.
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This difference in the amount of water which may be
held as a gaseous vapour at different temperatures is the
direct cause of cloud formation in air cooled by radiation,
convection, or advection.

The size and size distribution of the cloud droplets
contained within such clouds are also variables involving
many complex relationships. Cloud studies have now
progressed to the point (2) where limiting values may be
given in sufficient detail to be quite satisfactory. These are
assembled graphically in Figure 2.

As might be expected, the lowest values in condensed
water occur in cirrus clouds as ice crystals, the intermediate
values in stratiform clouds, while the highest liquid water
contents and particle sizes are found in towering cumulus
type clouds.

THE DEGREE OF TURBULENCE IN CLOUDS

Studies of turbulence and convection in clouds show that
of the three general types under discussion in this paper,
only the cumulus type exhibit turbulence and convection
of high order. While it is true that vertical velocities of 2
considerable degree may sometimes occur in stratus clouds
subjected to orographic or frontal lifting, i.c., displacement
due to the encounter of the cloud with a land barrier or
an air mass having a different density, such effects are of a
temporary nature and generally fail to produce marked
changes in the nature of the cloud. It is likely that vertical
velocities in stratus clouds rarely exceed 2 metres per
second. The vertical velocities in cirrus clouds are even
lower, since they generally form at very high altitudes
and in relatively stable air. Cumulus clouds, on the other
hand, contain high velocities which may cxceed 20 metres
per seccond in towering cumulus. Even in relatively
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small cumulus, 1 km. in thickness, vertical velocities of
more than 3 metres per second often occur.

Liquid water content and particle size are physical
features of clouds which are not affected by the location
of the freezing level, except as they may be a function of
the absolute humidity. High values of particle size and
liquid water content may occur at temperatures far below
the freezing temperature. The factor which affects the
liquid water content of a particular parcel of air is the
initial saturation temperature and its final temperature. If,
however, in reaching this final temperature, the cloud
particles have grown so large that the effect of gravity on
them is great enough to overcome the vertical air velocity
of their surroundings, the liquid water content may
become lower. By a somewhat similar process, the liquid
water content of a given air sample may be temporarily
enriched by an invasion of falling precipitation from
depleted clouds above. These are features of old clouds and
are of much importance in reaching a proper understanding
of precipitation processes.

TYPES OF NUCLEX IN THE ATMOSPHERE

In understanding the structurc of natural clouds, it is of
much importance to consider the initial formation of the
cloud particles. All of the features of this phase of cloud
physics are not understood, although rapig advances are
under way. Three types of nuclei are of importance—
condensation, sublimation, and freezing.

Condensation Nuclei

If ordinary atmospheric air is saturated with water
vapour and then suddenly cooled, a cloud appears con-
sisting of small water droplets. The number of droplets
which form is directly related to the effective condensation
nuclei present in the air before cooling occurred. If these
observations are made using an enclosed chamber, and its
temperature and humidity are adjusted so that the cloud
droplets reach the bottom of the chamber before they
evaporate, it is an observable fact that successive expansion
cycles fail to produce a new cloud unless a higher expansicn
ratio is used at which time effective nuclei serve as centres
of condensation.

It is a well known fact (3) that condensation nuclei
are formed in great quantities by many processes. Fine,
hygroscopic salt particles, which become air-borne as
waves and bubbles break at sea, seem to be an important
source of very active condensation nuclei. The smoke from
forest fires, like most other burning processes, produces
vast quantities of condensation nuclei which permeate the
atmosphere to a thickness in excess of a mile. In some
industrial regions, these particles become so numerous that
they form a dense pall of smoke and fog which restricts
visibility to a fraction of a mile.

If air samples are used from industrial regions or other
places where the foreign particle concentration in the air
1s high, a dense cloud is observed in the cloud chamber
containing from 10* to 10° particles per cub. cm. On
mountain tops, at sea, or at higher levels of the atmosphere,
the number of effective nuclei may drop to values of only
a few hundred per cub. cm. It can easily be shown that the
preponderance of such particles continue to serve as water

dr()f nuclei to a temperature of —38.5 degrees C. Super-
cooled clouds of this temperature can easily be formed,
even when the concentration is as high as 105/cub. cm.

Sublimation Nuclei

Among the foreign particles carried in the dust of the
air are certain special forms which in a proper environment
serve as sublimation nuclei. These become active in the
formation of ice crystals at specific temperatures below
0 degrees C and in air supersaturated with respect to ice
but not necessarily saturated with respect to water. Figure 3
shows typical results observable with samples of natural
soils and similar materials. Many of these were gathered
in regions where extensive dust-storms are common
occurrences.

It is perhaps of considerable significance that very few
particles have been found which serve as effective subli-
mation nuclei at temperatures warmer than about minus 12
degrees C. No observational evidence is known of
snow-storms starting in clouds warmer than this tempera-
ture.

A study of considerable significance in relation to the
occurrence of sublimation nuclei in the natural atmosphere
has been made on Mt. Washington during the past eighteen
months. Every three hours, day and night, in conjunction
with the regular weather observations, the number of
sublimation nuclei in a typical air sample are determined
as part of our Project Cirrus weather research studies. The
cold chamber method (4) is used in making these observ-
ations. The results are summarized in Table 1. This
indicates that the level of sublimation nuclei in the atmos-
Elhere is generally very low throughout the year. The

ighest level observed during approximately 4,300 observ-
ations is 10 per cub. cm. In contrast, the level of con-
densation nuclei at the same time would show values
ranging from 10 to 10,000 times greater.

While sublimation nuclei in the natural atmosphere may
apparently have a number of different molecular properties,
dfl)ere is one pure chemical compound which to date has
not been equalled in its effectiveness as a foreign particle
ice nucleus. This is silver iodide, a hexagonal crystal which
is almost identical in its crystalline structure to that
of ice.

Work in our laboratory (5) and in the field is actively
under way evaluating the effectiveness of silver iodide as a
sublimation nuclens under various atmospheric conditions.
To date, it appears to have exceptional value for cloud
modification where dry ice cannot be used. One of its most
important applications may be to inoculate clouds from
ground generators placed in such a manner that the
submicroscopic particles are carried up into the clouds
where they will become active at temperatures colder
than —5 degrees C, the threshold of activity of silver
iodide smokes. Further details in relation to silver iodide
will be given in a subsequent section of this paper.

Freezing Nuclei

Only brief mention will be made of freezing nuclei at
this time, since not much is known about them. It is
apparent, however, that they seem to possess different
properties from those of sublimation nuclel. Where the
latter permit the formation of ice crystals by the direct
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“deposition of water molecules from the vapour to the
‘solid phase, freezing nuclei appear to initiate the freezing
of supercooled water droplets (6). It is apparently the
presence of freezing nuclei in bulk water that leads to the
crystallization of water in the temperature range of
~—6 degrees C to ~—20 degrees C, under conditions where
care is exercised to prevent the seeding of the water by
frost crystals deposited just above the water meniscus on
the container. It might be that the presence of certain
water insoluble sublimation nuclei is partially responsible
for the development of snow in cold and cool clouds at
temperatures below —12 degrees C when they come in
contact with supercooled cloud droplets and cause them
to freeze. It is a matter of observation that a considerable
number of snow crystals have as a nucleus what appears
to be a cloud droplet such as that shown in Figure 4,

CAUSES OF NATURAL PRECIPITATION

THE ICE CRYSTAL PROCESS

Since 1933 when Bergeron proposed (1) a mechanism
for the formation of rain by the initial development of
snow in the upper parts of cool clouds, it has been generally
accepted that heavy rains could only be accounted for in
this manner. Experiences during the past war, especially
in tropical regions, convinced fliers and some meteorolo-
gists that another mechanism could also lead to the form-
ation of heavy rain. Such precipitation was often observed
to fall from warm clouds.

Bergeron’s theory proposed that the difference in the
saturation vapour pressure with respect to ice and water
would lead to the preferential growth of an ice crystal at
the expense of the cloud droplets in its vicinity. Without
doubt, this process is of major importance in the middle
latitudes.

THE VAPOUR PRESSURE DIFFERENTIAL PROCESS

Another precipitation mechanism parallel in some respects
to that of Bergeron has been proposed by Petterssen (7).
This would account for the development of raindrops in
¢louds due to the difference in temperature of small rain-
drops falling into a warmer environment, the difference in
saturation vapour pressurc of water at two temperatures
producing a differential growth in a manner akin to that
of the ice crystal effect. A variation in temperature of
0.01 degrees C at 25 degrees C would lead to the same
differential as that which produces the optimum condition
tor the growth of snow crystals.

While this mechanism would lead to a logical develop-
ment of raindrops, it is not easy to explain the method
which starts the process. From a theoretical consideration,
it is difficult to account for the early increase in size of the
cloud particles from their relatively stable dimensions.
Langmuir’s (8) calculations suggest that it is impossible to
maintain the necessary temperature difference between
small particles long enough for some of them to grow
large enough to start falling away from the others. From
the experimental studics in our laboratory, high velocitics
and large temperature differentials fail to demonstrate this
growth mechanism, although it is extremely easy rto
llustrate the ice crystal effect.

THE SALT NUCLEI PROCESS

It is quite possible that the mechanism of natural rain
formation in warm clouds is intimately related to the
presence of certain hygroscopic nuclei in the air.

Woodcock has obtained experimental evidence recently
(3) that there are considerable numbers of large salt particles
present in air over the sea in the trade-wind arca. Salt
particles as large as 2 X 1071 grammes were collected by
him at altitudes ranging from a few metres to a kilometre
above the sea surface.

A recent series of observations (9) by our Project Cirrus
group in the vicinity of Pucrto Rico showed that rain
developed in extremely thin clouds below the trade-wind
mversion at temperatures of 8 degrees C. Light rains were
measured coming from clouds whose measured thickness
was less than 300 ft. Figure 5 shows a photograph of one
of these. An estimate of the rainfall rate calculated from
the observed rate of collection in flight showed that it
would be approximately 0.05 inch per hour. A similar
measurement of a thicker cloud 2,000 metres (6,500 ft.) in
vertical thickness showed a rain-water content falling
from the cloud into the sea at the rate of approximately
25 mm./h. (1 in./h.). The coldest part of this warm cloud
had a temperature of +8 degrees C.

Such amounts of rain from relatively thin clouds are
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of certain natural substances which may occur as aerosols in the

atmosphere. Such particles may be responsible for the start of
snow storms.
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rarely observed over continental America and obviously
require a mechanism for rain formation different from the
ice crystal effect.

While studying clouds in Puerto Rico, we also made
some rough observations on the concentration of conden-
sation nuclei in the air. Invariably, with air coming in
from the sea, the levels were extremely low, the number
rarely exceeding 200 per cub. cm. Similar observations
have since been made along the New England Coast. In
this latter case, however, the concentration jumps to high
levels within a few miles inland as the high levels inherent
to continental air raise the concentration from 103 to
105/cub. cm.

The experimental evidence thus far known seems to be
compatible with the view that the salt crystal nuclei are
extremely effective centres for rain formation. Due to
their hygroscopic nature, they have considerable mass even
before a normal cloud forms. Due to the larger size of
these particles, there will be a tendency for them to start
falling within the cloud at a different rateto that of the small
droplets in their vicinity, thus gathering in by collision
more and more of them. In this way, rain would form

on frozen cloud droplets.

quite readily, and if the cloud had a vertical thickness of
1 km. or so, the particles could easily reach the maximum
size that may fall without break-up. In addition to the
growth by collision as the drop became larger, it might
also add to its growth by the vapour pressure differential
which, in the early stage, would be somewhat enhanced
because of its salt content and in the later stages by the
difference in temperature as the colder drop fell into
warmer rising air.

MAN’S EFFORTS TO PRODUCE RAIN

Down through the ages, man in various ways has tried
to get rain, prevent hail, and eliminate lightning. Thesc
efforts have ranged in method from ceremonial sacrifices
to rain gods to spraying electrified sand and dumping such
things as liquid air and dry ice to “cool the air”. Since
1875, the literature is replete with pamphlets, books,
patents, and popular stories giving reasons why such
methods should be successful or detailed arguments to
show that they could not possibly be effective.

During the past thirty years, several methods have been
tried to modify atmospheric conditions which have claimed
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to make use of scientific principles. Most prominent of
these have been the activities of Bancroft and Warren
using clectrified sand and Veraart using dry ice.

The electrified sand was used with the hope that the
charged particles would attract oppositely charged cloud
droplets and thus form raindrops. While considerable
interest was displayed in these activities, the plan was
doomed to failure because of the tremendous quantities of
materials required, and the relative unimportance of the
results obtained.

The next experiments which attracted considerable
attention were centred on the claims of Veraart (10) of
Holland who dropped dry ice from an airplane to affect
clouds. A study of his theories and practices suggests that
he was merely putting into practice methods proposed by
Gathmann of Chicago (11) in 1891.

The effects expected from the introduction of dry ice
into the atmosphere was to reduce the temperature of
the air to either form clouds where no clouds previously
existed or to augment the amount of condensed water
already existing as a cloud with the expectation that it
would produce precipitation of the cloud.

In his use of dry ice, Veraart proposed using very large
quantities of this material. He apparently failed to recognize
the importance of the effect of dry ice in supercooled
clouds and, consequently, missed the chance to use this
material in an effective way.

In 1938 Findeisen (12) in concluding an important paper
entitled, “Colloidal Meteorological Processes in the Form-
ation of Atmospheric Precipitation”, made the following
prophetic statement:

“The recognition of the fact that quite minute, quan-
titatively inappreciable elements, are the actual cause setting
into operation weather phenomena of the highest magni-
tude, gives the certainty that, in time, human science will
be enabled to effect an artificial control on the course of
meteorological phenomena. It would be going beyond the
limits of the present work to discuss in detail the possibility
of exercising a kind of technical control over the course of
weather conditions. From the considerations under survey
here, we have now come to quite new points of view on
this. It can be boldly stated that, at comparatively moderate
expense, it will, in time, be possible to bring about rain by

Figure 5. TLin stratus clouds of maritime origin which produced
light drizzle rain. Temperature about 10°C and thickness about
100 metres. Flight 64, Project Cirrus, Puerto Rico.
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Figure 6. Seeding pattern used in Flight 83, Project Cirrus.

scientific means, to obviate the danger of icing, and to
prevent the formation of hailstorms. Through the energy
transformations thus secured, various other weather pheno-
mena (e.g. temperature, wind) will be brought under a
certain kind of control, which perhaps never, in a direct
manner, could, to an appreciable extent, be acted upon in
the atmosphere. The colloido-meteorological investiga-
tions, by themselves with the assistance of only research
work on the means to get some control over the weather
factors, have opened up a new field for their efforts. They
obviously only can solve those various problems with the
close assistance of aerology.”

In recognizing the possibility of modifying unstable
cloud systems, Findeisen pointed out the tremendous
energies that might be released when the proper type of
“seeding agent” was discovered and properly used.

It is now believed that methods are now available to
profoundly modify cloud systems and thus realize some of
the effects predicted by Findeisen.

A study of the literature shows that at least one person
observed that ice crystals could be produced in air super-
saturated with respect to ice if the air was locally cooled
to a very low temperature (13). The significance of this
observation as it might be related to meteorology was
apparently not consigered by Adams.

METEOROLOGICAL STUDIES AT THE G.E. RESEARCH LABORATORY

In 1946, after spending the previous three years studying
the nature of snow-storms and aircraft icing, the writer (14)
described some laboratory experiments concerning the
seeding of supercooled clouds with dry ice. He pointed
out the important relationship between this effect, and the
modification of supercooled clouds in the natural atmos-

phere.

On 13 November 1946, the first experiment with seeding
supercooled clouds in the atmosphere was accomplished,
producing results which had been anticipated on the basis
of the laboratory results. A four-mile cold cloud was
profoundly modified within a few minutes by dispensing
6 Ib. of crushed dry ice into it. The cloud, which was
supercooled to a temperature of approximately —17.5
degrees C and which before seeding showed no sign of
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(Official photo, U.S. Signal Corps Eng. Lab.)

Figure 7. View of rapidly spreading seeding.
Track behind plane dispensing dry ice. The planc is the dark spot
just right of centre and is flying several hundred feet above the
cloud deck being seeded. Flight 83, Project Cirrus.

ice crystals, was completely changed to snow within five
minutes after sceding.

Subsequent experiments in the fall and winter (15) of
1946 included the initiation of an extensive snow area in
the Hudson and Champlain valleys of New York, the
modification of a supercooled valley fog which initially
reduced the visibility to a remarkable degree, the production
of snow showers from cold stratocumulus clouds, and the
production of extensive grooves and holes in a solid deck
of stratus clouds.

In addition to these flight experiments in the natural
atmosphere, the laboratory studies which had started in
1943 in the G. E. Research Laboratory were carried out
on an increased scale in the fall of 1946 and winter of 1947.

These experiments pointed the way for further scientific
work which would require extensive facilities. The General
Electric Company is not in a position to supply such
facilities and, consequently, a joint Army, Navy, and Air
Force instrument wherein the General Electric Company
provides scientific and technical guidance as consultants
and the Government carries out all experiments other
than those done within the General Electric Research
Laboratory. This activity is identified as “Project Cirrus”
and is administered by a Technical Steering Committee

Figure 8. Largc subsiding area of snow crystalsiproduced by the
dry ice seeding of stratus clouds. Flight 73, Project Cirrus.

consisting of representatives of the Army, Navy, and Ari
Force. Dr. Irving Langmuir and myself act as scientific
consultants to this committee.

At the present time, the Operations Group of Project
Cirrus uses a flight facility at the G. E. Flight Test Hangar
at the Schenectady County Airport which includes two
B-17s, one PB4Y-1, one JRB, and one L-5, and the
necessary pilots, mechanics, cameramen, aerologists, and
technicians to carry out flight operations for studying the
various phases of the precipitation process.

FUNDAMENTAL EXPERIMENTS IN CLOUD PHYSICS
THE FORMATION OF A SUPERCOOLED CLOUD

It is a simple matter to form a supercooled cloud (16).
A chamber having dimensions of approximately 30 cm.
wide, 50 cm. long, and 40 cm. deep is quite suitable for
cloud experiments. Means should be provided to cool the
air in the chamber down to a temperature of at least
—25 degrees C, if possible. The walls of the chamber
should be painted black or lined on sides and bottom with
black cloth, such as velvet. Illumination may consist of a
flashlight or similar type of focused light beam. With the

chamber? cooled below ambient room temperature, a

(Official photo, U.S. Signal Corps Eng. Lab.)

Figure 9. View of “Figure 4” seeding. One portion of pattern

(the diagonal strip in the right foreground) was seeded with 25 grams

of silver iodide. The rest of the sceding was with dry ice using less
than 1 pound per mile. Flight 83, Project Cirrus.

cloud may be formed within it by the introduction of
moist air. Within a few seconds after condensation occurs,
the droplets reach the temperature of the chamber. Under
ordinary laboratory conditions, the cloud droplets reach
a diameter in the range of 10 to 25 microns and a con-
centration of 200 to 1,000 per cub. cm. Occasionally, a
few ice crystals appear in the chamber if the temperature
is colder than —10 degrees C. Generally, however, this is
a transient effect with rarely more than 1 crystal/cub. cm.
forming. The supercooled cloud droplets persist until the
air is no longer supersaturated with respect to water.
During this period, a wire or miniature propeller will be
coated with ice if rotated within the cloud. Eventually,
the cloud disappears, the droplets slowly settling to the

2A very convenient type of chamber is a 4 cub. ft. home freezer,
although it is possible to conduct cffective experiments with much
cruder apparatus if necessary. Two galvanized tubs separated by a
water-ice-salt solution may be quite adequate for short experiments.
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Figure 10. Cumulus cloud Jgenerating large quantities of ice crystals at high alticude. Streamers of “false cirrus” were produced by
successive cumulus build-ups. :

bottom of the chamber or evaporating onto the frosty
walls.

Such relatively stable supercooled clouds may be formed
to a temperature of nearly —39 degrees C. If, however,
the temperature is reduced below this value, it is impossible
to form a supercooled cloud.

THE FORMATION OF CONDENSATION NUCLEL

In most air samples likely to be used in laboratory
experiments, there is no lack of condensation nuclei.
Concentrations ranging between a thousand and a million
per cub. cm. are normally observed. If the level is low, it
may be increased by burning a bit of charcoal, striking a
match, heating a nichrome filament, sparking a Tesla coil,
or atomizing a salt solution. In fact, some very striking
experiments may be carried out to demonstrate the optical
effects possible with variations of type and concentration
of cmnﬁensacion nuclei.

THE FORMATION OF SUBLIMATION NUCLEX

To demonstrate the presence of natural sublimation
nuclei in the air under laboratory conditions is not easy.
Sometimes the free air contains relatively high concentra-
tions with the number occasionally reaching 10 particles
per cub. ¢cm. However, under ordinary conditions, the
concentration secms to range between 50 and 500 per
cub. metre. Under such conditions, a few particles will be
scen in the beam of a light dirccted into the cold chamber
containing a supcrcooled cloud.

As indicated iu an carlicr chapter, certain clays and other
mineral dusts serve as effective sublimation nuclei at definite
temperature ranges below 0 degrees C. A given sample
may be evaluated by using particles of such a size that

they readily form an acrosol. Shaking a box containing
the sample while held in the chamber will produce a
cloud, since the finer particles will float out of the container.
The particles, 1f effective as ice nuclei, will become coated
with a frost layer if the air is supersaturated with respect
to ice. This normally occurs within 30 seconds. They
become visible as twinkling crystals if allowed to grow
and generally form asymmetrical crystals unless the initial
particles are smaller than 1 micron in diameter. Methods
already described in detail (16) may be used to study
such particles, :

The role played by silver iodide serving as a sublimation
nucleus is outstanding. It may be introduced into the air
some distance away from the laboratory and still have an
appreciable effect in the laboratory if the air trajectory s
favourable. A few simple laboratory experiments will be
mentioned. A wire filament dusted with a few minute
particles of silver iodide will, if heated in air supersaturated
with respect to ice, produce many millions of ice crystals.
The particles formec{) in this way are submicroscopic with
many less than 100 A in diameter. By drawing an arc with
a pure silver wire using either a Tesla coil or by moment-
arily shorting the leads of a dry battery with a silver wire,
a smoke of silver particles may be mtroduced into the
cold chamber. In a supercooled cloud formed subsequently,
no ice crystals will be observed if iodine vapour is absent.
If, however, a small iodine crystal is then passed briefly
through the chamber, large numbers of ice crystals will
be seen to form in the wake of the crystal within the
supercooled cloud. A still simpler means of demonstrating
the silver iodide effect is to place a few particles on the
end of a match which will be volatilized as the match is
ignited, thus producing many nuclei.
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As shown (5) by Vonnegut, the nature of silver iodide
smokes in forming sublimation nuclei scems to be related
to a probability function which has a fairly high tem-
perature coeflicient. Thus, at a temperature of —6 degrees C
some sublimation nuclei will appear. At —10 degrees C
with all other factors the same, many more particles will
be observed in the same unit time. Space does not permit
a detailed discussion of the interesting relationships which
have been found. The original reports and papers of
Vonnegut should be studied carefully if plans are con-
templated to use this material for laboratory or field
experiments.

PROJECT CIRRUS AND EXPERIMENTAL METEOCROLOGY

Project Cirrus is a fundamental research study of the
physical and chemical processes which occur in the lower
atmosphere and produce clouds, snow, rain, atmospheric
electricity, and associated phenomena.

One of the major activities of Project Cirrus is in the
field of experimental meteorology. In this respect, observ-
ations and experimental studies are made with cloud
systems having volumes ranging from less than one to
more than several hundred cubic miles. The limitations
in size are related primarily to available cloud systems and
the physical conditions required for each particular
experiment.

Figure 11. The oscillations and breakup of a single large drop of

water floating in air having an upward velocity equivalent to the

terminal velocity of the drop. Hlumination with stroboscopic lamp
flashing 90 per second. Drop dia. 8.1 mm.

These studies are planned and carried out insofar as
possible as laboratory type experiments. Each operation is
planned to supplement others previously accomplished so
that some features are checke§ as new aspects are under
exploration. In so far as possible, controls are maintained
so that comparative evaluations may be achieved.

The major objective in this particular phase of our study
has been directed toward the detection of unstable atmos-
pheric conditions which develop in the atmosphere and
often persist for some time. When such conditions are
discovered various “triggering” actions are then applied
in an attempt to shift the system to its more stable form.
Such modifications of clouds often involve the release of
tremendous quantities of energy. As pointed out recently
by Longley (17), the energy release following the con-
densation and subsequent fall of one inch of rain on one
square mile of the earth is equivalent to 1.7 x 102! ergs.
For comparison purposes, this is about twice that of the
energy said to be released by an atom bomb of the type
dropped on Hiroshima. Although much of this energy is
released as the cloud forms, unless it is precipitated on the
earth in an effective and useful way, it may Ee regarded as
lost energy in so far as the earth and its water resources
are concerned.

Evidence is now accumulating which shows that under
certain conditions it is feasible to initiate the precipitation
cycle artificially in some types of cloud systems so that
their increased output forms a valuable addition to the
natural resources of the earth.

Before going into a discussion of this fascinating subject,
it may be in order to review briefly the operational
facilities and procedures which we are now using in our
basic research and studies of clouds and the atmosphere.

These activities may be divided into three major parts :
(1) laboratory researcn; (2) field studies; (3) flight opera-
tions.

LABORATORY RESEARCH UNDER PROJECT CIRRUS

The main laboratory studies are conducted at the new
General Electric Research Laboratory building at the
Knolls in the lower Mohawk Valley in eastern New York.
Complete facilities for physical and chemical studies with
many unique features are available in this laboratory. Part
of the laboratory in use includes a weather observatory
equipped with standard, as well as special, meteorological
instruments, radio communications, a small wind-tunnel,
and a complete photographic dark room. In addition to
the laboratory areas, excellent shop facilities are available
including the services of skilled technicians for special
developments in mechanical and electronic instrumentation.

In addition to these facilities, meteorological observations
of a specific nature are carried on by special observers
at the Mt. Washington Observatory on the summit of
Mt. Washington in the state of New Hampshire. This
mountain observatory, at an elevation of 6,288 feet above
sea level, is world famous for its exceptionally severe
weather, especially high winds and extended rime storms
produced by supercooled clouds sweeping over the
mountain. Besides having projects carried out by Observ-
atory personnel for Project Cirrus, the research facilities
on the mountain are always available to members of

10
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Project Cirrus for testing instruments and studying various
types of natural orographic clouds.

In addition to the experimental research activities at the
Research Laboratory, an important phase of the laboratory
programme is the analysis of flight data by photogram-
metric methods and detailed studies of meteorological
conditions present during the experiment. Considerable
space in the laboratory is used for these purposes, and at
least one person spends full time on this activity.

FIELD STUDIES UNDER PROJECT CIRRUS

Supplementing experimental research in the laboratory,
the Research Group is involved in a considerable variety
of field studies ranging from a study of the effect produced
in the atmosphere by ground generators dispensing silver
iodide smokes, detailed observations of various types of
natural rain and snow-storms, studies of the development
of all types of clouds using lapse time motion pictures,
determination of the concentration of condensation and
sublimation nuclei which occurs in the atmosphere, and
activities of a similar nature dealing with weather pheno-
mena associated with the formation of clouds and the
subsequent development of precipitation. Many obscrv-
ations are made in regions other than eastern New York.
For example, cloud studies bave been conducted by one
or more members of the Research Group in northern
Idaho, Wyoming, and other parts of the North-west,
Florida, Puerto Rico, various parts of New England, and
‘Central America, particularly in Honduras. It 1s of great
importance that cloud systems in various parts of the
world be studied and their local peculiarities understood,
since it is quite obvious that large differences exist in clouds,
not only in their general development and life cycles, but
even in their microstructure. Until these variations are
better understood, it will be impossible to draw general
conclusions about them.

FLIGHT OPERATIONS BY PROJECT CIRRUS

At the present state of our knowledge of clouds, it is of
great importance that the general structure, as well as the
microstructure, of clouds be explored by going into them.
This may be accomplished to a limited degree by observing
them at a mountain observatory using the summit as a
stationary probe to study their structure as they pass by
the station. The information gained in this manner is of
great value but does not provide much data on convection,
turbulence, and three dimensional structure which is of
basic importance in studies of clouds in the free atmosphere.

The only method now reasonably satisfactory involves
the use of one or more aircraft which can probe clouds at
various levels and in doing so, register on automatic
instruments some of the properties characteristic of the
clouds explored. Good photographic techniques are of
extreme value in this respect because of the complexity of
clouds and the rapidity with which they change some of
their features. It is impossible to obtain a satisfactory
record by visual observation alone.

In this respect, some of our seeding techniques are of
unique value since, for the first time, they provide a
method of marking a cloud that will persist for a long
ume and may be seen for large distances. By taking
consecutive pictures of a cloud area marked in this way,

I

much information may be obtained during periods of an
hour or more which shows the various mechanisms that
are of importance in the formation and dissipation of
clouds.

To carry out such a flight programme effectively requires
much organization and specialized training of the personnel
engaged in the work. The planes involved must have a
considerable amount of workable scientific equipment
especially suited for mercorological studies. In addition,
it is of great importance that a special schedule is followed
in reporting the results of cach experimental flight study.

A TYPICAL FLIGHT OPERATION OF PROJECT CIRRUS

It may be of interest to describe a typical experimental
flight study conducted by the Project Cirrus Flight
Operations Group. For this example, Flight 83 will be
described since it was a two plane operation employing
both dry ice and silver iodide in the seeding operation.

At 1500 on the previous day, the weather group assigned
to Project Cirrus, comprised of Navy personnel, notified
the Chairman of the Operations Group that the synoptic
situation suggested the strong possibility that a suitable
supercooled deck of stratus clouds might be expected the
next morning. An alert was sounded, crews were assigned
duties, and tentative plans set for 0900 take-off in the
morning using two B-17 planes.

Early the next morning, a check on the weather develop-
ments showed that the forecast was good, and each member
of the flight groups carried through his assigned duties
prior to take-off. These duties included, besides normal
preflight preparations, such extra things as cleaning the
windows used by the photographers, crushing and packing
the dry ice in canvas bags, loading the silver iodide
dispenser with fragments of impregnated charcoal, loading
and checking the photopanel camera for operation,
checking the operation of the automatic recording instru-
ments, and making sure that the inking pens and charts
were ready for operation.

Except for the preparation of the silver iodide and dry
ice and their dispensing mechanisms, the above special
activities were required for both planes.

On B-17 No. 5667 used as the seeding and probing
plane, a crew of ten men were assigned for the operation
including: 1 pilot, 1 co-pilot, 1 navigator, 1 flight controller
(alternate), 1 photographer, 1 technical observer, 1 aero-
logist, 1 radio operator and 2 flight mechanics.

On B-17 No. 7746, the photographic and observation
plane, a crew of seven men included the following:
1 pilot, 1 co-pilot, 1 flight controller, 1 photographer,
1 aerologist, 1 radio operator and 1 flight mechanic.

Just before take-off, both flight crews assembled for a
briefing at which time a brief description of the proposed
flight was given by the flight controller, including the
general objectives of the operation. After take off, the
planes were to rendezvous over the Albany Radio Range
at approximately 20,000 ft. When the rendezvous was
accomplished, the planes would again check radio contacts
and proceed togetﬁer to a position about 30 miles north-
west of the range with the seeding plane holding a position
on top of the stratus deck, the photo plane climbing but
maintaining visual contact with the lower plane.
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Figure 12. Photomicrographs of stellar crystals formed on cirrus type hexagonal plates.

From his vantage point in the photo plane, the flight
controller sized up the situation as favourable for a
“Figure Four” seeding pattern using 1/, 1b. of dry ice
pellets per mile of flight with a short seeding with silver
iodide. He then ordered the preparations to start for
dispensing the silver iodide charcoal since the seeding
flight would start within a few minutes. The proposed
“Figure Four” flight plan as suggested by the Research
Group and adopted by the Operations Group is shown
in figure 6.

As soon as the order to seed was given, the seeding plane
went into its pattern, flying several hundred feet above the
top of the slightly ragged top of the stratus deck putting
out dry ice pellets for five miles, after which for one mile
no seeding agent was used. The order to dispense the small
burning charcoal fragments producing silver iodide was
then given. About 20 seconds was required to dispense
the silver iodide particles. Another one mile gap without
seeding was next ordered, after which time dry ice seeding
was again started and continued at the rate of 1/, Ib. per
mile until the “Figure Four” was outlined. Following
this, a single dry ice pellet drop was made bracketed by a
line of continuous seeding parallel to the first leg of the
four pattern.

12

Throughout all of the seeding operation, the photo plane
was cruising at 21,300 ft. For the first time, the seeded
track immediately behind the seeding plane was photo-
graphed. Figure 7 illustrates one of several remarkable
photographs obtained at this time showing the speed with
which the dry ice effect spreads in the wake of the seeding
plane.

Shortly after take-off the photopane]s in both planes
werc started. Each panel holds the following instruments:
rate of climb, air spced, altimeter, bank and turn, compass,
clock, counter, free air temperature and battery of station
indicator lights.

Automatic photographs are obtained of this instrument
panel every 55 seconds while, in addition, whenever any
one of four other switches at various positions are tripped
an additional picture is taken. This permits the photo-
graphers, the aerologists, the flight controller, special
observers or those with special assignments, such as
dispensing the seeding agent, to produce a special record
of any operation he might make individually as part of
the flight operation.

After the seeding flight was completed, plane No. 5667
was directed by the flight controller to obtain low level
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photographs of the developing seceded pattern and, in
addition, to probe the infected area to observe optical
phenomena and other features that might be of interest.
Figure 8 illustrates typical photographs obtained from this
plane. Since the flight was made over mountainous terrain,
it was decided to forego a descent through the deep trough
cut by the ice crystals. After 30 minutes of probing studies
and low level photographic coverage, it was released from
further co-operative observations by the flight controller.
A total of 24 photographs were taken at various altitudes
ap to 3,000 ft. above the cloud deck.

Meanwhile, plane No. 7746 was cruising above the
seeded track taking still photographs and a few moving
pictures. This continued for a period of 40 minutes during
which time a total of 48 photographs were obtained.
Figure 9 is a typical photograph taken during this (})criod.
By this time, the flight controller decided that an adequate
set of photographs had been obtained since the pattern
was beginning to deteriorate and no new phenomena were
in evidence. It should be mentioned at this point that
throughout the observation flight, the entire crew in plane
No. 7746 were on oxygen since the flight occurred at an
altitude of 21,300 feet. The flight was then terminated
with both planes heading for the base where they landed
at about 1130. Thus the operation required a total flight
time of approximately 150 minutes, about 40 per cent of
this time being employed in the experimental studies.

PROCEDURE FOR REPORTING ON AN EXPERIMENTAL FLIGHT
STUDY

At the completion of a flight, the procedure now in use
by the Flight Operations Group to effect a close relationship
with the Research Group may bed ivided into four
stages.

The pre-flight briefing. This involves the development by
the Research Group of a series of experiments required to
provide specific data on certain types of clouds. These
requirements are studied by the Operations Group and
adapted to flight procedures. A flight controller is
designated who is directly responsible for the carrying out
of the complete experimental flight. Personnel are kept
on the alert for suitable cloud systems whenever the
aerologists report suitable conditions within 200 miles, As
soon as reasonable assurance is at hand that the type of
clouds needed may be found, the planes take off, approach
the system, and then follow through according to the
briefing plan.

It is of great importance that the flight controller has
several alternate plans for immediate substitution in the
event that the cloud system is somewhat different from that
expected from the reported synoptic situation. He must
have the ability to size up the situation while approaching
the experimental area and thus take advantage of whatever
cloud system is found.

The preliminary report. Within an hour after the flight is
completed, a brief report is transmitted to the Research
Group by the flight controller which summarizes the
results as observed and the general data obtained. This
includes enough detail so that it is possible for the Research
Group to determine immediately whether there is need
for another flight to supplement the data obtained.
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Detailed flight report. A more detailed report including
copies of all the raw data, all logs and notes of observers,
and contact prints of still photographs obtained are supplied
to the Rescarch Group within two days. Following a
review of the contact prints, the Rescarch Group orders
enlargements of all photographs which appear suitable for
analysis.

Final report. Within a week or two, all supplemental
data not available at the time of the second report, reduced
data from the photopanel, enlargements of selected prints,
moving picture film and a meteorological analysis of the
weather preceding, during, and subsequent to the flight
study arc supplied to the Research Group to aid in the
analysis. The detailed analysis of the flight is then scheduled
with relation to other flight operations under study. The
summary of this work 1s subsequently published in an
Occasional Report of Project Cirrus.

It should be pointed out at this time that the above
procedure is carried out beyond the third and fourth stages
on only those operations where the accumulated data is
reliable and has sufficient detail to warrant spending the
time involved in carrying through a complete analytical
study.

TYPES OF CLOUD SEEDINGS USED IN PROJECT CIRRUS
OPERATIONS

Two types of cloud seeding as related to flight studies
shall be discussed at this time—the formation of ice crystals
in supercooled clouds and the development of a chain
reaction in cumulus clouds using large water drops.

The Dry Ice Effect

When solid carbon dioxide is introduced into a super-
cooled cloud in the atmosphere, enormous quantities of ice
crystals form and produce profound changes in the cloud
by the mechanism explained by the Bergeron-Findeisen
theory. Crystals may be produced in such large quantities
that it is sometimes possible to create conditions unlike
those which occur naturally in the free atmosphere.

As mentioned earlier, it is extremely uncommon to find
any ice crystals forming in natural clouds until some
region has a temperature of —12 degrees C. Since the
introduction of carbon dioxide ice (henceforth called dry
ice) will produce ice crystals at any temperature below
0 degrees C, many cloud systems that would not shift to
snow mnaturally may be affected by this type of artificial
inoculation.

The enormous numbers of snow crystals produced in
this manner also allow us to modify unstable supercooled
clouds in several ways which rarely, if ever, happen in
Nature. For example, it is possible by artificial means to
shift all of the condensed water in a massive supercooled
towering cumulus cloud to snow crystals in considerably
less than five minutes. A similar cloud by natural processes
normally requires an hour or more to reach the same
condition and even after that time, might not be completely
modified. The quantity of dry ice required to accomplish
artificial modification is insignificant, since, as pointed out
carlier, one gramme of dry ice is capable of producing at
least 10% ice crystals. Laboratory experiments show that
tremendous members of ice crystals stream from a small
pellet as it falls through the air. In order that these crystals



UNSCCUR PROCEEDINGS: WATER RESOURCES

Official photo,

Figure 13. Portion of “Letter L Pattern produced with about 11 pounds of dry ice fragments per mile of flight. This “over-seeded”
the cloud. Note the reflection of sun in the ice crystal region. Flight 3. Project Cirrus.

become effective, they must form in air colder than
0 degrees C which is supersaturated with respect to ice.
By flying above or through the cloud, dry ice particles
having sizes ranging from 1 to 20 mm. in diameter fall
down or are carried aloft, depending on their size and
the turbulence in the clouds. Natural convection and
turbulence of cumulus clouds, augmented by the heat
released by the change in phase from water to ice, assist
in causing the rapid infection of a large region of the cloud
system. Experiments show that if a concentration of
crystals exceeding about 50 per cubic centimetre is present,
the supercooled cloud thus infected is completely evapo-
rated in less than ten seconds. With a concentration ten to
twenty times more than this, the competition between
particles for the available cloud water is so great that
none of the particles grow as large as the original super-
cooled cloud droplets. As a result, the cloud is “overseeded”
and becomes extremely stable. Such overseeded clouds
rapidly lose their convective activity and become very
stable and persistent. Examples of overseeded clouds may
otten be seen to form naturally when cumulus clouds pass
through the transition temperature of —39 degrees C.
Figure 10 illustrates a typical cloud of this sort. This
generally occurs at altitudes of 28,000 ft. to 32,000 ft., the
results appearing as anvil tops or as long streamers of
cirrus clouds drifting across the sky in the tropopause
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region of the atmosphere. These overseeded effects, how-
ever, are rarely, if ever, observed in the natural atmosphere
at warmer temperatures unless the clouds are seeded
artificially or at times when natural seeding takes place
due to the entrainment of snow crystals carried down from

higher altitudes through stable air.

Since it is demonstrable that cold clouds may be over-
seeded, it follows that lesser amounts may be introduced
as desired. This makes it possible to produce many
interesting effects in cold and cool clouds. For example,
it is feasible to seed and dissipate clouds at specific altitudes
above the freezing level in the atmosphere and thus permit
the development of large vertical thicknesses of super-
cooling. In this way, high supercooled clouds cannot form.
Consequently, the sudden release of a large amount of
energy necessary to produce thunderstorms and similar
disturbances may be checked or at least reduced in
intensity.

On the other hand, if it is desirable under certain con-
ditions to go to the other extreme and attempt the release
of the maximum amount of energy possible from a
particular cloud system, this may be accomplished also.
For this to be successful, it is necessary to wait until the
maximum vertical development occurs at which time the
cloud is seeded in such a manner that the optimum number
of crystals are introduced to cause a rapid shift from the
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water to the ice phase and, at the same time, obtain the
most effective particle size to initiate rapid precipitation.
By properly carrying out such operations, it might at
times be possible to release enough energy to break through
inversions limiting the vertical development of the clouds.

The Development of Precipitation by Water Seeding

Langmuir has proposed (8) a mechanism for initiating
precipitation in cumulus clouds. The method involves the
introduction of relatively large water drops into clouds
having the following properties:

(1) They must be actively growing cumulus clouds
having vertical thicknesses greater than 1-1/2 km.

(2) The upward vertical convection in some region of
the clouds must exceed 2-1/2 metres/sec.

(3) The droplets in the cloud must have a diameter of
15 microns or more. ,

(4) The average liquid water content of the clouds
should exceed 2.7 grammes per cub. metre.

Field studies show that most actively growing cumulus
clouds having a vertical thickness of 1-1/2 km. possess the
other characteristics mentioned above.

When water drops larger than 0.01 cm. diameter are
introduced into a region og the cloud having strong upward
convection, they sweep up the smaller droplets in their
path as they are carried aloft. Most of this coalescence
occurs on the under-surface of the drop since the cloud
droplets move faster than the larger droplets and are thus
intercepted and collected. When the growing drops
become so large that the pull of gravity exceeds the vertical
lift of the air current, the drops %egin to fall and sweep up
even more cloud particles in their path. In addition, the
falling drops by virtue of their lower vapour pressure grow
by diffusion since they are continually invading air that is
warmer than the residual temperature of the falling drops.
When the drops reach a weight of about 0.5 grammes,
they are no longer spherical but are flattened out in the
peculiar manner shown in Figure 11. Such drops are
potentially unstable and become susceptible to break-up.
A small shearing force of the kind common to turbulent
air is all that is required to shatter the drops into two or
more smaller drops. Blanchard’s experimental studies (18)
in our laboratory show in a very elegant manner the
limiting conditions of stability which restrict the size of
falling rain drops.

If a growing raindrop in a cumulus cloud breaks apart
before reaching the level from which it started growing,
the mechanism constitutes a chain reaction. Thus one drop
produces two or more; these droplets passing through the
same cycle produce two or more, and within a very short
time, many millions of particles have developed from the
initial drop. If, for example, such an unstable drop breaks
into five droplets (a common occurrence as seen in Blan-
chard’s experiments), it requires only ten cycles for more
than two million new drops to form.

The Effects Which May Develop from Water Seeding of
Cumulus Clouds

Under most conditions, the introduction of large water
drops into a convective cloud exceeding these critical
dimensions might be expected to do no more than initiate

a chain reaction within the cloud which would lead to
its dissipation.

Since this mechanism is a mechanical one and is not
related to a change in phase, no energy release is effected
and, consequently, one would not normally expect
anything to happen, save the disappearance of the cloud.

If, however, the precipitation develops as a chain reaction
so that heavy rain forms on one side of a large convective
cell, the down drafts might be so strong that an upward
counter current is produced. If the air is unstable, this
upsurge of air may lead to a local convergence which
would certainly produce more precipitation than would
normally result by the mere dissipation of the treated cloud.

The normal effect, however, which secms to be most
commonly experienced when clouds are sceded by water
is dissipation. This is an important feature, however, since
even supercooled clouds may be affected in this manner.
In respect to the dissipation of clouds, it should be empha-
sized at this point that many large clouds dissipate naturally,
especially when the air aloft is dry. The best way to
evaluate such results is to become familiar with the growth
and disappearance of clouds by the use of lapse time
moving pictures. Successive pictures of clouds taﬁen by a
movie camera at 2-1/2 second intervals and then viewed
at the normal rate of 16 per second, speed the apparent
development of clouds by a factor of fortyfold. A familiarity
of cloud development gained in this manner permits the
observer to make a critical evaluation of results which
follow seeding operations.

THE APPLICATION OF SEEDING METHODS TO CLOUDS
OF VARIOUS TYPES

THE MODIFICATION OF OROGRAPHIC CLOUDS

The modification of orographic clouds by seceding
methods presents a particularly intriguing possibility. These
are cloudfs) which form as moist air is forced to rise as it
encounters a barrier such as a mountain range. In rising,
the air expands and cools as its pressure decreases. If the
amount of cooling drops the air below the dew point
temperature, a cloud forms.

Under many conditions, the clouds formed by orographic
processes are cool or cold clouds, especially in the winter-
time or when towering cumulus devclop over certain
mountain peaks or ridges.

The condensed water in orographic clouds in the winter-
time is not very high, since it rarely exceeds 1 gramme
per cub. metre. Such clouds, however, are very common
in mountainous regions and often form continuously for
many days. Even a cursory study of them reveals that
relatively little precipitation reaches the earth from them
except as rime deposits on trees and rocks or in the form
of scattered snow crystals. Under most conditions observed
on mountains in the north-castern United States, snow
crystals do not form in sufficient numbers to use up the
available supercooled cloud droplets. Consequently, only
a small fraction of the clouds which form in this manner
are precipitated. If techniques can be devised to cause a
widespread and effective precipitation of such clouds, 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 of



UNSCCUR PROCEEDINGS: WATER RESOURCES

great importance in stabilizing the streams which flow from
such regions.

The use of ground generators using silver iodide smokes
is one way in which orographic clouds might be seeded.
Unless such clouds form at relatively low temperatures,
however, this sceding material will not be of much
importance since temperatures below —10 degrees C are
necessary if an efficient production of nuclei is to occur.
The concentration of nuclel must be of the order of 50
to 100 per cub. cm. where the vertical rise of the cloud is
rapid if the available cloud droplets are to be converted to
snow. Whether partcles of this concentration will sub-
sequently grow Ecrgc enough to form precipitation is a
question which is answered best by experimentation with
varying types of clouds, temperatures, wind velocities,
and vertical accelerations in mountainous regions. Such
particles will probably grow large enough to fall to the
earth’s surface if the cgoud beyond the mountain summit is
of sufficient thickness to sustain the growth of the particles
until they become large enough to precipitate. In many
instances when orographic clouds have temperatures of
~—10 degrees C or colder, the liquid water content of the
clouds is so low that it is questionable whether the preci-
pitation initiated with silver iodide would be cconomically
feasible,

The production of ice crystals in orographic clouds by
the use of dry ice, liquid carbon dioxide, or similar methods
requires that the crystals be introduced into air super-
saturated with respect to ice. In addition to this requirement,
it is also necessary that the seeding be a continuous opera-
tion. This imposes rather severe limitations on the region
where such operations may be carried out effectively. For
this rcason, it is at present questionable whether a feasible
method is known for carrying out the seeding of relatively
thin and cold orographic clouds on a scale that would
have economic importance.

A method might possibly be developed, however,
making use of the riming nature of cold clouds so that
very weak rime feathers are formed which continually
shed tiny ice fragments into the wind. That this might be
feasible 1s suggested by the fact that small rime fragments
form a considerable percentage of the ice particles observed
in the air during an icing storm. If the source of these
particles was better understood, a more effective way of
forming them in larger quantities could probably be
developed which might not require more than the planting
of certain types of sub-alpine trees or the construction of
man-made structures in certain regions on the upwind
side of the mountains.

THE PRODUCTION OF REGIONS OF ICE NUCLEI IN THE SKY

It sometimes happens that large snow storms from low,
cold clouds are started and kept going by their contact
with a thin layer of middle or upper clouds, such as
altostratus or cirrus. Conover has described (19) an inte-
resting casc of this kind.

It is a fairly common experience to note examples of the
seeding of lower clouds by cirrus crystals. This latter type
of observation may be deduced by a study of the snow
crystals reaching the ground during a snow storm. This
condition generally produces stellar snow crystals with
cirrus type hexagons in the centre. This is illustrated by
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figure 12 which shows a few samples of crystals which
grew in this manner.

The production of specific regions in the free atmosphere
containing high concentrations of ice nuclei or potential
ice nuclet is now an interesting possibility. Cold middle
clouds, even though having no appreciable moisture, may
be used as “holding reservoirs” to store ice crystals until
they come into contact with lower clouds of greater
thickness or are entrained into cool ot cold cumulus. An
example of this type of seeding is contained in the sceding
operation during our high level study (20) of Hurricane
King on 13 October 1947. A relatively thin layer of stratus
clouds covering an area of nearly 300 square miles was
transformed to snow crystals. The subsequent fate of these
ice crystals is still a moot question, but if a considerable
region of them was entrained into the lower levels of 2
line of towering cumuli observed during the flight and
located in the southeast quadrant of the storm, the entrain-
ment of these snow crystals might have exercised a profound
effect on the subsequent development of these cumuli.

Similarly, the ice crystal residue from seeded, but small,
cumulus clouds may be entrained at a low level into much
larger cumuli forming in their vicinity. In this way, an
effect of considerable magnitude is produced as the super-
cooled regions are infected at a lower level than would
otherwise be possible.

It will take much careful study to establish methods for
utilizing this type of sceding. Eventually, it may become
one of the most important of all. :

A discovery that would have great importance in this
respect would be a stable sublimation or freezing nucleus
which would be effective at a temperature within 1 or 2
degrees below 0 degrees C. Tt is obvious from the observ-
ations made thus far that natural nuclei of this kind are
rarely, if ever, formed. It thus remains for us to find or
develop a substance in the laboratory which will fit the
requirements.

THE MODIFICATION OF STRATIFORM CLOUDS

The widespread modification of stratus clouds by
artificial means is possible at the present time whenever
such clouds are supercooled. Under such conditions, the
clouds may be further stabilized by over-seeding them or
their precipitation may be accomplished by using an
optimum number of ice nuclei. This latter result is achieved
by using only enough ice nuclei to cause the cloud particles
to evaporate completely as they condense onto the crystals
thus formed which then grow large enough to fall as snow.

Typical results obtained in seeding cold stratus clouds
are shown in figures 13, 14, 15 and 16.

Stratus clouds may be seeded by flying 30 to 100 metres
above them and dropping dry ice fragments ranging in
size from 0.1 to 1 cm. diameter at the rate of approximately
250 grammes (1/2 1b.) per mile. Except with clouds thicker
than 2 km. (6,500 feet), the use of more than one pound
of dry ice per mile will tend to produce overseeding.

Besides sceding stratus clouds from on top, it is also
possible to seed them effectively by flying through them
as well as by flying at the cloud base. At this lower position,
however, there is no neced of using large fragments since
the dry ice is only effective in air supersaturated with
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(Official photo, U.S. Signal Corps Eng. Lab.)

Figure 14. A view of a ““Gamma” pattern 21 minutes after seeding a solid deck of stratus clouds using dry ice fragments at the rate of
1.3 pounds per mile. Each leg (not all shown) about 30 miles long. Flight 52, Project Cirrus.

(Official photo, U.S. Signal Corps Eng. Lab).

Figure 15. View of “Racetrack” pattern produced with dry ice seeding using less than 1 pound of dry ice per mile of flight.
Straight legs are 18 miles long. Flig%lt 53, Project Cirrus.
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Figure 16. View of “Figure Four” pattern produced by dry ice seeding with legs 10 miles long. Flight 73, Project Cirrus.

respect to ice. A zone below the cloud base equivalent in
depth to aprproximately 10 metres per degree C below
freezing will support the formation of ice crystals formed
with dry ice. Thus, if the temperature at the cloud base is
—10 degrees C, a distance of 100 metres below the cloud
will become filled with ice crystals if dry ice fragments
are sprinkled or liquid CO, is sprayed into that region.

THE MODIFICATION OF SUPERCOOLED GROUND FOGS

While warm ground fogs formed by advection or
radiation may only be modified at present by heating the
air to cause its evaporation, supercoof;d ground fog formed
in a similar manner may be modified and even dispersed
if care is cxercised to prevent overseeding.

In order to disperse a cold fog of this sort, it is necessary
to use up the available condensed water by seeding with
only enough ice nuclei so that the crystals grow large
enough to precipitate. An average concentration of about
20 ice nuclei per cub. cm. is about the number required to
produce this effect.

If higher concentrations are used, there is a real danger
that the density of the fog will actually increase, thus
reducing the visibility to a remarkable degree. Since most
ground fogs rarely contain more than 200 particles per
cub. cm., it is a simple matter to produce 10,000 per
cub. cm. of ice crystals in the same volume of air. This
not only reduces the visibility but also makes the fog
considerably more stable due to the very small particle
size and the further removal of moisture from the air.

Very peculiar optical effects occur in an overseeded cold
fog. The outlines of objects near the limit of visibility
become extremely fuzzy and of an unreal appearance. In
addition, the light scattered in the fog has a peculiar bluish
cast due to the Rayleigh scattering from particles small
with respect to the wavelength.

The prevention of the formation of ice fog is another
possibility that may be attained by the proper manipulation
of secding techniques. By introducing an optimum number
of sublimation nuclei into the air in regions where such
fogs are troublesome, it may be possible to continuously
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remove the moisture from the air which is responsible for
the formation of this interesting but often troublesome
type of ground fog.

The ice crystals generated in the vortices of airplane
propellers plus the moisture added to the air by the com-
bustion engine of the plane are the effects which generally
lead to the formation of ice fogs at airports.

Whether the removal of supersaturation with respect
to ice by seeding methods will be of sufficient magnitude
to prevent ice fogging effects produced by planc operations
can be determined most conclusively by actual experi-
mentation.

THE MODIFICATION OF ICING CLOUDS FOR THE PROTECTION
OF AIRCRAFT

This effect suggests an interesting possibility—the elimi-
nation of icing clouds in the vicinities of airports and along
heavily traveled air lanes. There is no question about
being able to accomplish the modification. The problem
which exists at present is whether or not it may have a
practical application.

Low clouds which restrict the wisibility 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 serious icing load on a
plane as it tries to climb up through them—these comprise
hazards to safe plane operations. Whenever such clouds
are supercooled, they may be profoundly modified as
shown in figures 17, 18 and 19. The practical and economic
importance of such operations can only be determined
after detailed studies are made in regions where such
problems are thought to exist.

The simplest means for carrying out such cloud modifi-
cation operations is to employ a plane well equipped for
flying under serious icing conditions. Such a planc would
be assigned the job of patrolling the air lanes, reporting
weather and cloud conditions and whenever serious super-
cooled clouds occurred, would carry out seeding operations.
A more direct means for protecting individua%planes may
be the use of projectiles for modifying the cloud directly

i
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(Official photo, U.S. Army Signal Corps Eng. Lab.)

Figure 17. View of the gap produced by dry ice seeding of a deck of stratus clouds. Flight 52, Project Cirrus.

ahead of a plane. This hardly seems practical for peace time
operations, however, since a considerable hazard is involved
in shooting anything into clouds.

Perhaps the most serious limitation to this use of cloud
modification is the fact that, at the present extent of our
knowledge, icing clouds are nearly unpredictable. The
indefinite persistence of such clouds because of their
unstable nature is the feature that will probably prevent
any cffective use of this application of cloud sceding
within the near future.

In flying through a supcrcooled cloud, the airplane
itself may produce a fairly effective modification since the
vortices which form at the trailing edge of the wings and
particularly from the propeller tips form large numbers
of ice crystals as the cxpanding air in the vortex cools
bclow —39 degrees C. Laboratory studies of this effect
indicate that as many as 10 nuclei per cub. cm. may be
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formed in this manner. It is significant that when aircraft
icing studies are carried out in supercooled clouds, it is
difficult to obtain an accumulation of ice on the plane by
making successive passes through a particular cloud. After
the first traverse, the icing property of the cloud is radically
changed, and it is often impossible to find any supercooled
cloud in a region where heavy icing was present a few
minutes carlier.

THE MODIFICATION OF OROGRAPHIC THUNDERSTORMS

An extremely important type of orographic cloud is the
towering cumulus. In most mountainous regions, certain
peculiar topographic features combine to favor the local
formation of clouds. At certain seasons of the year,
the clouds generated by these “cloud breeding” regions
develop into such large cumuli that they become thunder-
storms. Such storms once formed often become detached
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from their site of development and produce violent
disturbances. This aspect of these clouds will be discussed
in a later section.

Since orographic cumulus formations are common in
specific regions (21), they provide nearly ideal conditions
for research studies and the evaluation of various techniques
in experimental meteorology.

It may be possible that silver iodide seeding from ground
generators would be particularly useful in modifying oro-
graphic cumuli to prevent their growth into thunder-
storms. By determining the air trajectory from the ground
into the cold part of the cloud, potential ice nuclei may be
sent aloft by a very simple procedure. Since silver iodide
particles become quite effective in the region between
—12 degrees C ang —16 degrees C at which temperature
the largest differential exists between the partial vapour
pressures of water and ice, it is quite possible that such
clouds could be profoundly modit?ed by permeating their
general area with effective ice nuclei. If subsequent experi-
ments indicate that it is important to seed such clouds at a
temperature only a few degrees colder than the freezing
point (0 degrees C), it may become necessary to use dry
ice dispensed from planes or carried into the clouds by
free balloons or projectiles.

The pioneer work, however, must be accomplished
using, if possible, both ground observation stations and
aircraft. Aircraft alone must be used if the nature of the
region precludes the use of ground stations.

THE POTENTIAL PRECIPITATION CONTAINED IN CLOUDS

From quantitative considerations, it is obvious that unless
convergence of moist air occurs during the development of
clouds and precipitation, the amount of rain or snow that
may reach the ground is at best of minor importance in
relation to the water resources of the earth. For example,
a cloud having a vertical thickness of 2 km. and an average
liquid water content of 1 gramme per cub. metre would
produce only about 2 mm. of rain if completely precipitated.

With a towering cumulus, however, having a vertical
thickness of 5 km. and an average liquid water content of
3 grammes per cub. metre, the precipitable water is more
than 1/2 inch. Since such clouds are potentially unstable,
the sudden conversion to rain might also lead to a local
lifting of moist air which could produce even more
precipitable water. Such clouds may often be seen to form
and dissipate without producing any precipitation. It is
for this reason that careful studies should be conducted to
learn everything possible about the physical and colloidal
properties of towering cumulus.

THE MODIFICATION OF TOWERING CUMULUS

As indicated in the last paragraph, the cloud structure of
great economic importance is the towering cumulus. While
such clouds often are produced by orographic lifting, they
also form over flat country at times when the atmosphere
is conditionally unstable. Differences in ground heating
and contact effects between warm and cold air along
frontal systems often lead to the formation of large regions
of such cloud structures. If local conditions permit the
continued development of such storms within two to
five hours, they may develop into thunderstorms. Dan-
gerous and often deadly lightning strokes, torrential rains,
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destructive winds, and sometimes hail and tornadoes are
the end products of such developments.

Invariably such storms in their formative stages are
characterized by a high liquid water content, strong
vertical velocities, and supercooled clouds whose vertical
thickness may exceed 5 km. before any ice crystals form.

This large volume of supercooled cloud is invariably
observed during the initial stages of a thunderstorm and
must, to a large extent, be responsible for the sudden
outbreak of such storms once their growth exceeds a
critical stage. The large degree of instability due to super-
cooling may be altered within a few minutes as ice crystals
invade the cloud. The large amount of energy released
in this process provides additional impetus to the vertical
development of the storm. The rate at which this shift in
phase takes place is one of the important variables deter-
mining the subsequent progress and development of the
storm. Since under some conditions, the increase in
temperature alone may exceed 3 degrees C, the total
amount of energy released in this manner is of tremendous
magnitude. In a relatively small storm, it may be equivalent
to that released by several atomic bombs.

It is the presence of thick supercooled clouds which
raises the distinct possibility that profound changes may
be induced in cloud systems which are growing into
thunderstorms.

Since the high, vertical thickness of a supercooled cloud
seems to be a Essic requisite in the formation of a thunder-
storm, it may be quite feasible by proper sceding methods
to prevent this phase from developing.

The manner in which this seeding is done may produce
a wide variation in the end results obtained. By seeding
each cumulus tower with large numbers of crystals shortly
after it rises above the freezing level, the cloud would be
continuously dissipated and no extensive regions of super-
cooled cloud could develop.

On the other hand, it might be desirable to seed such
clouds to realize the maximum possible energy release.
This presumably would involve seeding each cumulus
tower just previous to the point of its maximum develop-
ment. If this could be done effectively, it might be possible
to build the storm into a much larger one than would
develop under natural conditions. There is some evidence
to believe that such a result was realized by Flight 45, a
Project Cirrus experiment conducted 14 October 1948 at
Albuquerque, New Mexico. The preliminary analysis (22)
of this operation prepared by Langmuir suggests that the
seeding of some large supercooled towering cumulus may
have initiated a convergence over a considerable area. A
total amount of 50 Ib. of dry ice particles were dropped
into three regions of a cloud system forming over the
Manzano Mountains southeast of Albuquerque in New
Mexico on 14 October 1948. These scedings apparently
released enough energy to break through a lafrer of stable
air existing at 23,000 ft. which had been limiting the
formation of large cumulus clouds in that region. This
“break through’ apparently started a convergence of air
into the region and led to the development of an extensive
thunderstorm: which traveled to the north and northeast.

In his preliminary analysis of the operation, Langmuir
concludes that this storm which seems to have been started
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Figure 18. Portion of nearly 250 square miles of stratus clouds removed by dry ice seeding at rate of 1.3 pounds per mile.
Flight 52, Project Cirrus.

by the seeding operation produced an average rainfall of
0.37 in. over an area of more than 12,000 square miles.
There is some evidence, he believes, that another nearby
area of precipitation may also have been an off~shoot of
this storm. If this area is included, the total rainfall would
be nearly doubled amounting to about 500 million tons
of water.

If this interpretation of the results of Flight 45 is sub-
stantiated by further studies and, particularly, if the
observed phenomenon is repeated under similar meteo-
rological conditions, it will be quite obvious that this
phase of experimental metcorology will become of major
importance 1n its relationship to the development of more
adequate water resources.

THE PREVENTION OF HAIL BY SEEDING METHODS

Of considerable economic importance is the possibility
that hail storms might be prevented by seeding techniques.
Hail is believed to form under conditions of strong vertical
convection in cumulus clouds having a high liquid water
content but low concentrations of ice nuclei. With relatively
tew active nuclei within supercooled clouds at temperatures
between —5 degrees C and —20 degrees C, hail particles
may grow very rapidly by the difference in the partial
vapour pressures of water and ice aided by the agg?om@-
ration of relatively large supercooled water droplets.

If large numbers of ice nuclei were present, the com-
petition for available water would be so keen that no
particles could grow very large. The importance of silver
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iodide for this type of modification is obvious since it
might be practical to use ground generators positioned in
such a way that these sublimation nuclei would be carried
into the clouds by entrainment. Since silver iodide parti-
cles become quite active at temperatures colder than
—10 degrees C, this substance should be quite valuable
for this application if a reliable technique can be developed
to get the nuclei into the critical regions where it could
be effective.

A considerable amount of basic information is needed
on the various properties of storms that produce hail. In
some parts of the country where severe hail damage is
frequent, storms are formed over certain mountain ridges
and peaks that serve as cloud breeders. Such clouds should
be particularly suited for modification by ground generators
since the air trajectory is definitely related to the flow of air
up the mountain and into the clouds.

To accomplish the desired results, it may be necessary
to build up a concentration of nuclei of the order of not
less than 100 per cub. cm. in all the air likely to be involved
in forming the cloud. With efficient generators, this
should be possible using approximately 100 mg. of silver
iodide for 1 cub. km. of air.

THE APPARENT LIMITATIONS TO THE MODIFICATION OF CLOUD
SYSTEMS

As in any of the physical phenomena, there are definite
limitations to the degree in which experimental meteoro-

logy may be employed in modifying clouds in the free
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Figure 19. Large area of supercooled stratus cloud modified by dry ice seeding. Flight 83, Project Cirrus.

atmosphere. Some of these apparent limitations may
disappear as our knowledge increases although most of the
restrictions now recognized are imposed by known

physical laws.

Foremost of these is the factor of cloud size and type.
Certain clouds, such as the fair weather cumulus (cumulus
humilus), have such a small volume and restricted area that,
even though they are easily modified when supercooled,
their total liquid water content is inconsequential. As
pointed out in a previous section, even clouds of con-
siderable vertical thickness contain but relatively small
amounts of condensed water. Another complicating factor
is that the air below larger clouds is sometimes so dry that
a considerable amount of precipitation evaporates before
it reaches the ground.

Another type of cloud which is difficult to modify is
the warm ground fog formed by radiation or advection.
Such fogs are often extensive and of considerable economic
importance, especially from the standpoint of airplane
traffic control. The natural structure of a fog precludes any
simple method of modifying it. Generally, the vertical
thickness is not more than 100 metres or so with a cloudless
sky above. This rules out the modification from above by
forming precipitation in higher clouds to “rain out” the
fog. On the other hand, supercooled ground fog may be
modified and, in some cases, dispersed by the intelligent
application of presently known methods of infecting the
atmosphere with seeding agents.

Another weather situation where no method of relief is
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now apparent is in the case of drought. This condition
generally results from the stability of a complex weather
pattern in a manner which, at present, is not very well
understood. Drought is generally accompanied with cither
cloudless skies or by clouds of small vertical and horizontal
development due to strong inversions or thick layers of
dry air.

A typical drought condition of this type occurred in
New York state between 1 June and 25 June 1949. A dome
of high pressure of great stability developed over the
north-eastern part of the United States and resisted the
encroaching movement of a cold front to the westward.
This high became stagnant for nearly a weck and then
slowly moved eastward causing the persistent movement
of fairly moist and very warm air from the south. Cumulus
clouds occurred with increasing frequency after a week of
nearly cloudless skies but were restricted in their vertical
development by a layer of dry air existing between
8,000 ft. to 16,000 ft. where the temperature ranged from
+8 degrees C to —6 degrees C and the mixing ratio fell
from 6 grammes per kg. to less than 1 grammes per kg.
of air. The cloud structure was mostly of a diurnal nature
with the nights being cloudless, while the greatest develop-
ment occurred toward cvening due to the convection

produced by the sun.

On the evening of the fourteenth day, a few widely
scattered and very local showers occurred coming from
single cloud systems. Figure 20 illustrates a cloud which
produced a brief shower as it passed across a strip about



THE APPRAISAL OF WATER RESOURCES

SCHAEFER

Figure 20. Appearance of large cumulus clouds which produced the first local showers on the fourteenth day of a drought in Eastern
New York.

two miles wide by ten miles long. The cloud dissipated
in about an hour, the average amount of rainfall within
this area being considerably less than 0.05 in. — scarcely
enough to lay the dust. If a number of clouds of this kind
formed rain in succession, the accumulated moisture might
be of importance. Unfortunately, the development and
dissipation of this cloud required nearly two hours and
eventually reduced the cloud cover to zero since the
heating effect of the sun needed for this type of cloud
formation was no longer present due to the late hour
of the day.

The development of convergence is an important featurc
in the formation of appreciable amounts of rainfall in many
parts of the world. As a rule, such developments are
generally accompanied by the occurrence of natural
precipitation which continues so long as the convergent
movement is present. About the only thing that artificial
modification of clouds might do under such atmospheric
conditions is the initiation of the precipitation cycle a few
hours before it would start naturally or, under some
conditions, to delay the onset of precipitation by over-
seeding.

An interesting and valuable analysis of the relationship
of cloud types and systems and the possible effect which
might be produced in them by artificial seeding operations
has been presented recently by Bergeron (23). Papers of
this kind are of the utmost value, especially when they
consider and cvaluate the results of laboratory and field
operations. It is the feeling of the writer, however, that
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such evaluations must be limited at the present time to a
consideration of the cloud systems in regions of the world
familiar to the observer. Generalization without observ-
ational data may raise obstacles which are not truly valid.

A series of experiments (24) carried out in Ohio by a
group associated with the United States Weather Bureau
have reported results which they have interpreted as of
doubtful economic importance. A study OfP the results
which they describe could be interpreted with a more
optimistic viewpoint as confirming many of the claims
made thus far by other workers in the field.

In view of the present relatively crude techniques and
rapid advances now being made in the field of experimental
meteorology, it may be wisdom to refrain from making
world-wide generalizations until more experimental and
observational data become available.

THE WORLD-WIDE INTEREST IN EXPERIMENTAL
METEOROLOGY

The world-wide interest in cloud seeding techniques and
the considerable success which has resulted in their proper
application is an example of applied research that is quite
typical of the application of fundamental scientific know-
ledge.

The successful results obtained by some groups and the
negative results experienced by others seem, in general,
to be directly related to the scientific attitude of those
carrying out the cxperiments and their understanding of
the basic processes involved.
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(Official phote, U.S. Signal Carps Eng. Lab.)

Figure 21. The formation by dry ice seceding of a snow crystal area in a region previously free of clouds. This occurred because
the air was super-saturated with respect to ice due to the absence of ice crystal nuclei.

It is naive, to say the least, to expect that promiscuous
and random seeding of clouds will relieve droughts and
in other ways lead to profound changes in the weather
cvcle. That is not the way progress is achieved with a
new science.

It is first necessary to have a thorough knowledge of the
basic principles involved and a concept of the conditions
which seem favourable to their successful application. It is
then necessary to devise experiments which will supplement
the obvious relationships with new approaches to the
problem in such a manner that the possibilities and limi-
tations of each technique may be properly delineated and
evaluated.

The research related to experimental meteorology which
is underway in such places as Australia (25), South Africa
(26), Hawaii (27), Canada (28), and Honduras (29) are
typical examples of the attitude which is necessary to gain
a proper perspective of the possibilities and limitations of
cloud modification in various parts of the world.

Insofar as practicable, it is of great importance that the
results of such research become available to everyone
interested as soon as possible.

Since the beginning of our weather research activities
and continuing with Project Cirrus, all of our basic
rescarch studies have been of an unclassified nature. The
flight operations under Project Cirrus, though classified,
are generally declassified within a short period. This far-
sighted and laudable attitude on the part of our sponsoring
agencies has engendered a co-operative attitucfe among

most of those engaged in cloud physics studies throughout
the world. Such international scientific co-operation is of
paramount importance at the present time.

The basic information concerned with the various phases
of our laboratory, field, and flight studies has been issued
as reports and, in some instances, published in scientific
periodicals. These have been sent to interested representa—
tives of 22 countries. In addition numerous letters containing
specific questions have been answered during the past
several years. In all such communications, great emphasis
has been placed on the need for carrying out experiments
and observations in as objective and scientific a manner as is
possible with the facilities available.

Perhaps the most effective means for passing on scientific
information, as well as gaining it, is in the personal visits
to our laboratory which we have enjoyed from scientists
in our own country, as well as other parts of the world.

In addition, members of the Research Group have
presented more than 20 papers before annual meetings of
scientific societics. Many more talks have been given
before Sigma Xi Clubs and Chapters, local sections of the
American Meteorological Society, American Geophysical
Union, American Chemical Society, and other scientific
assemblies.

Probably as a result of this attitude toward the inter-
change of ideas, we enjoy an unusually fine co-operative
interchange of ideas, reports, and discussions with most of
the active groups in this field throughout the world.

If our world is to progress and become a better place to
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(Official photo, U.S. Signal Corps Eng. Lab.)

Figure 22.f Heavy rain showers falling from a cumulus cloud which had been seeded 90 minutes previously with less than 5 pounds of
dry ice. The initial radar return due to precipitation occurred 15 minutes after seeding, The rain continued for at least 2 hours and
affected an arca of more than 200 square miles. At the time this rain occurred the nearest precipitation area was at a distance of 113 miles.

live in, this co-operative attitude in science and all other
intellectual pursuits is of prime importance.

Insofar as experimental meteorology is concerned, there
is no question whatsoever that some phases of its develop-
ment will be of great importance to the science of meteoro-
logy and the conservation of our natural resources.
The economic aspects of this science must eventually be
weighed, the important phases recognized, and the others
put aside for later reference or eventual discard.

As in any science, however, as the basic studies advance
and new knowledge throws light on hitherto obscure
facets of the general problem, advances in wholly unex-
pected directions will be made.

It is for this reason that we should plan our studies in
such a manner that the prime objective is the increase of
scientific knowledge. If we adopt this philosophy, we shall
find that not only experimental meteorology and our
knowledge of the atmosphere and its relationship to our
natural resources shall benefit, but advances will also be
made in the fields of nucleation, supercooling, crystallo-
graphy, diffusion, and small particle studies, to mention
a few.

The degree of success which may be anticipated in the
near future shall be in direct ratio to the enthusiasm,
initiative, curiosity, imagination, and perseverence of those
concerned with the general field of experimental meteoro-
logy. As long as unsolved problems exist, progress will
be made if man is permitted to use his inherent capabilities.

It is my sincere hope that this initial phase of the United
Nations discussion og the resources of the world will lead
to the proper realization of the interdependency which
exists, not only among all the sciences, but also among
all men. I trust that those of us interested in experimental
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meteorology may do our part to advance the welfare and
happiness of the human race, as well as the proper conserv-
ation of our natural resources.
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Figure 23. The early stage of an extensive all day rain-storm which it is believed was initiated and sustained by seeding the area with
silver iodide. This was produced by a small ground generator and carried into the clouds by convection.
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Canadian Experiments on Induced Precipitation

JOHN L. ORR, assisted by K. G. PETTIT and D. FRASER

ABSTRACT

A co-operative investigation into induced precipitation has been undertaken in Canada and a total of fifty-nine trials
have been made using dry ice as an inoculant, In addition, the results of twenty similar trials performed in Australia are

compared.

The analyses of these experiments show that precipitation reached the graund on 24 per cent of all Canadian trials
whereas in selective tests with only superecoled cumulus elouds precipitation reached the ground on 43 per cent of the trials.

The meteorological conditions favourable to inducing precipitation and for ensuring that such precipitation reaches the

ground are stated.

Reference is made to the generation of clouds of ice crystals in clear air by inoculation,

Tt is concluded that precipitation can be artificially induced under the appropriate meteorological conditions. The limitations
of the method are discussed and it is emphasized that induoced precipitation can only supplement natural rainfall. Comments
are made on the application of the method to agriculture, forestry and waterpower.

The economic significance of induced precipitation is considered to be specific to a given application and te a particular
region and therefore its nsefulness can only be assessed on the hasis of individual requirements.

From the scientific standpoint the results that can be obtained are noteworthy and it is coneidered that the subject merits

further study.
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INTRODUCTION

A co-operative programme of investigations into induced
precipitation was established in Canada in June 1948 under
the aegis of the Co-ordinating Committee on Induced
Precipitation. The participants were the Canadian National
Research Council, Meteorological Service, Defence Re-
search Board and the Royal Canadian Air Force.

Altogether a total of fifty-nine trials have been made,
under both summer and winter conditions, and over
diverse geographic areas. Twenty-seven of these trials
were of a selective nature, being specifically intended to
produce rain, so that only promising clouds were seeded
(Figure 1). Twelve of these were carried out in the Mis-
sissagi district (near Laké Superior) in an attempt to quench
forest fires (1)'; twelve in the Kapuskasing region in
connexion with the shortage of water for hydro-electric
power (2); and three at Suffield, Alberta. The remaining
thirty-two trials which were made at Arnprior, Ontario,
were of a random nature; all types of clouds not suspected
of containing ice crystals (Figure 2) being inoculated,
regardless of their potentialities (3, 4).

Experiments of a similar nature have been performed
in Australia (5, 6) and acknowledgement is made to the
Council for Scientific and Industrial Research for granting
permission to include some of their results in this paper.

EXPERIMENTAL TECHNIQUE

Secding procedure. The dry-ice seeding method as proposed
by Schaefer (7) was employed exclusively throughout
these tests.

The procedure and equipment used followed that
outlined in a Laboratory Note of the National Research
Council (8). In all cases an aircraft was employed for
seeding and wherever possible the inoculant was discharged
at the top of the cloug at altitudes up to 21,000 ft. When
it was not possible to climb to the top of the cloud, seeding
was done as high as possible, and at least above the freezing
level, in the case of supercooled cloud.

Dry ice which had been crushed to pellets approximately
3/8 in. mesh was discharged at rates varying from 2 Ib.
to 10 Ib. per mile. The experimental results did not give
any evidence of the existence of a critical rate of sceding
beyond which precipitation could not be induced.

Observational Technique. With few exceptions, the obser-
vations of precipitation were purely visual and qualitative,
as there was a lack of ground observers ang of radar
facilities in the regions of the tests.

All of the recorded precipitations occurred within 20
minutes of seeding and the majority occurred within 10
minutes. This time of reaction is considered sufficiently
short so that the effects could be attributed to inoculation.

PRESENTATION, ANALYSIS AND DISCUSSION OF RESULTS

Over-all results. A general analysis of the over-all results
is presented in tables 1, 2 and 3, which are largely self-
explanatory. However some definition of the terms used
1$ necessary.

*Numbers within parentheses refer to items in the bibliography.
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“Supercooled”. A cloud is supercooled when all or 2
portion of it consists of liquid water droplets at a tem-
petature below 0 degrees C.

“Precipitation” is defined in this paper as rain or snow
leaving a cloud. Whenever precipitation reached the
ground without total loss by evaporation, it is so stated.

“Virga” are precipitations which do not reach the
ground.

“Unique” implies that precipitation was not occurring
naturally within a 25-mile ragius.

Perhaps the most remarkable thing about these resules
is that, although over half of the fifty-nine tests were non-
selective, yet precipitation or modification occurred in
76 per cent and precipitation reached the ground in 24
per cent of the total number.

Twelve cases of unique precipitation leaving cloud give
so high an incidence as to preclude coincidence or faulty
observation.

Non-supercooled clouds: The only results obtained from
non-supercooled clouds were subsidences, and there is a
reasonable doubt as to whether these were actually caused
by seeding, and not by aerodynamic disturbances or
natural causes. It may be of interest to note that the
maximum depth of non-supercooled cloud which was
seeded was 7,000 ft.

Supercooled clouds: Supercooled clouds, on the other
hand, gave some most definite results, which are shown in
table 4 for cumulus clouds and in table 5 for stratus type
clouds.

Supercooled cumulus: From table 4 it will be seen thac
the percentage results from supercooled cumulus clouds
are notable, precipitation or modification occurring in
83 per cent of the total thirty-five trials. If the criterion
of success is precipitation reaching the ground, the per-
centage is 34 per cent and if it is unique precipitation
reaching the ground, then the percentage is 11 per cent.

Supercooled stratus. A comparison of the tests on super-
cooled cumulus (table 4) and supercooled stratus type
clouds (table 5) shows that with the latter there was a
lower percentage of results and precipitatons, with
precipitation reaching the ground in only 12 per cent of
the trials compared with 34 per cent. On the other hand,
there was a higher proportion (57 against 35 per cent)
of unique precipitation leaving the cloud. This is readily
understood since stratus type clouds have less tendency
than cumulus to precipitate naturally.

FACTORS AFFECTING PRECIPITATION LEAVING SUPERCOOLED
CLOUD

The variation of precipitation successes with cloud-top
temperature (where success is defined as precipitation
leaving cloud), is shown in table 6 for cumulus clouds.
For comparison this table also contains the results of
experiments made by the Australian Council for Scientific
and Industrial Research. The agreement between the
completely independent Australian and Canadian tests is
very interesting. The single Australian failure which
occurred at —22 degrees C. has not been explained and
it is unfortunate that there was no comparative Canadian
test. The combined results in Figure 3 show a smooth
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trend toward increasing success with decrease in cloud-top
temperature. The histogram shape is similar to that of
the curve of the difference between vapour pressure over
water and over ice, as a function of temperature.

Nevertheless, it is not suggested that temperatare is
the sole controlling factor as 1t is obvious that the effect
of inoculation must also depend on other factors such as
total water content, depth of supercooling and mixing
activity.

Another histogram, figure 4, of percentage successes
against depth of supercooling, for the Canadian and
combined results, also shows a definite trend toward 100
per cent success at a depth of 4,000 ft. or more, regardless
of the degree of supercooling. Unfortunately, from the
analytical aspect, cloud-top temperature and supercooled
depth can be treated neither as independent vartables nor
as direct functions of each other. Accordingly tables 7
and 8 show success ratios in terms of both temperature
and supercooled depth for the Canadian and combined
results respectively. From these tables it would appear
that there are limiting lines at both 4,000 ft. depth of
supercooling and —12 degrees C. cloud-top temperature
beyond cither of which 100 per cent success can be
achieved.

PRECIPITATION REACHING THE GROUND

From the purely practical aspect, the only interest is in
precipitation which rcaches the ground. A considerable
number of Canadian experiments were directed toward

Table 3. Overall Tests
(Total: 59 trials)

Per cent
Reesults (precipitation or modification) ............ 45/59 76
Precipitation leaving cloud ......ccvcvviiivinnnnnne, 30/59 51
Precipitation reaching ground ... 14/59 24
Unique precipitation to ground ......c.cooo.eiveee. 5159 9
Unique precipitation leaving cloud.................. 12/30 40
this practical application and the results of these sclective

tests are shown in table 9.

The only significant differences between the results for
all supercooled cumulus and selected supercooled cumulus
arc, first, that a higher percentage (43 per cent as against
34 per cent) of precipitation reached the ground from
the selected clouds, and second, that curiously enough,
unique precipitation to the ground was also higher (19
per cent compared with 11 per cent) in the case of the
selected clouds.

The first difference is to be cxpected, as the selected
clouds were chosen for depth and density, but the second
difference presents an anomaly since the selected clouds
were of a type which occur in conditions conducive to
natural precipitation. However, in comparison with the
over-all tests (table 3) the precipitation to the ground
from the sclected clouds was 43 per cent as against 24
per cent.

Actually, the most noteworthy featare of the selective
tests was the occurrence of three unique cases of heavy
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Table 4. All Super-cocled Cumulus-Type €louds
(Total: 35 trials)

Per cent
Results (precipitation or modification ............ 29/35 83
Precipitation leaving cloud .oovivnviinvnninniin. 23/35 66
Precipitation reaching ground ... 1235 14
Unique precipitation to ground ..................... 4135 11
Unique precipitation leaving cloud....oooccoceei. 8/23 3

rates of rainfall, two of which were measured to be of the
order of 0.2 inches in 20 minutes.

As two of the obvious criteria used in selecting a cloud
for practical results were considerable depth of cloud and
a reasonably low base, it is interesting to examine these
criteria in the light of the subsequent results. Probably
the main factors determining whether precipitation leaving
the cloud will reach the ground without total loss by
evaporation are, the amount of precipitation, the raindrop
or snow-flake size, the height of the cloud base above
the ground and the humidity existing between the cloud
base and the ground. For a given cloud density, the
amount and drop size must largely be functions of cloud
depth. An increase in amount of precipitation or drop
size or a decrease in cloud base height will reduce the
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effect of humidity. It would seem therefore, that the
possibility of precipitation reaching the ground could be
reduced to some function of cloud depth and cloud-base
height.

This supposition is supported to some degree by figure 5,
showing for both Canazfian and Australian experiments a
fairly clear dividing line between success and failure in
inducing precipitation to reach the ground as a function
of cloud depth and height of cloud base. The dividing
line appears to be in the region given by the ratio of
cloud depth to height of cloud base of 0.75. This is a
somewhat more conservative figure than that of 0.5
proposed by the Australian experimenters on the basis of
their own tests alone.

CLOUD MODIRICATION

In the majority of cases when precipitation occurred
from cumulus type cloud, it was accompanied by dissi-
pation. This is illustrated by figures 6a and 6b. However,
in one Canadian experiment when heavy rainfall occurred,
the associated cloud development was very spectacular.
A heavy cumulus formation, based at 7,000 ft., with top
at 19,000 ft. and —10 degrees C., was seeded and within
20 minutes the cloud had billowed up to 30,000 ft. and
assumed a cumulo-nimbus aspect. A similar spectacular
development is reported by the Australians on one occa-
sion (9).

In the case of supercooled stratus clouds, there was no
observation of large-scale dissipation, nor of extensive
lateral growth of precipitation activity.

GENERATION OF CLOUD FROM CLEAR AIR

It is well known to meteorologists that portions of the
atmosphere are sometimes supersaturated with water~
vapour, which does not resolve into clouds because of the
lack of suitable nuclei. This condition normally seems to
occur at low temperatures and also, in many instances, at
high altitudes, as is demonstrated by the occurrence of
aircraft vapour trails. The amount of water-vapour existing
under these conditions is not likely to be significant from
the precipitation aspect, but the ability to release the
supersaturation in the form of clouds is nevertheless of
considerable scientific interest, and might eventually have
some practical application.

On a number of flights from Arnprior it was found that
clear air was supersaturated with respect to ice. On
eighteen occasions when dry ice was dropped into such
air, clouds were generated and on thirteen of these tests,
the clouds persisted or even appeared to grow until out
of sight (4). Figure 7 shows the initial and final stages
of one of these generated clouds.

These clouds were all formed at temperatures lower

Table 5. All Supercocled Stratus-Type €louds
(Total: 16 canadian trials)

Per cent
Results {precipitation or modification) ............ 11/16 69
Precipitation leaving cloud ......cocooien 7/16 44
Precipitation reaching ground ........................ 216 12
Unique precipitation to ground ...........c.cc.oo..e. 1/16 6
Unique precipitation leaving cloud.................. 417 57
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Figurc 6. Dissipation of cloud by seeding (a) Bank of cumulus cloud before seeding.

rigure 6. Dissipation of cloud by seeding (b) Remains of same cumulus cloud one ahour fter seeding.

than —10 degrees C., and micro-photographs showed From the scientific point of view, the main interest in
them to be composed of ice-crystals. Measurements and  these clouds at present is that they are formed in a manner
theoretical considerations indicated that their specific free analogous to the formation of ice-crystals in a super-
water-content was very small, being about 1 to 2 per cent  cooled cloud, and so offer a technique for the better
-of that of a normal cumulus cloud. study of the effect of various inoculants.
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APPRAISAL

A total of fifty-nine Canadian and twenty Australian
tests have been compiled which allows a general appraisal
to be made, as follows:

1. It has been shown that precipitation can be artificially
induced under the appropriate meteorological conditions.

2. On the basis of the foregoing results the following
conclusions have been drawn with respect to the meteoro-
logical conditions appropriate for this technique:

(i) Supercooled cloud is essential for the artificial
induction of precipitation when employing dry ice
as an inoculant.

(ii) Cumulus cloud gives a much higher percentage of
successes as regards precipitation reaching the ground
than does stratus cloud (in the ratio of 3:1).

(iif) The percentage chance of success in inducing pre-
cipitation increases with increasing depth of super-
cooling and reaches 100 per cent in the vicinity of
4,000 ft. depth.

{iv) The percentage chance of success in inducing pre-
cipitation from supercooled cloud increases with
decreasing cloud-top temperature and reaches 100
per cent in the vicinity of —12 degrees C.

{v) To ensure that precipitation will reach the ground
without total loss by evaporation, a ratio of cloud
depth to the height of cloud base above ground
greater than 0.75 is necessary.

It should be noted that these conditions are also con-
ducive to natural precipitation.

The feasibility of inducing precipitation depends upon
the supply of suitable clouds and this can be determined
from a study of meteorological records for any particular
region,

3. There are not yet sufficient quantitative measurements
to permit an estimation of the amounts of rainfall which
may be induced under any given conditions.

It is of interest that for the three cases of heavy rates
of rainfall (0.2 inch in 20 iminutes) the ratio of cloud
depth to height of base above ground was greater than 1.
In each case the total cloud depth exceeded 8,000 ftr. while
the supercooled depth exceeded 5,000 ft.

4. The usefulness of the technique is dependent upon
the requirements of the application and is subject to the
following limitations:

(i) Induced precipitation can only supplement natural
rainfall in any particular locality.

(i) It is extremely difficult to ditect induced rainfall
to any particular small area because of the random
nature of clouds.

(iif) The duration of any induced precipitation is rela-
tively short since, in general, rainfall occurs only
at the expense of dissipation of the cloud.

(iv) There is no control over the rate of release of
precipitation with the method of inoculation
employed here.

(v) Since induced precipitation is strictly local it cannot
be expected to affect the general character of any
air mass and therefore its effectiveness may be
offset by subsequent evaporation. For certain
applications precipitation in the form of snow may
be more efficient because of reduced evaporation
loss.

(vi) The available water content of winter cloud is
appreciably less than summer cloud and therefore
d}lje amount of precipitation that can be obtained
is less.

(vii) There has been no evidence of extensive lateral
growth of the effects of seeding, nor has there been
any indication that self-sustaining storms could
occur.

5. The relative importance of the above limitations is
indicated for the threc major applications with which
these tests have been concerned.

(i) Agriculture. The usefulness of any supplementary
induced moisture is critically dependent upon
timing with respect to the growth cycle of any
particular crop. It is also necessary to direct the
rainfall, to supply the minimum useful amount, to
minimize evaporation losses and to avoid excessive
rates of rainfall.

(i1) Forestry. The main usefulness here lies in the
prevention rather than the extinction of fire, owing
to the difficulty of directing the rainfall. For this
purpose even an increase in forest humidity can
be of benefit.

(i) Water-power. Because of the large areas used as
catchment basins, directing of the precipitation is
relatively unimportant. It may be more advant-
ageous in this case to precipitate snow by reason of
reduced evaporation losses.

Table 6. Camulus Clouds : Variation of Precipitation Success with Cloud Top Temperature

{Total: 35 Canadian

trials 4 20 Australian)

Canadian Australion

Temperature Interval Success Failure p I;S;f;cggfzf ) Success Failure p ggjiﬁft} Cg,?gfg;id

(Per cent)
O%C. to -3°CL s 3 7 30 2 z 50 36
~45C 0 =7CL e 4 2 67 3 2 60 64
-8°C. to -11°C. ... 8 2 80 3 o] 100 87
~12°C. to ~15°C. ... 35 I 83 5 0 100 91
-16°C. to -10°C. .... 3 o] 100 o o] e 100
— 0 I o o

-20°C. 10 =23°C. e —— —
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Figure 7. Cloud generation from clear air. Resulting horizontal cloud ten minutes after seeding.

Table 7. Cuommulus Clonds : Distribution of Precipitation Suceess Table 8. Cumulus Clouds : Distribution of Precipitation Success
With Clond Top Temperature and Depth of Supercooling With Cloud-Top Temperature and Depth of Supercooling
(Combined Canadian and Australian Results)

(Total: 35 Canadian tr_ials) {Total: 35 Canadian + 20 Australian trials)

Cloud Top Temperature Cloud Top Temperature
o —4° —8° —-12° ~16° o —4° ~8° -12° | -16° | ~-20°
to to to to to 1o to to to to to
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o to 1/6 ©
! to 2/8 I/t 1/1
t. / ] i
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*Doubtful obscervation,
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Table 9. Selective Tests
(Super-Cooled Cumulus Likely to Produce Precipitation)

{Total: 21 Canadian trials)

Per cent
Results (precipitation or modification) ............ 17/21 81
Precipitation leaving cloud .......coooiiiiiniiinnnn, 14/21 67
Precipitation reaching groundsa ..................... 9f21 43
Unique precipitation reaching grounds# ........... 4/21 19
Unique precipitation leaving cloud.................. 414 29

alncludes three heavy rates of rainfall greater than 0.6 inch per
hour.

CONCLUSIONS

1. The ability to induce precipitation under certain
conditions has been demonstrated. The economic signifi-
cance of induced precipitation is specific to a given appli-
cation and to a particular region. Its usefulness can there-
fore only be assessed on the basis of individual requirements.

2. This subject appears to have particular importance
for the field of meteorology and further study is required
in order to obtain a clear understanding of the processes
involved and to evaluate the usefulness of the technique.

3. From the scientific standpoint, the resuits achieved
are noteworthy, and the ability to alter the structure of
the great majority of clouds, to produce precipitation
from many ci]ouds, and even under certain conditions to
generate clouds, with so slight an agent, is remarkable.
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Current Concepts in Apprasial of Water Resources

C. G. PAULSEN

ABSTRACT

As an appreach to the consideration of the appraisal of the water resources, current coucepts that are fundamental to
such appraisal are discussed. The significance of water as a basic necessity of life and as a limiting faetor in the progress of
modern civilization is noted. In many places the development of our industrial and secial economy has created water demands
of a magnitade and variety that excecd all previous expectations. Adeguate knowledge of the available water resources of a
region is a prerequisite to wise planning and successful operations of the resources no less than is the adequate coverage of
the area by suitable topographic and geologic maps.

It is increasingly recognized in water investigations that the various phases of the hydrologic eyele in a region must be
studied and understood. The elements which are particularly essential to a study of water as it moves through this cyele are
precipitation, stream flow, ground water flow, evaporation and transpiration. An appraisal of the water resources will logically

include a balanced system for the continuing observation, aceounting and interpretation of these factors.

The advances that are being made in methods and equipment are generally the result of gradual evelutionary improve-
ments. However the field seems to be ripe for the application in these methods of recent developments in the physical and

chemical sciences.

The attached bibliography gives reference to publications which affoid an intreduction te the principles, metheds, and
equipment at present used in the appraisal of the water resources in the United States.

The phenomenal increase in the use of water in the
city, on the farm, and by industry has been an impelling
force in accelerating the inventory and appraisal of water
resources in the United States. Despite expanded pro-
grammes it is debatable whether facts and concepts have
kept pace with the development and utilization of water
resources.

The basic need for water may be compared with that
for air and food. Water has also great potentialities for
control and utilization for the benefit of man in ways
indicated by the subjects of succeeding papers of this
programme. Wherever the supply of fresh water has been
scarce or lacking, as in the arid and semi-arid regions of
the earth, the significance of water as a fundamental
necessity of life and as a limiting factor in the utilization
of other resources and in the progress of modern civili-
zation has been keenly appreciated. Fortunately, in large
parts of the earth the supplies of fresh water are com-
paratively plentiful. However, in many places the develop-
ment of our industrial and social economy has created
water demands of a magnitude and variety that have
exceeded all previous ideas or expectations. Consequently,
supplies which until recently have been considered as
essentially inexhaustible are now recognized to have
limits, which, cither immediately or prospectively, fix the
extent of development.

The recent general acceptance in this country of the
river basin as the logical unit for regional planning and
development, as exemplified by the programmes of the
Tennessce Valley Authority and in the Missouri River
Basin, emphasizes further the manner in which the water
resources of a region constitute a focus on which the
integrated development and utilization of other resources
of the region tend to converge. Such development involves
uot ouly the obtaining of potential benefits from the
water resources but the reduction of losses by floods and
droughts and the cffectual control of critical conditions
involving such other resources as soil, range lands, and
forests. Adequate knowledge of the occurrence and
characteristics of the available water resources is a prere-
quisite to wise planning and successtul operations pertinent
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to the development of the resources of a region no less
than is the adequate coverage of the area by suitable maps
and by knowledge of the geologic formations and con-
ditions which affect both surface water runoff and ground
water movement and storage. It is evident that the key
position of water in regional economy requires that current
activities and planning for the future along many or all
lines be conducted m the light of a well-considered
appraisal of the water resources.

In water investigations there is a need to recognize the
importance of each phase of the hydrologic cycle—the
system of never-ending circulation of water by movement
through streams and underground formations, by evapo-
ration and transpiration from the surface of the earth to
and through the atmosphere, and by its return to the
surface of the carth as precipitation. While current progress
in the realization of this concept is especially noteworthy,
it must be emphasized that more research is needed to
place the appraisal of the water resources on a sounder
and more rational basis.

Water for man’s needs is obtained chiefly from surface
water and ground water sources—streams, springs, and
wells. The supply fluctuates in availability as a result of
variations in the natural processes of the hydrologic cycle
and although storage may in some instances be effective
in producing a degree of uniformity, the uses made of
water must still, in a large measure, be adapted to those
natural fluctuations. Moreover, the fuctuation of water in
various parts of the hydrologic cycle may be significantly
affccted not only by topographic and geologic features but
also by the functioning of soils and vegetation. An analysis
of the cycle thus becomes a possible source of information
on the effects of works of man on the fluctuations in the
water available for use in a basin. For this approach, a
working knowledge of the functioning of the factors that
are involved in the hydrologic cycle is necessary. An
accounting or inventory of water as it moves through the
hydrologic cycle may be called quantitative hydrology.
The quantitative elements of the cycle—precipitation,
stream flow, ground~water flow, evaporation and transpi-
ration—are particularly essential to the application of
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accounting procedures to the fluctuating supplies of fresh
water. An appraisal of the water resources will logically
include a balanced system for the continuing observation,
accounting and interpretation of these factors. The quantity
of detail needed wﬂF depend upon the uses to be made of
the information and may be much more general for
preliminary planning than for the operation of reservoirs
and water-power and industrial plants under conditions
of fairly complete development.

Knowledge of the chemical and physical qualities of
surface and ground waters must be utilized in order to
cvaluate therr fitness for a wide variety of purposes.
Increasingly exacting requirements by many types o
industries for water having specific characteristics make it
cssential to investigate systematically the wvariations in
chemical and physical quality of the available water
supplies and the changes in quality that result from use.
The chemical quality of water is also becoming widely
recognized as an important factor in the use for irrigation.
Detailed studies of the amount of sediment- transported
by streams are likewise necessary in order to provide
essential information affecting the design of dams and the
operation of reservoirs.

The appraisal of water resources may be logically
conducted along three lines: surface water, ground-water,
and quality of water, the distinction between the lines
relating primarily to the skills and techniques that are
required in the investigations. Surface-water mvestigations
dominantly requite civil and hydraulic engineers; ground-
water investigations require engineers and geologists
experienced in ground-water hydraulics; and quality of
water investigations require chemists and engineers ex-
perienced in techniques of sampling and analysing water.
The methods used by the United States Geological Survey,
whose water-resources investigations have been conducted
along these lines, are described in some of the reports
listed in the attached bibliography. The continual advances
that are being made in methods and equipment have
generally not been revolutionary but are in the nature of
gradual evolutionary improvements. However, it is
believed that there are also opportunities for the application
of recent developments in the physical and chemical
sciences and in mechanical and electronic devices for
performing mathematical and statistical operations that
may materially increase the efficiency and economy of the
investigations. The time seems ripe for active and expanded
research to take full advantage of these opportunities.

In the appraisal of surface water it is important to
recognize that as the observational record gains in length,
significant deductions are possible, such as flood frequencies,
intensities of flow, dependability of sustained flow and
peculiaritics of minimum or drought flows. These character-
istics may be deduced from statistical analyses of flow
duration curves, and, with a study of the geology and soil
characteristics of the basin, many anomalics can be
explained, thereby making the records more valuable for
wise planning and development of the surface-water
resources.

The techniques of sediment sampling and associated
analyses for relating sediment data to erosional processes
and the means of checking them are probably more in a
stage of pioneer development than others in the field of
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water investigation. Notable development, principally in
equipment for collecting samples of sediment and in
technical procedures, has been and currently is in progress
through a collaborative arrangement with several interested
Federal Agencies and the Universities of Iowa and Min-
nesota.

Because of the emphasis that has been placed in recent
years on ground-water utilization, the United States
Geological Survey has been called on increasingly for
investigations leading to the definition of the various
factors that determine the dependable yield of aquifers.
Accordingly, new methods and techniques have been devi-
sed so that many ground-water investigations now have a
quantitative as well as a descriptive aspect. Moreover, as
groundwater utilization has approached the safe yield of
the aquifers, it has been necessary to devise techniques for
maintaining a continuous inventory of the available water
supplies and to devise methods of augmenting those
supplies by such means as induced river infiltration, relo-
cation of wells to obtain the most efficient spacing, and
artificial recharge of the underground reservoirs. The
United States Geological Survey has in large part succeeded
in keeping pace with the needs by expanding its geologic
and reconnaissance-type investigations to include geophy-
sical and pumping test studies and periodic measurements
of water-levels in a broad network of observation wells.
In addition, detailed studies of the discharge and recharge
of aquifers, and the quality of water in them, have been
made and correlated with the other data to form for the
areas under consideration a complete record of the ground-

water phase of the hydrologic cycle.

In nearly all problems involving a broad consideration
of the water resources of a region, it is desirable to know
at least the areal distribution of precipitation and run-off’
and also, by analysis of the difference between them, the
general magnitude of the quantity of water that passes
mto the air by the processes of evaporation and transpi-
ration. These data are as elemental as the contours of a
topographic map, and knowledge of them is quite as
essential to assure a sound approach to effective utilization
of the water resources of a region. Precipitation represents
the extreme limit of the water supply. Except as to possible
very minor artificial influence, precipitation is beyond the
control of man. Moreover, it is the accepted view that
within the range of normal fluctuations the long-time
average precipitation has not changed significantly for
many hundreds of years. The run-off, representing the
outflow from surface-water and ground-water sources, is
an over-all measure of the water resources which may be
utilized without materially changing conditions within the
region. The major part of evaporation and transpiration
is in the main beyond the influence of man to increase or
decrease. However, in some situations these factors may
be decreased by lowering the water table or by destroying
useless vegetation, with the result that additional ground-
water supplies may be made available for beneficial use.
For example, in the arid and semi-arid regions of the
western United States, the portion of the precipitation
that makes up the usable water supply is small and the
incentives for conscrvation and avoidance of waste are
especially urgent. Among the means of conservation which
is receiving increasing attention is that of the control of



THE APPRAISAL OF WATER RESOURCES

PAULSEN

consumption of water by phreatophytes—plants that
habitually grow where they can send their roots down to
the water table and that through the processes of transpi-
ration, discharge relatively large quantities of water into
the air. In general, the large amount of ground-water so
discharged has little or no beneficial use. In fact, of the
common phreatophytes, only one—alfalfa~—has a highly
beneficial use.

It is estimated that many millions of acres of land in
western United States produce relatively worthless vege-
tation at a cost of many more millions of acre-feet of
water that might conceivably be put to more beneficial
use. It is inevitable that the scarcity of water for further
development and the increasing costs of reclamation by
irrigation will transform a wasteful to a beneficial con-
sumptive use.

Because of the inequalities of rainfall, large quantities of
flood-water escape from the land without being used
beneficially. Extensive developments have been made for
storing as much flood-water as possible in surface reservoirs ;
but because of natural conditions surface storage is inade-
quatc in amount and is wasteful in causing evaporation
and increasing attention is being given to storage in natural
underground water reservoirs. Such storage requires careful
study of the geology to delineate the areas of outcrop of
subterranean reservoirs where flood-waters may be spread
and more intensive studies of infiltration and other factors
affecting artificial recharge. In somne areas that are especially
favourable, a large percentage of the flood-water may be
salvaged in this manner. In some areas artificial recharge
of the ground-water reservoirs is being accomplished
successfully.

The term “diminishing water supply” is sometimes used
in relation to our water resources in a way that seems to
signify that the sources of supply may be diminishing and
that if the trend were continued, a comparatively humid
region would become a desert. It is apparent from the
preceding discussion that such a view is misleading and
not supported by the facts. Rather the picture should be
that water utilization must be adjusted to the hydrologic
cycle with the extent of utilization dependent upon the
variations in the occurrence of water in the cycle.

Adjustment of water utilization to the hydrologic cycle
implies that all the factors of the cycle are known. Such
knowledge can be obtained only by research and by a
Widcsfread intensive and continuous system of measuring,
recording and interpreting all elements of the cycle.
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Conservation of Ground-Water in Britain

STEVENSON BUCHAN

ABSTRACT

In order to implement the natienal water policy set out in the Water Act of 1945 and to make the best use of the water

resources of Britain, powers were given by Parliament to the
advantageous employment,

Minister of Health to promote their conservation and most

To ensure the success of this policy of planned economical development of resources, the Minister was also given powers
to inaugurate such surveys and systematic collection of data as were deemed necessary., The task of ground-water study, inclading
the assembly of data has been assigned to the Geological Survey, which has becn collecting reeords of wells and investigating

ground-water supplies for many years. Surveys of both existing

abstractions and future requirements are being made by the

Ministry of Health, and have been completed for much of the country.

Where protection of ground-water resources for public or industrial use are necessary in the public interest, the Minister
is empowered to define areas within which licences are required to construct wells aud to abstract water. He has issued Orders

under such powers to cover most of the important aquifers.

A century of progress in Britain, since the first general
legislation dealing solely with public water supplies became
law in 1847, has brought a piped supply of pure water to
the homes and workplaces of over 95 per cent of its people.
All the towns have been supplied and over 70 per cent of
the rural population. The remainder, with no piped
supply, are scattered over a wide area.

“The latter part of this century of progress, in particular,
has seen a steady improvement in the quality of the water
supplied and an almost complete climination of water-
borne diseases. The consumption of water per head has
progressively increased with improved housing conditions,
higher standards of living and growth of the needs of
industry. But, not content with this achievement, the
British Government by its recent legislation aims at
providing a piped water supply to every community that
can be supplied at a reasonable cost. The over-all resources
of the country arc ample enough both to extend the
piped systems and to satisfy expansion of the domestic,
agricultural and industrial requirements of the area at
present supplied, but some difficult problems arise in
making sure that all available resources are used to the
best advantage. In the Water Act, 1945, the Minister of
Health was charged with the duty of promoting the
conservation and proper use of water resources and the
provision of water supplies in England and Wales and of
ensuring the effective cxecution of a national water policy.
Similar duties were given to the Secretary of State for
Scotland in the Water {Scotland) Act, 1946.

The first essential for a planned development of water
resources is an assembly and assessment of all the relevant
basic data. Facts about the existing sources of supply
quality and distribution of water, information about the
extent and availability of natural resources not yet tapped,
and details about the present and potential domestic,
agricultural and industrial requirements, must be collected
and studied. Much is known about these matters, but
more information is required, and the Minister of Health
has inaugurated the necessary surveys to collect the data
for the whole country; indeed a large area has already
been covered.

The main sources of ground-water and their position,
extent and nature are known from geological maps and
reports that cover the whole country and a considerable
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amount is known about the availability, behaviour,
replenishment and quality of these ground-waters through
the work of the Geological Survey. Where information
is inadequate, it is being augmented by current surveys
and by returns called for under Regulations. Both public
and industrial users of large quantities of water now
measure their total abseraction throughout the year and
keep records of water-levels, to facilitate an assessment of
consumption and replenishment in each of the ground-
water regions. The Geological Survey is notified of the
intention to sink new wells, to give them an opportunity
of studying the strata and of collecting ground-water data.
Analyses of raw waters from various positions in the
geological formations are being made from time to time
and the results are being examined to note any alteration
in the quality.

This collection of basic ground-water data is no new
undertaking arising from the necessities of the Water Act,
for the Geological Survey’s contribution to the assemblage
of information required for planning the development of
ground-water resources dates back to 1835 when a
systematic geological survey of the country on the scale
of 1: 63,360 was initiated. Since then the primary geological
survey of the whole country has been followed by a
detailed resurvey on the scale of 1: 10,560 that has covered
more than half of the country and is still in progress. In
the course of these geological surveys the surface distri-
bution of the main aquifers has been defined, their under-
ground extensions determincd, and, during the last fifty
years, a wealth of information collected about more than
a hundred-thousand bores. This basic survey, the scicntific
results of which have very wide application, has cost
24 million pounds in the last fifty years—equivalent to
about one farthing per head of population per year.

Quantitative ground-water surveys which follow the
assemblage of basic facts are also being undertaken by the
Geological Survey. It is only when these surveys have
been completed that full development of ground-water
resources can safely procecd. As an example of the potential
benefit of these studies, it has been shown that in one
coastal region the quantity of water lost underground to
the sea is more than double the present abstraction from
wells and springs within that area. To harness this surplus,
without adversely affecting present users and without
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drawing salt water into the water-bearing strata may
prove difficult and costly, but not impossible unless
embarrassed by unrestricted development.

Some parts in the west of Britain have an average
yearly rainfall exceeding 200 in. and it is particularly
fortunate that this is combined with topographical and
geological conditions favourable for impounding. In the
east of the country, the average rainfall is lower and in
some districts it is less than 20 in. Conditions here are
generally unsuitable for major surface impoundings, but
the rocks and structures are suitable for natural under-
ground storage. Nevertheless, although the rainfall is high
enough and dependable enough to provide ample water
for all our needs, the existing or potential surface and
underground storage is by no means everywhere adequate
or conveniently situated for cconomical development.

Many of the large towns have outgrown their local
source of supply and others have allowed it to become
polluted by industrial waste, but have been wealthy
enough to go farther afield in order to maintain the life
and industry of the town. Elsewhere, unfavourable con-~
ditions for impounding, an inadequate flow or the impure
nature of the streams or the absence of ground-water in
the vicinity, have restricted industrial or agricultural
expansion and lack of finance in such regions has in turn

revented supplies from outside sources being brought in
for the developinent of the community. In some instances
an impoverished area lics near the administrative boundary
of a neighbouring community where the water resources
are only partially developed and where there is wastage
of water through carelessness or lack of understanding, or
where surplus resources flow to waste through some
natural outlet. Until recently these administrative bound-
aries have been formidable barriers to development, but
for the future, after an assessment of the resources and
requirements of the region has been made, reallocation of
resources or redistribution of supplies will be encouraged
where desirable and it may be possible, without in any
way reducing the supply of the community with plenty,
to provide an adequate supply to its neighbour. The Water
Act envisages the possibility of amalgamations of water
undertakers, if such grouping would provide skilled
supervision, reduce costs and waste of resources or would
provide adequate finance to carry into effect the national
water policy. Pooling of supplies would allow flexibility
in their use, as for example, in switching between over-
ground and underground sources to avoid the use of the
former in summer droughts and to rest the latter in winter.

Although extension of supplies is thus contemplated and
provision is made for transterence of bulk supplies, many
rural communities can only be supplied economically by
the development of local resources, which will not be
neglected. Full development of local resources will usnally
precede the augmenting of supplies from outside sources.

Aiming as it does to provide for both the extra needs of
the urban communities and the increasing needs of the
rural arcas, Britain’s water policy can only succeed if
waste is eliminated. The escape of potable ground-water
‘0 the sea or into any aquifer containing polluted water,
and access of all polluted water to potable ground-water
esources must of necessity be prevented. ‘

One of the methods by which waste and pollution are
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being obviated today is by the application of Regulations
which allow the Minister of Health to control the
areas where important resources are threatened by over-
development or by pollution and which it is in the public
interest to protect for the benefit of established or potential
public or industrial users. During the past three years most
of the important aquifers have been controlled. Within
these controlled areas, which arc defined by Order in
Parliament boring for water is licensed only when it has
been proved that new large-scale abstraction is cssential
and will not endanger the public and industrial supplies
already being obtamned. Abstraction by an individual,
solely and to the extent necessary for the domestic purposes
of his household, is exempt from licence. In the areas
where full development has not yet been achieved, boring
is not prohibited, but control is being exercised to ensure
that the utmost use is made of the aquifer, with the
minimum of waste. Boring for minerals within the
scheduled areas is only permitted after approval of the
precautions to be taken to avoid any loss of potable water
or any entry of polluted water from the strata penetrated.

It is today an offence to cause pollution of ground-
water used for human consumption; to abstract water
within the controlled areas in excess of reasonable require-
ments; or to allow ground-water to flow to waste; although
steps have not yet been taken to control completely the
natural flow from all existing artesian bores.

Until powers were given to the Minister of Health,
little was donc in Britain to conserve ground-water
supplies beyond the limitation on abstraction imposed
when water undertakers were given authority by Parlia-
meent to abstract for public supply—private and industrial
users were in general subject to no such limitation. Com-
petitive boring and wasteful use of water resulted in
harmful over-development in a number of areas, the best
known of these being in London where the multiplicity
of wells, sunk since the beginning of the 19th century,
firstly resulted in a cessation of artesian flow and, by 1938,
a lowering of water-levels to as much as 300 ft. below
sea-level in some places. Such depletion of resources not
only restricted the amount of water available to wells in
the central area, but also induced a flow of brackish water
from the River Thames into the aquifer so that wells in
a 25-mile long belt have had to be abandoned and industrial
requirements met by supplies piped from outside the area.
The measures applied to an area for the conservation of
resources or to prevent pollution do not affect established
users. In the London area, however, the number of wells in
use was reduced by enemy action, and subsequent control
has arrested the spread of pollution. Other measures will
be necessary to restore the use of the area for potable
* ipplies.

Although the new water policy has emphasized the
necessity for conservation of resources in Britain and
brought an awareness that ground-water is by no means
inexhaustible, some measure of conservation is being
achieved by other means than direct control. In the last
few years substantial economies have been effected in the
controlled areas by industries thac have expanded their
output by cooling and re-circulation of water.

For a number of purposes such as cooling, operation of

hydraalic lifts and presses, supplying fire hydrants and
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washing vehicles, more use is being made of water from
gravel deposits, which may have been condemned for
drinking or food processing. Much of this water is returned
to the soil.

Abandonment of wells through the entry of brackish
water following competitive boring causes a loss to indus-
trial concerns, in the pollution belt of the London area

referred to above, of many thousands of pounds per annum.

To estimate the total waste in money and in human
effort resulting from the delay in conserving the water
resources of other areas, and conversely to estimate the
benefit that would accrue from the conservation measures
now proposed are well-nigh impossible tasks and lictle
wouldP be gained by attempting them.

Methodology of the Austrian Waterpower Register’

ALFRED LERNHARDT

ABSTRACT

The work of the old Austrian water-power register which was begun ahout forty years ago was not brought to a conelusion
in any of the successor State: of the Ausiro-Hungarian Empire. The new edition of the Austrian water-power register—in
preparation since 1946—{far exceeds the original scope and is truly to he regarded as a water-power register in the widest sense.

Hydraulic structure and water management, which together form a umit, are of vital importance to Ausiria: the most
hopeful efforts of Austrian reconstruction are concentrated on them. The new water-power register is to be the foundation
of water management, of the framework planning and of general as well as sectional planning.

Of the many sectors of hydraulies thoroughly dealt with in this new work only two are apparently lagging : the improvement
register, since this is being prepared as an independent publication, and the register of subsoil water for which, apart frem a
few distinet subsoil areas, the data are lacking and which may ultimately be added on to the larger publication (water resources

register).

The present dissertation attempts to prove, by demonstrating the methodology employed in the volumes now already
published as part of a wider programme, that there is full justification for universal technical interest in this novel creation.
This paper explains the guiding lines individually and gives reasons for the selection of the methods.

HISTORY OF THE MODERN DEVELOPMENT OF WATER-POWER
IN AUSTRIA

The modern development of water-power in Austria
began about fifty years ago. Towards the end of the
ninetcenth century a few isolated hydro-electric plants
were built which, from the point of view of construction
and engineering, were then up to date but which, from the
point of view of water management, did not yet take into
account the future systematic development of the entire
river valley concerned as a unit. In individual cases and
as a result of the quest for maximum return, which was
then the prevalent idea, there was ruthless neglect of
sections involving a minimum distance of diversion under
conditions of maximum fall of river—in other words,
the consequence was ruthless exploitation comparable to
the working of the most accessible seams in coal-mines,
a process in which the deposits that could only be
worked with difficulty were disregarded.

1893—T1HE YEAR IN WHICH THE MODERN ELECTRICITY
SYSTEM WAS BORN IN EUROPE

The origin of the modern system of electricity in Europe
may be traced back to 1893 when, on the occasion of the
World Exhibition at Frankfort-on-Main, electric power
was transmitted over the distance of 183 km. between
Lauffen-on-the-Neckar and Frankfort-on-Main. Up to
that time our federal territories entirely lacked general
hydro-technical foundations. Every individual water-
power project required its own research; in particular,
much time had to be wasted in solving problems on
which the views of the various planners widely diverged.

In order to remove these difficulties there was created
in Austria in the same year, 1893, the Hydrographic

1Original Text : German.
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Service, with a network of stations for observing precipi-
tation and the water-level of watercourses. The obser-
vations were published annually in the hydrographic
yearbooks. The year 1895 saw the publication of the rules
governing the Hydrographic Service and the regulations
relating to the rainfall-measuring stations, water obser-
vations, the volumetric measurement of water, data
concerning the snow-cover and so forth; the valuable
contributions to the hydrographic knowledge of Austria
began to appear in 1896. Actually, the water discharge had
begun to be measured in Austria before 1881, though only
sporadically and often only in the form of estimates.

Most of the volumetric measurements of water were
published in the hydrographic yearbooks until 1920. After
that, these measurements were published only in part and
it was not until 1948 that all the water mensurations made
up to 1945 were published.

The annual growth in water-power was much greater
between 1896 and 1906 than before.

In spite of the warnings by the advocates of hydro-
electric power the share of water-power in the production
of electric-power remained very low in the twenty-five
years up to 1918, in relation to the coal resources of the
Empire as it then was.

BEFORE THE ¥FIRST WORLD WAR

Before the 1914-1918 war it began to be realized that
the Alpine water resources were natural potential auxiliary
sources of power. The war halted the realization of plans
to utilize these auxiliary sources. Evidence of the <£:sirc
and willingness to utilize these sources before the First
World War, particularly in the regions deficient in coal,
is furnished by the fact that the old Austrian water-power
register was established about forty years ago. Since then
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the hydrographic survey for each river system has been
the rule. The first publications of the register aroused
well-justified interest. They showed for each watercourse,
on a double-octavo sheet 35 X 52 cm., a survey of the
whole theoretical natural supply of power (on the as-
sumption of a 100 per cent utilization of the resources
discovered) and gave a representation of the water-power
already utilized; they consisted of text, tables of figures
and diagrams and showed water conditions per 10, 8
and 6 months. The unit selected was the theoretical
gross horsepower at low water. As a rule only a few
years’ observations could be used as bases. The number
of publications was relatively small.

The first era of development of Austrian water resources,
which roughly coincides with the period of the old water-
power register, entered a decline owing to economic
difficulties. A second era in the development of Austrian
water resources began in the second World War, with a
view to the maximum export of power, and since 1945
development has been designed, firstly, to meet the rapidly
growing domestic demand and, secondly, by means of
export 1nstallations, to promote the export of power.

THE PRESENT SITUATION

The demands on the water resources must now take
into account all the interests of water management. Hence,
the new edition of the Austrian water-power register,
which has been in preparadon since 1946, had to go far
beyond the original scope and give a general survey of
water-power and to serve as far as possible all the purposes
of water management.

The difficulties to be overcome have thereby been
greatly increased. At the same time, the greatly expanded
publication is to be brought out with the minimum delay.

The only way to cope with the activities which, as a
result, are expanding greatly, both financially and technic-
ally, is the co-ordination of a widely spread network of
technical collaborators drawn from the central offices, the
provincial authorities, the autonomous electricity com-
panies and the Austrian Society for Water Management.
In this way alone was it possible to create a maximum of
highly valuable publications of lasting use with a minimum
of financial means. Some volumes have already been
prepared; the remaining volumes are to be completed in
a few vyears. These volumes will create the best and the
safest foundation not only for current needs, but also,
beyond the immediate future, for the plans of all sectors
of water management, ranging from general planning
down to the individual project.

Nowadays the mere statement of the available supply
of power and existing installations is no longer sufficient
for the purposes of water management. Even though the
predominant consideration is the desire for the most
suitable, most economic and fullest development of water-
power in the Austrian Alpine valleys, every water-power
installation affects the entire river regime and all other
water management interests.

Hence the new water-power register is so designed that
beyond water utilization it offers a general plan, not only
for the present but also for the future, and a basis for
official control and licensing in all matters pertaining to
Water resources. '
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TECHNICAL DIFFICULTIES IN AUSTRIA

Technical difficulties in Austria were due to the peculiar
hydrographic conditions: the greatest possible variations
in the type of watercourses, ranging from the mountain
torrents with their extreme fall, their catchment areas of
perennial snow and ice, their extremely turbulent water
flow and highly variable load of mud and other matter,
including very large blocks of rock-—cases where the
normal methods of measuring the water fail—to the
navigable Danube, which carries a large volume of water

and has a very slight fall.

The peculiarities of some of these watercourses are so
marked that they require individual treatment in the
methods of observation and mensuration.

In regard to these river basins, which are so different
in their climatic, meteorological, geographical and geolog-
ical nature and the discharge of surface and subsoil water,
there are the additional general difficulties of the decen-
tralization, incompleteness, defects in or absence of obser~
vation material, for this material should, if possible, go

back for decades.

Many old hydrographic data, for example, are private
property owned by undertakings which, at the time,
annually spent large sums of money over many years. in
connexion with the preparatory works for large projects
Only by consultation and appraisal of all sources can
insight be gained into the matter such as has never yet
been possible in any one place.

METHODS FOR BRIDGING REMAINING GAPS

In carlier periods, when the methods were concerned
largely with parallel flow and built up almost exclusively
o Woltmann's measurements with vanes, there was in
addition a failure to appreciate the need for a larger number
of volumetric measurements of water in the most diverse
conditions of water-flow and, in particular, in changed
conditions of profile, notably in connexion with a marked
movement of detritus and the after-effects of structures
for regulating the rivers and of bridges and gravel
extraction.

In the case of mountain torrents the volume discharged
over a measured profile at a given level, even if the
elevation of the bed remains equal, differs considerably
with the variations in fall, in the nature and size of the
movement of detritus and mud (clear water, turbid water,
mud detritus, rocks) and the degree of turbulence. One
chief problem is to find the best gauge-keys for consulting
the old observation material dealing with water-levels,
particularly in the case of a steady or sudden change of
the discharge capacity at a given flood-measuring point.
Each gauge-key, strictly speaking, is valid only for one
more or less short periodp of observation in the course
of which relatively insignificant changes took place in
the bed and profile. These limits are not yet known,
however, and must first be ascertained by general exami-
nations of stability or water balances for the river valley
or by comparative hydrographic methods. Theoretical
methods, including the processes of mathematical statistics
and calculations of probability, are to be used and the
unreliable material weeded out so as to separate the most
valuable data from the less useful in the hydrographic
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data; the remaining gaps are to be bridged by theoretical
and comparative methods.

These difficulties become even more numerous and
diversified by the modern demand for mean values going
back over as long a period as possible. We now consider
it entirely mistaken to accept the average of any one
decade or of any two five-year periods as a kind of normal
year.

The ideal is an observation covering several decades and
at least an approximation to values covering a century.
This can be done by means of meteorological stations
(measuring of precipitation) since precipitation began to
be measured long before water. Thus, for example, we
have stations with precipitation records dating back more
than one hundred vears: Wicn-Hohe Warte, Krems-
miinster, Innsbruck.

DESCRIPTION OF THE AUSTRIAN WATER-POWER REGISTER

The Austrian water-power register was divided into a
generally descriptive part, a tabular survey containing the
results of measurements and surveys calculated for the
specific requirements of water management with maps as
appendices, and had the following aims: firstly, by means
of statistical data to furnish existing water-power plants
of the most varying stages of development with the
foundations for a planned power cconomy; and, secondly,
to supply the necessary hydrographic calculations for the
future development of such plants, as well as to make it
possible to form a judgment of the fall of the watercourses.

Apart from the re{wresentation of the river regime in
the form of contour lines in various profiles of flow, the
Austrian water-power  register uses the tables of the
characteristic water levels or characteristic water-flow. In
this way it is possible in many cases important for practical
application, to characterize the river regime satisfactorily
by means of a few magnitudes.

The characteristic volumes of flow are distinguished by
the same processes as are used for water-levels.

In addition, the water-power register indicates the
annual level and annual supply of water in terms of an
average evaluated over a long period. As of particular
importance we would mention the evaluation of the
mean water supply (1/s square km.). All these data very
clearly identify the individual river basins and sections
thereof from the hydrographic point of view and according
to precipitation and discharge.

There is a longitudinal survey of the profile which,
by means of various scales, clearly represents the gencral
longitudinal section, the line of the catchment area in
square kilometres, the mean flow of water, all bridges,
power plants and other plants utilizing water, the ponts
of confluence of tributaries, all flood-measuring stations
with special mention of the levels at those points, the
boundaries of the riparian communes or provinces, the
division of the river into kilometres and, lastly, a diagram-
matic map of the river system. All the water-power
plants lying along the river or planned are shown under
numbers on a river chart (scale 1:50,000). These numbers
reappear later in a further appendix to the tables—the
longitudinal profile in writing.

It is also desirable to give exact indications of elevations,

particularly along watercourses, where the river fall is
entirely divided up by an uninterrupted series of existing
installations; an exact demarcation of the areas permitted
for utilization is indispensable if disputes are to be avoided.
Hence, generally speaking, special mensuration (length
and elevation) is unavoidable. For the purpose of measuring
length, zero level is taken to be at the mouth of the river
and the measurement in kilometres is taken upstream to
the furthest point at which the utilization of water-power
is at all conceivable. On many watercourses this upper
limit is marked by the highest installation upstream nnless
it is necessary, for the purpose of planning large water-
power installations, to take measurements right up to
the source area.

Apart from the figures necessary for representing a
continuous fall of the water-level, the bed of the river,
of one or both river banks and the flood dykes, the

following are noted:

(1) The points of confluence of tributaries, the branching
off and junction of diversion channels;

(2) Structural works (weirs, sills, bridges, footbridges,
flood gauges, pipeline crossings);

(3) The boundaries of communes for the purposes of
the register.

Elevations are measured from th ereference points of
the ordnance survey. Apart from the points marking
beginning and end of sections, the levels of the following
are given:

(1) The crests of weirs, the upper edges of sills;
(2) Zero levels at flood-measuring posts;
(3) High-water and low-water marks;

(4) All points at which a change in water-power is to
be expected, i.e. all points of confluence and breaks of
the fall.

Simultaneously with the measurement of the river, the
map marks the dimensions of the individual water-power
installations which, on the middle and lower course of
rivers, are usually situated on working channels, a series
of installations often using a common weir successively.
In the profile so plotted, the watercourse appears divided
into numerous utilized reaches which alternate with
unencumbered stretches. The length of the utilized reach
is the distance measured along the watercourse between
the point at which the utilized water rejoins the natural
watercourse and the end of the power basin. The difference
in mean level at both points 1s the total head used. The
longitudinal sections have been drawn to various scales.
As a rule scales of 1: 25,000 and 1: 50,000 were used for
lengths, and scales 1: 100 to 1: 1,000 were used for eleva-
tions; if smaller scales were used the small changes in
fall which are used by the plants could not be represented.
Owing to the great differences in level the co-ordinates
are at an angle to the margin, in order to avoid separating
the lengthwise profile.

There is a further appendix to the technical part of the
publication in the form of appendices to the profile and
river chart. They contain the post number which also
appears in the sectional lengthwise profile and in the river
chart, and also give position, configuration of the river
banks, all further particulars concerning structures, extent
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and nature of water utilization, volume of water for
development, head of water utilizable, annual potential
performance and entries from the water records. In most
cases separate appendices with sketch maps are added
for major installations utilizing water.

BIBLIOCGRAPHY AND COSTS

The publication is rounded off by a bibliographical part
in a folder which contains a compilation of all publications
relating to the river which have appeared since 1900,
The technical execution is by means of the photographic
process of reproduction, which is particularly suitable for
writing and drawings. Printing costs by this process are
much lower for the small number of editions involved
than if the normal printing processes were used.

The total costs for the completion of a river-basin
survey, including new measurements, vary from 20,000
to 50,000 schillings, according to the size of the catchment

area or length of the river to be measured. These estimates
are extremely low compared with the expenditure made
at the time of the work of the old Austrian water-power
register; indeed, they are infinitesimal if the greatly
expanded scope of the total work is borne in mind. Each
individual volume is so designed that each single appendix
and each individual sheet may be exchanged at any time;
in other words the publication may be added to and
chapters needing revision may be interpolated.

The volumes, each of which normally comprises one
river basin, are not bound but are folders which, for
turther protection, are inserted in a dust cover and thus
may be placed on any library shelf.

With the help of this proposed plan Austria will, in a
few vyears, possess a complete water-power register,
comprising all important river basins and probably
answering in every respect any requirements in regard to
water management.

Dew Observations and Their Significance—New Methods

in Dew Estimation

S. DUVDEVANI

ABSTRACT

A new method for dew measurements was devised and country-wide regular dew observations at a number of standard
levels have been introduced since 1943 by the Meteorologieal Service in Israel.? At the Dew Research Station special inter alia
problems of vertical dew distribution, mainly from the ground up to 100 centimetres were studied.

Dew studies are made on the surface of differently treated soils : hare and covered by grass, dry and irrigated, ploughed

and compact. It was found that :

1. Dew gradient curves and their “distortions and receveries™ for a rain or irrigation period can be elaborated to serve
as an ipdication in irrigation practice and for soil moisture studies in general.

2. Vapour transfer from the atmosphere into the surface layer of soils was found to result in appreciable surface moisture

condensation.

3. Tillage promoted such condensation.
With respect to plant physiology it was found that :

1. Dew and dewy environment is favourable for plant growth.

2. Many destructive fungi also depend on dew moistur

€.

The significance of dew and its measurements is therefore manifold especially in arid and semi-arid countries.

“I will be as the dew unto Israel :

he shall grow as the lily....
(Hosea 14,5)

The “Dew of Heaven” is a real blessing for Israel which
is otherwise not yet very prolific in natural resources.
This country brought forth the first known experiments
in dew (miracle-experiment of Gideon)!, Judge Gideon’s
method, followed up by modern scientists, is based on
exposing hygroscopic material (fleece and, in modern
times, other materials as well) throughout the night and
recording the gain, in weight.

Methods based on this principle were used first by the
author, but were found inadequate and very frequently
unreliable and misleading.

'Certain tables and diagrams were to have been brought to
the Conference by the author, but as he was unable to attend
these were not submitted.

*Then Palestine.

3Deviations and returns to normal,

Tudges 7, 38.
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The dry summer season of Israel is a very suitable time
for dew research. Parts of the country are rich in dew;
others, especially in summer, very poor. The farmers
believe that dew is useful to plants. Ancient writings
(such as the Bible and the Talmud) praise the dew. There
are Hebrew prayers for dew in summer, as for rain in
winter.

OPTICAL METHOD OF DEW OBSERVATION

Inspired by all this the author embarked on his dew
research. A number of points concerning the subject were
dealt with for the past thirteen years.

The author’s optical method of dew observation has
been used for systematic night-by-night observations
since 1938 at the Dew Research Station, Israel, situated
in the coastal plain. Since 1943 it has been adopted as a
standard method for dew observations throughout the
courﬁtry by the Meteorological Service of Palestine, now
Isracl.
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Before the Arab-Israeli war, more than 80 stations for
dew observation had been established. Dew records are
taken at a level of 100 cm. above ground, this level being
accepted as standard level for the whole of Israel. At
some stations additional observations are also taken at a
level of 30 cm.

The essential feature of the method is the exposure of
a standard material called *“ dew gauge” (made of specially
selected wood and specially treated and stained) from
sunset to sunrise and identfying the optical appearance
of the dew deposits with a series of standard dew photo-
graphs. These dew photographs define a certain number
of an established “dew scale”, evaluated® in millimetres,
and are therefore named “dew-scale numbers”.

A “dew night” is defined as one on which there was
no rain and at the end of which (at sunrise or close to it)
dew is visible with the naked eye on one of the standard
surfaces of the dew gauge, or part of it.

Among the advantages of the routine of optical esti-
mation the following should be noted:

1. Evaporation does not appreciably affect the estimates,
even if allowed to proceed gor some hours during the
night. Only dew at the lowest scale numbers is some-
times an exception to this.

2. Any possibility of confusion between dew and even
light rain 1s eliminated.

3. If necessary the dew deposit left on the gauge can
easily be checked by weighing.

4, It lends itself to direct optical comparison with
natural dew deposits on various plants.

5. It is inexpensive and simple for large-scale use even
with unskilled observers, once the correct and typifying
exposurc has been fixed.

The network of dew stations may help to solve important
problems for the agriculturist, the plant physiologist and,
of course, the meteorologist. Systematic records promise
to demonstrate how important dew may be, as a factor
and indicator as well, in the study of micro~climate and
macro-climate for plant growth and agricultural techniques.
It is hoped that dew records will be used as an indicator
of synoptic conditions.

Our late Government Meteorologist, R. Feige, addressing
the Toronto LM.O. Conference, 1947, said inter alia:
... Although our network of dew stations is still rather
young, valuable results have already been obtained as to
the distribution of dew in Palestine . ..

“... We know something about our dew regime in
Palestine. There is e.g., a predominatc summer regime
in the coastal plain and a springtime regime in the Jordan
Valley, whilst the hill region shows beyond doubt a
double regime. ..

... The new optical method developed by a biologist
scems to be a useful and elegant way of approach to the
hitherto neglected problem of dew and is important to
pure as well as to applied meteorology and climatology . . .”

The dew-gauge observations are meant to indicate the
dew potential, that is, the capacity for dew formation of
a given place, level and period. The dew potential is

tMean values, each for a certain range of individual dew deposits.

determined by the interaction of moisture, temperature
and air turbulence. It expresses itself through various
amounts of vapour condensation on a given depositor
under given conditions of exposure. Under the same
conditions the actual amount will vary from depositor
to depositor depending on their specific thermal and
surface properties. :

The relative distribution of dew deposits expressed in
curves (monthly curves) and quotients gives us an insight
into the problem of dew-potential distribution to the
horizontal and vertical, at chosen periods.

EFFECT OF DEWY NIGHTS AND DEWY MORNINGS ON VEGETABLES
AND OTHER CROPS

Field experiments conducted on various vegetable crops
for a number of summer seasons cstablished the positive
effect of dew on the growth of the plants tested.

The number and length of branches, the quantity and
the total area of leaves were significantly smaller in those
plots which were deprived of possibility of collection of
dew and of the micro-climatological favourable effects
therefrom, as compared with the control plots which were
freely exposed to the night dew. It is our assumption
(to be published elsewhere), that dew water has also a
direct, promoting effect on tissue growth.

Corn is grown in many parts of Isracl as a non-irrigated
crop during the season from May to August. The success
of this crop is also linked in some way or other to the
amount and frequency of dew available during its growing
period. The yield was found to vary in different parts ot
the country, and it secems that the lighter the dew, the
poorer is the corn growth.

The curling of corn leaves——clear evidence of their
partial wilting—was observed only about three to four
hours after a sunrise following a normal dewy night. It
started much ecarlier after dewless nights.

EFFECT OF DEW ON FUNGI

Some fungi, such as downy mildews, some moulds,
rusts etc., depend on dew for their spreading and develop-
ment under the dry summer conditions. Observations on
mildew of vine and of cucumbers, made by our phyto-
pathologists, indicated that the distribution throughout the
country of such mildews might be related to the distribution
of dew. This question was studied by us recently in open
air experiments with cucumber downy mildew and
conclusively established. Other similar studies are planned.

Since vegetable growers in Israel suffer heavy losses
because of these plant-diseases favoured by dew, the
studies have considerable economic importance.

DEW CURVES AND QUOTIENTS

An interesting problem, and one that has for a long
time captured the attention of meteorologists, is whether
dew comes down, as it were, “from Heaven”, or “rises”
from below. In other words, is the dew gradient at its
minimum at the soil surface or vice versa? Unrelated and
fragmentary observations, recorded by different obscrvers
at different seasons and in localitics with different climates,
near or on soil or grass, have led to inconclusive results.

When Considering the systematic observations at various
two-level stations in Israel, one can find no simple inter-
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pretation at first glance. Actually, three types of dew-level
relationships with respect to the two selected levels (ac
100 c¢m. and 30 cm.) have been found.

1. At some stations dew deposit at the 100-cm. level is
higher than dew deposit at 30 cm. nearly throughout the
whole year. This relationship may be expressed by the
formula: Dew 190 > Dew 5.

2. At other stations, dew at the 100-cm. level is always
lower than dew at 30 cm., ie., Dew 150 < Dew 5.

3. At still other stations, there is an uncertain relation,
according to season; the dew deposit at 100 cm. is some-
times greater and sometimes less than at 30 cm.

Systematic level-observations® over a period of years at
the Dew Rescarch Station represented in correlated curves
show that during the main season (summer) for dew in
the coastal plain the typical distribution is as follows:

0-1 cm.—mno dew

Dew 9, < Dew 5 << Dew g << Dew 190 > Dew 5.

The bare, compact soil in Israel in summer is very dry
down to a depth of 25 to 30 cm. After the first proper
rain or rains, opening the rainy season (winter), the ratio
of dew at soil surface to dew at the 100-cm. level is
suddenly changed and increases, reaching unity or even
greater during the months of heaviest rain.

From various studies made by us we have concluded
that under conditions of high soil moisture and reduced
desiccation, the vertical dew gradient is the reverse of
that for the arid summer at close to ground levels.

Moreover, watering the dry sun-baked soil only slightly
in the summer results in a suddenly changed dew gradient
up to a certain level above ground. The greater the amount
of watering, the greater will be the distortion of this
equilibrium, and the higher will be the level affected.
The gradient curve will, however, recover and return
to the normal with the drying up of the watered soil.

This will happen at the beginning of Isracl’s rainy
season if, after the first proper rain, or rains, a long spell
of dry weather occurs.

Another useful and anticipated conclusion is the fact
that, with other conditioning factors being equal, higher
humudities are found at a station where the measured
dew amounts are higher.

We are now engaged in a number of cxperiments
aiming to establish:

1. The use of dew measurements to determine the
extent of inequality of moisture distribution resulting from
different irrigation practices, such as various overhead
irrigation devices, irrigation in rows, flooding etc.

2. The use of dew observations at appropriate levels to
determine comparative humidities of ground surfaces and
top layers in general, including low-lying land, sloping
ground, mulch covered soil etc.

3. The use of dew measurements obtained from day-to-
day records progressively following the irrigation date,
to determine an index or range of indexes for specific
conditions of soils and seasons. These indexes would
cnable the agriculturist to sce how dry the irrigated ground
has again become and whether it requires irrigation anew.

#Consisting of five levels and more, including the ground surface.
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DEW AND MOISTURE BALANCE OF DIFFERENT SOILS,
‘WITH DIFFERENT SOIL TREATMENTS

The soils in the Negeb, which we in Israel intend to
exploit to best advantage, pose special questions for our
Department of Agriculture:

1. Why is there in one area a fairer water balance than
in another, although the rainfall is considered in both of
them to be below the minimum range for vegetation?

2. Accepting these differences in water balance and after
a study of their causes, the next question will be: what
are the agro~technical possibilities under dry cultivation
for improving the moisture balance of soils in the Negeb?

At the Dew Research Station, we have made quite
extensive preliminary tests, We can state, for instance, that
tillage improves the dew deposit on soils. Its main advantage
in this rei‘pact is that the loosening and ridging of the
soils tested involved much better cooling off than with
compact soil. Regular moisture checkings in the dewy
mornings showedg considerable raised surface-moisture
(by an additional 0.5 to 3 per cent) due to vapour condens—
ation and absorption from the atmosphere above ground.

What fraction of this added surface moisture is ultimately
transferred below surface, thus enriching the soil-water
reserves, has to be studied.

This phenomenon can be noticed with the naked eye
on sandy soils, because the tops of their ridges turn wet.

In connexion with the comments above, we can say
already that were it not for the many dewy and otherwise
wet nights (dew nights only = approximately 200 per
year), the Negeb land would have been reduced to almost
hopeless desert.

It is therefore of great significance to continue the study
of dew relationships and the applications of such a study
with the view to understanding, and if possible, improving
the moisture balance in arid and semi-arid regions.
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Estimation of Flood Run-Off

B. D. RICHARDS

ABSTRACT

The approach to the problem of estimating the flood run-off of a catchment tends to be governed to some extent by the
amount of data available. Where extensive records of floods exist for a river, one would naturally endeavour to make use of
these as far as possible to predict future flood conditions. In America considerable records of siream flow have been built up
for a large number of rivers and methods of flood analysis appear to have developed mainly along two lines—the flood frequency

and the unit hydrograph methods,

The other line of approach is by flood formulas. A suitable formula requires less data for its application than the ahove
methods but the accuracy of the results obtained will increase with the amount of supporting data available.

Many earlier formulas treated {lood intensity as a function of the catchment area only and were consequently of limited
application. Later investigators realized that many factors came into account and that there was a relation between the

intensity and the peried of concentration of a flood.

The present paper reviews in outline the author’s methods of flood estimation based on the determination of the period
of concentration and the development of the theory to determine the flood hydrograph.

In problems of flood regulation, the hydrograph is of far greater significance than peak intensity, which of itself provides

inadequate data on which to base any scheme of regulation,

The theory and methods here briefly deseribed are set out in detail in the author’s book “Flood Estimation and Control™

referred to in the bibliography.

The paper is accompanied by five diagrams and for convenience in using the method with the metric system, conversion

factors are given.

The estimation of flood run-off is a problem which
arises in many fields of engineering. The provision of
adequate waterway for bridges and culverts calls for an
estimate of the maximum intensity of the flood discharge
of the river at a given point, while in problems of flood
regulation the necessity arises for a complete hydrograph

of the rise and fall of the flood.

The approach to the problem tends to be governed to
some extent by the amount of hydrological data available.
Where there are fairly long records of stream flow, the
natural tendency would be to predict potential floods by
a study and analysis of these. In America considerable
records have been built up for a large number of rivers
and methods of flood estimation have developed on these
lines and the two systems of analysis, the flood frequency
method and the unit hydrograph method, appear to be
those most in use. (7 & 5)

The other line of approach is by the use of flood for-
mulas. These are, in general, less dependent on stream
flow records, but given a suitable Formula, its results
will be more accurate if there are supporting data for
certain of the coefhicients.

Earlier formulas, such as the Dickens formula, expressed
the maximum intensity of flood as a simple function of
the catchment area only, taking the form:

Q = C.An,

It was obvious, however, that such a formula could
only be made of general application by varying the value
of the coefficient C for different districts and different
types of catchment. The flood intensity depends on a
number of factors, among the most important of which
are the intensity and duration of the rainfall, the area,
shape and slope of the catchment, the herbage cover and
the nature of the soil. It was later perceived that there
was a connexion between the intensity of the flood and
its period of concentration.

The author has used this relation as the basis of a method
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of estimating the maximum flood intensity and of deter-
mining the flood hydrograph. The present paper gives
a brief outline of his methods and results.

Two rainfall relations are well established:

1. The average intensity of the rainfall during the period
of a storm is an inverse function of the duration of the
storm.

2. The average rainfall over the whole area of a storm
is an inverse function of that area.

The intensity: duration function is frequently expressed

. R

where I denotes the average intensity of the rainfall in
inches per hour at the point of maximum rainfall and
over the period of the storm,

R denotes a rainfall coefficient in inches,
T denotes duration of storm in hours,
¢ denotes a constant in hours.

= Ti : is found to be in fair agreement with actual

records and may be adopted as a close approximation.

The intensity: area function is a more complex one. The
Institution of Civil Engineers Committee on Floods(1)!
deduced from Dr. Glasspoole’s British Data(2) a curve
showing the relation f(a): a, where f(a) denotes the ratio
of the average rainfall over an area to the maximum spot
rainfall within that area. The author adopted this curve
shown in Figure 1, for the smaller areas to which it applied
and from further data of Dr. Glasspoole, deduced a second
curve, shown in Figure 2, and compared this with similar
curves which he prepared from data from various other
countries. He suggested that until further evidence is
forthcoming the value of f(a) might be taken as follows:

iNumbers in parentheses refer to items in the bibliography.
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1. For continental areas subject to widespread storms,
the curve for Eastern U.S.A. as i Figure 2.

2. For islands and elsewhere where storms of area
exceeding 20,000 square miles are unlikely, the British
Isles curve of Figure 2.

3. For small catchments in the British Isles and elsewhere
where the conditions are such as to give storms of limited
extent, the British Isles curve of Figure 1.

The problem is one which requires much further
research and the firm establishment of f(a): a would need
a vast collection of accurate data over a period of many
years and for various countries.

Combining the functions of duration and area gives

R
S e |
where 1 denotes the average intensity of rainfall of a storm
of area a and duration T, and R a coefficient of rainfall.

If the maximum spot rainfall of a storm is F inches and
the duration T hours

F . R T+
-;:[: = 1= T;:"i hence R =F. ““‘T“"

Comparisons of rainfall intensities all over the world
indicate that short period high intensities occur in almost
any region, even in one which is normally arid, but that

prolonged high intensities are far more liable to do so
in the tropics.

In the British Isles, R may be taken as 4 for normal
storms and 8 for catastrophic storms, though this is
occasionally exceeded. For the Highlands of Scotland the
figures 6 and 12 appear appropriate. Over 20 has been
found so in the U.S.A. and Australia and over 30 in India.

The average intensity of rainfall over a catchment will
thus be a maximum when the storm just covers the catch-
ment and one may conclude that the maximum intensity
of flood will occur when the whole catchment is con-
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tributing and hence when the duration of the storm is
equal to the period of concentration of the flood, t.
Then

_RfQ
1= T )
and
Q=Kia. . . . @)

where Q denotes the maximum intensity of flood in
cubic feet per second and K denotes the coefficient of
run-off.

The author has devised a method of calculating the
period of concentration by visualizing the rain as running
off the catchment in a thin sheet whose depth is proportional
to the time. Thus the depth will vary from 0 at the head
of the catchment to K.i.t. at the point of concentration.
The period of concentration must therefore take into
account

L = the length of the catchment which depends on its
area and shape,

s = the slope of the catchment,
i = the average intensity of rainfall in inches per hour.
K == the coefficient of run-off.
and the following formula is derived

CLz?
® = Kis. 3
and since
R f{a)
S
it follows
t3 C.L?

PF T T KR “

From (2) Q = K.i.a. and since 1 inch of rain per hour

running off 1 acre gives almost exactly 1 cusec

Qun = 1000 K. . (5)
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where Q,, denotes the maximum intensity of flood in
cusecs per 1000 acres.

The total run-off RO = K.ia.t.
= 3600 Qput cu. feet per 1000 acres . . (6)

The coefficient C in formulas (3) and (4) = i—f-r}

C2
where m is a numerical constant and ¢ is the coefhicient
of the Chezy formula v == ¢ Vr.s.

C is in itself a variable and is shown to be primarily a
function of KR. Its values have been determined as
follows:

KR C KR C
0.6 L0365 9.6 0071
1.2 0216 12.0 0065
24 0137 14.4 L0060
4.8 0096 16.8 0056
7.2 0079 19.2 00542

In applying the formulas, a, L and s are determined
from the survey of the catchment; R is assessed from the
rainfall records as the highest spot rainfall likely to occur
in the catchment in any storm; K is established from
actual river How measurements or by analogy with other
catchments.

The formulas give the maximum estimated flood
intensity and the total run-off. If it is desired to establish
the frequency of a flood of given magnitude, this can
be done by finding the value of R which would produce
such a flood and determining its frequency from a study

3

. t
The determination of t from ———

of the rainfall records. —

is facilitated by a table.

The hydrograph of the flood can be drawn in the
following manner: With the point of concentration as
centre, a number of arcs are drawn or radiir, r,......
intercepting areas a;, a,...... and the period of con-~
centration and intensity of flood discharge for each area
are successively deduced.

For the rising flood, points on the hydrograph are
given by

q:.}../(%)z. O
Q)sz% (8)

and for the falling flood by

2If the metric systemm is employed, C becomes Cm = 9.80 C
where L is expressed in km., R n mm. and t in hours. Again
Qm = 0279 K.i where Qm is in cub. metres per second per
sq.km. and i 8 in mm. per hour.

In Figure 1. f{a) 1s given as a function of a in units of 1,000 acres,
To use the curve with the metric system, the arca in sq.km. must
be divided by 4 to reduce it to umts of 1,000 acres. In Figure 2,
a is shown in square miles. To wuse the curve with the metric
system, the area in square kilometres must be divided by 2.59
to reduce it to square miles,

tl :“:
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— 2") . (10)

where x denotes the distance the water has receded in
time t, after the cessation of the storm, asshownin Figure 3.

The effect of the area of the catchment on the shape of
the hydrograph is illustrated in Figure 4, where the
hydographs are shown for two catchments of areas 2
and 40 square miles but with all other characteristics the
same,

Q= Qn (

As stated, the basis of the formulas is the principle
that the average intensity of rainfall is an inverse function
of both the area and the duration of the storm and the
assumption is made that the storm just covers the catch-
ment and that its duration is equal to the period of con-
centration. This implies that the whole catchment con-
tributes to produce the maximum intensity of flood. It
is further postulated that the average intensity of rainfall
and the coefficient of run-off K are uniform over the
area of the catchment and within the period of the storm
and that the slope is uniform. The above may be described
as standard conditions and the effect of departure from
any of them has been investigated and tested by the
appllication of numerical values with the following
results:

1. Duration of storm T greater than the period of
concentration t.

2. Duration of storm T less than the period of con-
centration t.

In the first case, the flood intensity is reduced and the

hydrograph assumes a flac top. The run-off is slightly
increased.
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In the second case, the flood intensity is slightly increased,
particularly with short but wide catchments of Targe size.
The run-off is slightly reduced. Comparative hydrographs
for T equal to, greater than and less than t are shown
in Figure 5.

3. Area of the storm is less than that of the catchment.

The rainfall intensity will be greater but the area con-
tributing to the flood less. In some cases depending on
the shape of the catchment, the flood intensity will be
increased with a corresponding reduction of the run-off.

4. Intensity of the rainfall varying over the catchment
area.

This may give rise to a slightly higher flood intensity
accompanied by a reduced run-off.

5. The rainfall intensity varying during the period of
the storm.

It is found that the shape of the rainfall diagram has an
effect on the period of concentration and hence on the
flood intensity. The flood intensity is greatest for a rainall
diagram of shape (a) and least for one of shape (b). Increase
of intensity of flood is accompanied by a reduction of
run-off and conversely.

Ajrsusjur

“ intensity

Time
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Time
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6. Moving storms.

A storm moving down a rectangular catchment and
having an arca equal to that of the catchment, will give
the same flood intensity as a stationary storm covering the
catchment, but only three-quarters of the run-off. The
maximum intensity is given by a moving storm of half
the area of the catchment and may give an intensity of
the order of 20 per cent more than that from a stationary
storm covering the catchment but the run-off will be
some 40 per cent Joss.
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If the catchment is irregular in shape, then the arca of
the storm will be increased as its width must be equal to
the greatest width of the catchment to enable it to maintain
its cover of the catchment as it passes over. This tends
to reduce the figures given above.

7. Variation of slope over the catchment.

It can be shown that the highest flood intensity occurs
when the slope is uniform.

8. Variation of the coefficient of run-off over the
catchment.

This becomes important when the catchment contains a
considerable area of rocky impermeable soil, the remainder
being permeable. In such a case the highest food intensity
may be given by a limited storm covering the rocky
arca only.

9. Variation of the coefficient of run-off during the
storm.

Even if the catchment is already wet at the commence-
ment of the storm, the coefficient of run-off will tend to
increase slightly during the progress of the storm. On the
other hand, if the ground is frozen, the coefficient will be
initially high but will tend to decrease as the ground
thaws. It is found that variation of the coefficient during
the period of the storm does not have any important
effect on the flood intensity. An increasing value gives a
slight margin of safety and conversely.

A study of numerical results of these variations on a
number of catchments indicated that nos. 2, 5, 6 and 8
have the most important effect on flood intensity and
having regard to the nature and order of this, it was
concluded that it would be desirable to add 25 per cent
to the maximum intensity calculated for standard con-
ditions in dealing with problems of waterway. For flood
regulation, the hydrograph is more important than peak
intensity and, as in every case an increase of flood intensity
is accompanied by a decrease in run-off, no such addition
appears necessary.

Two special points should however be considered:

1. If the catchment is very irregular in shape, the flood
possibilities of a storm covering only part of the catcchment
should be investigated.

2. If the catchment contains a large arca of rocky
impermeable ground, the effect of a storm limited to
this area should be studied.

It has only been possible within the limits of a short
paper, to indicate in outline the nature and results of the
author’s investigations on flood discharge. They are set
out fully in his book “Flood Estimation and Control” (3).

Given the record of a major flood, the probable maximum
flood from the catchment can be estimated with the help
of the formulas. Where there are sufficient rainfall records
to establish a rainfall frequency rclation, then the frequency
of floods of any given magnitude can be determined by
probability methods.

An important characteristic of the methods shown is
that they enable the flood hydrograph to be drawn. In
problems of flood regulation the hydrograph is of far
greater significance than peak intensity which, without a
knowledge of the growth, duration and decline of the
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flood, provides in itself inadequate data upon which to
base any scheme of regulation.
This paper is accompanied by five diagrams and by a

short bibliography, references to which i the text are
marked by the appropriate numbers.
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on River Hydrology:

Classification of Hydrological Studies and of the Estimates

Derived from Them'

AIME COUTAGNE

ABSTRACT

An analysis of experimental hydrologic data leads to a nmmnher of studies, more or less specifie, that are here classed
in accordance with time, meteorological and geographical factors. In relation to these the yield and its variations are considered
under three heads, to which three similar types of estimates correspond :

I. Study of yield in relation to the time factor :
(1) Time considered as a duration factor (probabilities) ;

{2) Time considered as a seasonal factor (annual periodicity);

{3) Time considered as a periodic factor (various periodicities).

T1. Study of yield in relation to the hydro-meteorological factors governming it:

(4) In relation to rain—{(rain-river correlations) ;

(5) In relation to temperature (temperature-river correlations)

(6) In relation to snowfoll (snow-river correlations) ;

(?) In relation te previous yields (internal river correlations);

(8) In relation to several of the above factors (various river correlations);

(9) In relation to evaporation (evaporative correlations).

I Study of yield in relation to location: geophysical and geographic factors

{10) In relation to geodetic co-ordinates (various maps);

(11) In relation to terrestrial and climatic conditions (geophysical correlations);

(12) In relation to the yield of another watercourse (inter-regional co-variations).

The nature and possibilities of yield estimation depend upon the different kinds of study listed above, all of which permit
of estimation in the broadest sense of the word : viz., the determination of certain facts or phenomena, past, present or future,
not directly observed or observable, from other facts and phenomena, permanent or variable, directly observed or observable.

All estimates, and particularly yield estimates, are ultimately based on prebabilities more or less localized in time and
space, and more or less particularized by different periodicities, correlations and co-variations.

The following in particular have heen distinguished :

L. Purely statistical estimates, based on probabilities and periodicities.

2. Estimates based on hydro-meteorological correlations.

3. Estimates based on the consideration of location, i.e. om geographic correlations or co-variations.

From the economic point of view these estimates can be used in various ways. They make it possible to extract the
maximnom output from water resources already being utilized, and to take stock of water resources stil unutilized and study

rationally how to harness them and fit them into the existing

PART I. CLASSIFICATION OF HYDROLOGICAL STUDIES

An analysis of experimental data on the origin, volume
and fluctuations of vield, in time and in relation to
atmospheric or hydrological factors past or present, and
Original Text: French.
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system.

to the terrestrial and geographical factors which determine
them, leads to three types of study and consequently to
three types of estimates, which can be classified as follows:

1. Purely statistical studies: variations of yield in relation
to the single variable “time”.

2. Hydro-meteorological studies: variations of yield at
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a given time or during a given period, in a particular
place, and in relation to the hydro-meteorological factors
which determine it.

3. Geographical studies: variations of yield in space,
ie., according to the various catchments in a region, the
various regions of a country or the various countries of
the world, studicd cither purely descriptively or in relation
to the corresponding local terrestrial or climatic conditions.

A phenomenon or a fact-—here the yield, Q—is observed
at a certain time, instantancous of mean (T), at a certain
place on the earth (L), at the same time as a certain number
of other connected or concomitant phenomena or facts (M).
Synthetically it may be regarded as a function of these
three variables or types of variables: Q = & (T, L, M).
The general problem represented by this formula cannot
be examined directly and so on the principle “divide et
impera” it is split up into three separate problems, each
of which is simpler, as it only takes into account one of
the three variables T, L and M, the two others being
constants in each separate problem.

Below is given a bricf survey of these three types of
specific studies divided into separate groups. These families
and genera of studies may, moreover, give rise to a large
variety of mixed studies, which may be called hybrids,
as they combine several points of view.

1. STUDY OF YIELD VARIATIONS IN TIME: Q == F, (T)

The yield is studied statistically and not causally, i.e. as
a function of the sole variable “time”; no account is taken
of the natural factors of all kinds which govern yield, and
only one place is considered.

“Time” may, however, be considered from three
different points of view:

(a) As a duration factor. Chronological order is dis-
regarded. This type of study relates to all problems centring
in the calculation of probabilitics. The yield is studied as
a function of its total probability (p), giving the formula
Q=F (P)

(b) As an average periodic factor, or seasonal factor, in
which the period is a year. Yield is studied in relation to
its position in the year, i.c., as a function of the variable
“month” (m); e.g., Q=F, (m).

(€) As a chronological factor, iec., periodic where the
period is any other than that of the solar cycle. All research
into periodicities starts from this point: Q = F; (t).

To sum up, there are three types of specific study, in
which yield variation is analysed in relation to its proba-
bility, or to its position in the average year, or to its
position in the sequence of days, months and years.

2. STUDY OF YIELD VARIATION IN RELATION TO THE
ATMOSPHERIC AND HYDROLOGICAL FACTORS WHICH
CONDITION IT.

This is the starting point of all rescarch aimed at the
analysis of the approximate relationships—correlations—
between the vield and the hydro-meteorological factors
conditioning it causally or accompanying it chronologically.

These correlations are cither simple or complex. The
former express the yield as a function of a single factor
which here plays a dominant part. The latter express the

yield as a function of several factors all of which condition
it. To make these idecas concrete, they may be classified
as follows:

{a) Rain-discharge correlations: Q = &, (H). The yicld
depends chiefly upon rain. This applies, for example,
to the annual yield of catchments with average and heavy
rain in temperate areas, and also to the yield of heavy
flood-waters; once the soil is saturated, the yield is con-
ditioned mainly by ram.

(b) Temperatuyre~discharge correlations. The yield is almost
entirely a function of the thermal factors or of their pilot
factor temperature. This applies to ice yield: Q = &, (0).

(¢} Snow-discharge correlations. The vyield from the
melting of the snows of the previous winter is governed
chiefly by the quantity of snow retained: Q = @, (N).

(d) Base flow correlations. This is the term here given
to the correlations brought about by the internal retention
of the soil, which arise when there is no rain and no melting
of snow and ice; e.g., between the yield Qn of any one
period and the yield Qn-1 of the preceding period:
Qn = @, (Qu-1).

(¢) In addition to these four elementary types of simple
correlations there are also numerous complex correlations,
which involve the factors H, 8, N, Qn-1, etc., together.
These need not be given in detail, but may be represented
by the formula Q- &;(a, b, c...)

(f) Special note is made only of studies of evaporation
and run-off deficit, factors which are often regarded as
auxiliary variables in the study of yield variation. These
correlations may be called “evaporative” and represented
by the formula D or E = &, (a, b, c).

3. STUDY OF YIELD VARJATIONS IN SPACE

This “family” of studtes differs from the preceding two
in that the yield of any given river system is regarded from
the geographical point of view and not analysed in relation
to time or to factors upon which it depends.

The variable in relation to which it is studied is its
geographical situation, or any resulting terrestrial or
climatic factor. Comparisons are made between various
watercourses and vartous areas, from the standpoint of
their run-off and water resources. Here the general average
vield is usually taken and compared with the corresponding
climatic averages, or studied in relation to certain ter-
restrial or geographical factors such as altitude, contour,
soil geology and vegetation.

These investigations may lead to formulae and corre-
lations which are cither regional or, in exceptional cases,
universal. These may be divided into three main types:

(a) Purely statistical studies, arriving at general averages
which make it possible to draw geographical maps of a
given meteorological or hydrological factor, or a given
climatic or hydro-meteorological function, by means of
which a flood system, a rainfall system or a climate may
be depicted by combining several simple factors. Such
factors include precipitation mean temperature and
run-off. Complex factors constituting climatic functions
include the run-off quotient or deficit and the aridity
index; the average maximum or minimum temperature
and the daily or annual temperature variation.
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The object of these studies is to express the climatic or
hydrological factor or function under consideration as a
function of the geodetic co-ordinates X and Y. They may
be represented by the formula Q (or any other factor) =
¥, (X, Y).

(b) Studies with the aim of formulating certain corre-
lations which are valid, if not for the whole world, at
least for a considerable area, between the yield (or any
other given factor or function) and certain permanent
factors either geophysical {e.g., altitude) or climatic (e.g.,
mean temperature, mean rainfall).

These studies may be classed as geographical and geo-
physical correlations and represented by the formula
Q=¥,(a, b c...).

(c) Inter-regional river co-variations. A comparative study
is made, solely from the statistical standpoint and irrespective
of the various conditioning factors, of the yields of two
watercourses, whether adjacent or not; of the yields of
the same watercourse at two different points; or of the
yields themselves (annual, monthly, flood, etc.); or of
various features of their water systems, e.g., their seasonal
or periodic variability. These are called “inter-regional
river co-variations”: Q = ¥, (QY).

The attached table summarizes the above classification
which is based on the nature of the variables, the factors
in relation to which vields and their characteristic features
are studied. This classification may be adapted to studies
of the same kind in respect of any factor or climatic
function, such as temperature or precipitation.

With a different method of approach a hydrological
work may be cast in a different form, that of the mono-
graph. Instead of studying a particular water problem by
analysing from a given standpoint, the greatest possible
number of catchments, one particular catchment is studied
from all points of view. There can be no question of
standardizing “hydrological monographs” of this kind,
which are bound to differ according to the personality of
their authors and the branch of science to which these
belong. With this reservation, however, there is no denying
the advantage and value which would flow from a certain
unity of view, conception and presentation, whether
within any one State or on a worlcF scale.

PART II. APPLICATION OF HYDROLOGICAL STUDIES TO
YIELD ESTIMATION

The nature and possibilities of yicld estimation depend
upon the different kinds of study listed above, all of which
permit of estimation in the broadest sense of the word:
viz., the determination of certain facts or phenomena, past,
present or future, not directly observed or observable, from
certain other facts or phenomena, permanent or variable, direcily
observed or observable.

It has been stated that all estimates concerning a phenom-
enon and its manifestations in time and space result from
a calculation of probabilities, a probability curve. The
estimate will be the more efficient the more the probability
curve is localized in time and space, and also the more
closely it is related to the other permanent or variable
phenomena conditioning it causally or accompanying it
chronologically, ic., the smaller will be the margin of
variations bounded by that curve. This aim is achieved
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more or less by means of the correlations, co-variations
and periodicities which may be discovered and calculated
by the comparative analysis of the phenomenon with the
other phenomena.

This is truc also of vield estimates, which may be classified
as follows:

(A) Estimates based on probabilities and periodicities: Q = F,(T)

() The formula Q = F, {p) covers all purely statistical
estimates of possible vields and their durations, frequencics
and probabilities, irrespective of their chronological order.

The probability curves used are either experimental or
interpreted by theoretical algebraic formulae. When thus
extrapolated beyond the limits of observation, they permit
of certain estimates, which are often illusory, e.g.,
estimates of the heaviest flood yields.

(II) The formula Q = F, {m) covers all estimates of the
same kind on the seasonal plane, ie., in which annual
periodicity is taken into account.

(1) The formula Q = F; {t) covers all estimates, more
or less long-term, that can be based on certain periodicities.
Such periodicities however, have still to be found, since
those that harmonic analysis reveals are not all necessarily
real.

(B) Estimates based on hydro-meteorological correlation :
Q=F, (M)

Estimates of this type, which are usually short-term,
aim at determining in advance future yields in so far as
these result from previous factors, i.e., soil retention. They
are therefore very limited in scope and are rendered more
or less uncertain by the impossibility of foresceing meteoro-
logical factors.

The most efficient correlations from this point of view
are Q = &, (N) and Q = &, (Q n,), corresponding to the
snow vield and the infiltration yield.

Apart from these estimates proper, such correlations
allow of highly useful interpolations, such as the retro-
spective study of yields, over a long period, of a water-
course of which the yields have been observed over a
short period only but the precipitation has been known
or many years. Also, correlations of the type Q = &, (H)
may be taken into account when floods are estimated in
terms of rainfall.

(C) Estimates based on geographical correlations or co-variations

Estimates of this kind relate particularly to the estimation
of yields not directly observed.

For example, rainfall maps may be used to calculate
average run-off when other separate correlations, such as
that between evaporation and temperature, are taken into
account,

Also important from this point of view are the inter-
regional river co-variations, Q = ¥ 3 (Q), whether direct
or inverse.

Where the co-variation is direct and strong, it may be
used to determine the average, seasonal or periodic
behaviour of a watercourse whose yield has been known
only for a few years, by reference to the characteristics o1
another watercourse whose bebaviour has been known
over a long period, provided that the yields of the two
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General Specific
formula formula No. Type of study Applications——cstimates
Q=F {p) 1 Study of probabilities: General statistical estimates
Intrinsic vartations
Probabilities / Q=F, (m) 2 Annual periodicity: Statistical estimates based on average
and L Q=F (T scasonal variations year
Periodicities S Q=F 3 Study of periodicities: Estimates based on periodicities
periodic variations
Q= & H 4 Rain-discharge correlations Various interpolations. Study of floods
in relation to rainfall
Q= &, (&) 5 Temperature~-discharge Study of ice yield
Hydro- 8 correlations Average temperature-river year
meteorological » Q=F,(M) Q = &, (N) 6 Snow-discharge correlations Estimation of snow yield
correlations Q= &, (Qy—1 7 Base flow correlations Estimation of infiltration yield and low
water yield
Q=& (abc) 8 Complex river correlations Various estimates and applications
D, E = &, (abc) 9 Evaporative correlations Study of evaporation, run-off deficit—
hydrological balance
Q= ¥ (XY) 10 Geographical maps and Estimation of water system of a catch-
Geographic ? statistics ment in terms of its general charac~
Correlations  { — F (L Q=W¥,{a,bc) 11 Geographical and geophysical teristics, in the absence of river data.
and ( Q=EL) correlations Checking of river statistics—various
co-variations Q= ¥, (QY 12 Inter-regional river economic applications.

co-variations

Hydrographical and hydrological monographs, Studies of a particular watercourse, region or country.

watercourses have been observed over a certain common
period.

Direct and poor co-variations and, a fortiori, inverse
co-variations provide information of a different kind. The
greater the difference between the seasonal and periodic
variations of two watercourses, the greater the advantage
of co-ordinating their use so as to obtain a combination,
e.g., of hydro-clectric stations, with as constant an output
as possible, either over the various months of the year or
over successive years.

From the economic point of view, therefore, yield
studies and estimations seem important economically for
two different approaches. They permit the most rational
utilization of water resources which have already been
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harnessed, and enable the maximum output to be obtained;
and they make it possible to take stock of water resources
still unutilized, to project and study their exploitation in
harmoeny with the existing use of other resources.

Finally, correlations and co-variations can be applied
generally to check river statistics one against the other
and to correct and complete them. It is, however, some-
times difficult to say whether absence or paucity of corre-
lations is due to statistical errors or to things as they are.
Hence the necessity in estimation not to restrict one’s self
to any one formula but to use as many sources of infor-
mation as possible, to base forecasts on the greatest possible
number of observations and experimental facts. Unus
testis, testis nullus.
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The Appraisal of Water Resources in the United States:
Analysis and Utilization of Data; Water Supply

and Flood Forecasting

MERRILL BERNARD

ABSTRACT

Basic data needed to plan, design and operate the extensive control works required to make full use of the water resources
of the United States are inadequate with respect to the number of observing stations, their representativencss and length of
record. Steps are now being taken to extend the networks of stations at which hydrologic data are gathered. There is likewise
the need for a plan to make effective use of the vast store of precipitation and related data now accumulated in the repositories
of the various Federal agencies and in the National Archives. In the absence of a significantly long record of measured streamflow
at all points of potential water development, the needs of the immediate future must be met by supplementing the existing
streamflow records with estimates of water yield made from precipitation and related hydrometeorological data. Methods

have been designed for accomplishing this.

‘Water supplies in the Western United States, in terms of seasonal flow volume, are forecast by twe methods—ene, from
the water content of the snow mantle at the end of the accumulation period as obtained by snow surveying ; the other, from
accumulated precipitation as measured at stations maintained by the Weather Bureau. The need remains for forecasts of the
rate at which water will be released from the snow pack throughout the smwmmer and fall months.

Public intcrest in water in the United States varies in
intensity from one part of the country to another depending
upon the nature of that interest. East of the 100th meridian,
which conforms approximately to the 20-in. isohyet of
average annual precipitation, surface water 1s normally in
excess of the requirements of the population, the excess
reaching its extreme in the great floods which cause damage
to the extent of hundreds of millions of dollars and
account for an average annual loss of about 100 lives. To
the west of the line dividing water abundance from water
deficiency there is a progressive reduction of precipitation,
and therefore of available water, tending southward to
create the region of greatest deficiency which is comprised
of the states of Arizona, New Mexico and parts of Texas,
Colorado and California. An interior region of deficient
rainfall known as the Great Basin includes the states of
Utah and Nevada. Rainfall again becomes abundant along
the Pacific Coast increasing northward to average annual
amounts well over 100 inches in the Olympic Range of
the state of Washington.

The irregular distribution of rainfall in the United States
is accounted for meteorologically in the relative position
of the land mass to source regions of atmospheric moisture.
Moist air masses moving into the Continent from the
South Adantic and Gulf Regions are, upon reaching the
land, subjected to influences that bring about precipitation
at excessive rates well into the interior of the country.
The great storms resulting exceed 20 in. or more at their
centres, are often greater than 10,000 square miles in
extent and sustain themselves for periods of from threc
to five days.

The lesser rainfalls of the mountainous regions of the
West are deposited by storms which originate in the Gulf
Region to the south-east; or approach from the south-
west out of the Gulf of California; or form in the maritime
regions of the Pacific to the north-west. Only those
storms having sufficient intensity to surmount and survive
the progressive mountain barriers guarding the interior
regions bring significant amounts of precipitation to them.
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WATER UTILIZATION
The pattern of water utilization in the United States is
1. Domestic use,

Consumptive use (agricultural crops, livestock and
forests),

. Industrial use,

. Electrical power generation,
Transportation,

6. Recreation,

7. Preservation of fish and wild-life.

b

e o

In attaining our present proficiency in water utilization
we  have unhappiFy acquired certain liabilities. Flood
damage, soil and fertility loss through erosion, depletion
of ground water through excessive pumping, and stream
pollution are becoming major corollary problems. The
conservation and ultimate development of our water
resources, therefore, merge into programmes having the
broader purpose of regional development for which the
river basin appears to be the logical unit.

NATIONAL RESOURCES DEVELOPMENT AND CONSERVATION
PROGRAMMES

Two approaches to basin development planning are now
evolving—one, a unified control over all phases of develop-
ment as is found in the Tennessee Valley; the other, the
distribution of control among the Federal agencies repre-
senting the various phases of development, with unification
accomplished through the co-ordinating influence of the
Federal InterAgency River Basin Committee. While there
is still much of the controversial in these conflicting
philosophies, the decade just past has seen an end to the
project devoted only to a single purposc such as flood
control, irrigation, or navigation. The multiple-purpose
development, with its many obvious advantages, has caught
the imagination of the public, and has been accepted as a
mandate by those entrusted with the planning of our
national cconomy.
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BASIC DATA NEEDED BY THE PLANNER

It is characteristically American to find the urge to build
outstripping the urge to plan, and the urge to plan frustrated
by the lack of basic data. Terrestial water is a resule of
complex meteorological phenomena which are operative
under controls still remote to man’s knowledge of the
atmosphere. About all we have to go on is the knowledge
that there are definite physical limits to the extremes of
great storms and periods of drought and that the pattern
of weather variability is represented in the records of the
past with reasonable accuracy even though the average
length of record is less than fifty years.

It is axiomatic in much of the United States that water
must be utilized where you find it. Thercfore, accurate
knowledge of the geographic location of areas of water
abundance and water deficiency becomes a prerequisite to
planned utilization. In addition to variations in distribution
over area, there arc to be taken into account variations in
the distribution of precipitation throughout the year, and
variations in the frequency with which years of a given
precipitation volume will recur. Not only is it necessary
for the planner to know in detail the characteristics of the
precipitation regime, but he must also have accurate
knowledge of the characteristics of temperature, humidity,
wind and other meteorological factors that cause snow to
melt and water to evaporate from water and land surfaces—
this in order that the years and months of the period of
record may be classified as to their melting and evaporating
potentialities. These phenomena interact in accordance
with natural laws which are reasonably well understood
and can be evaluated with available data and scientific
knowledge. From them, it is possible to produce 2 depend-
able estimate of (a) the distribution of the net potential
surface-water supply (precipitation volume less percolation
to deep ground-water and evapo-transpiration losses), (b)
the seasonal variation in its accumulation and release (as
melting snow), and (¢} a measure of its dependability in
terms of the average recurrence interval between years of
cqual net volume.

The planner’s Utopta would be that in which he would
find a record of mcasured water (stream-flow) at all points
of potential development covering a period sufficiently
long to be representative of cycles of major periodicity and
amplitude. As it is he has nothing to approach such a
complete data source. His sampling points, both of stream-
flow and precipitation are scanty in number and poorly
distributed and the period of record in many areas so
short as to be statistically unreliable. Figurc 1 shows the
progressive cxpansion of the stream-flow and precipitation
networks. A base network of ground water wells is only
now being developed.

It is known that many areas subject to possible water
development are completely unrepresented, or at best
inadequately represented, by observations of essential
meteorological and hydrologic clements. Methods are
available to interpolate between existing stations and to
overcome in part such deficiencies. However, the inter-
pretation of the longer records and the dependability of
the conclusions reached are greatly enhanced through even
a short period experience of actual observations at selected
points within the areas of potential development. Such a
programme would provide the opportunity to augment

HISTORICAL DEVELOPMENT OF THE NETWORKS
OF STREAMFLOW AND PRECIPITATION STATIONS
IN THE UNITED STATES
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Figure 1

stream-flow, precipitation, temperature and other data and:
to determine the wind and humidity characteristics of
valleys in which development is possible, air movement
being an important factor in evaluating the rate of evapo-~
ration, both from the surface of reservoirs and from land
surfaces under a variety of anticipated crops and land use
practices.

Fortunately, the Sub-Committee on Hydrology of
the Federal Inter-Agency River Basin Committee has
recently completed a series of field conferences at which
the requirements for additional stations were reviewed.
The summary of these conference recommendations
provides a guide to the sclection of stations needed to
overcome the critical weaknesses in the existing networks
based on the combined judgment of all the interested
Federal agencies. The totals of the recommendations for
the entire country of these inter-agency conferences for
hydrological and meteorological stations are as follows:

3,400
400

Stream-flow . . . .
Snow courses. . .
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Precipitation . . . 4,456
Evaporation Coe e . 242
Meteorological Stations (complete) 68

Such a programme of expansion could be implemented
in from 3 to 5 years.

THE PROCESSING OF BASIC DATA

Problems of water control involve the design of struc-
tures whose dimensions and capacities must meet future
experiences having the characteristics of flow magnitude,
duration and frequency of occurrence. It is not likely that
in any two design problems these characteristics will be
found in the same combination. Particularly in multiple-
purpose structures must there be maximum flexibility and
the designer must identify the critical combinations and
subject the structure design synthetically to them before
he dare reduce the design to concrete and steel. Processing,
therefore, must be so accomplished as to make it possible
to express the data in summarized form, the summary to
meet the precise specification of the problem in terms of
(a) the eIl)ement (or elements) involved, (b)) range of
magnitude, () duration, (d) frequency of occurrence.
Fortunately, modern punched-card methods can accom-
plish this for the processing of climatological data and
there is encouragement to believe that such methods can
be developed for processing stream-flow and other
hydrologic data as well.

The United States Geological Survey is engaged in the
systematic processing and publication of stream-flow data.
Continuous records of discharge are now being collected
and published in the form of mean daily discharges for
about 6,000 stations. Throughout the past sixty years the
Geological Survey has gathered stream-flow records at
about 12,000 points throughout the country. Records of
major floods are published as separate reports giving
instantancous flows at hourly or less frequent intervals
depending on the features of the flood. Special reports
present summaries of maximum flows of record including
peak~flow rates in second-feet per square mile and other
pertinent data. Throughout the record continuous improve-
ments in flow measurement techniques, stabilization of
sections by artificial control, improved techniques for
rating stations under conditions of backwater, and refine-
ments in computation and processing have resulted in a
steady increase in reliability of records.

The unit hydrograph continues to be an important form
in which to express stream-flow. Recently the Sub-
Committee on Hydrology has developed standard proce-
dures and forms for defining the elements of the unit
hydrograph from flow data, a step which will make
possible the general interchange of such data between
Federal agencies.

Precipitation, temperature and evaporation data have
been collected by the Weather Bureau since 1891 and
prior to that year by the Signal Corps, Smithsonian
Institution and private observers. Many of these data have
been checked by inspection and published in the monthly
and annual bulletins of the Bureau. As with stream-flow
there has been a steady improvement in the quality of
the published data effected through improved instruments,
shielding of precipitation gauges and better methods of
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processing. Within the past year the use of punched-card
equipment has been introduced in routine data processing.
Improvement in the quality of data through improved
checking procedures and the advantages of ready availa-
bility for summarization are already evident. However,
more than 1,000 million items of unsummarized data
are to be found in the repositories of the Weather Bureau
and the National Archives. The punching of cards does
not constitute the whole of the data processing phase.
Once the cards are available, they will be used to prepare
summaries from which the analyst will work. Summaries
will vary from simple listings m chronological order to
complete multiple-frequency tables and even machine
plotted maps. Before the summaries can be prepared in
final form, all climatological station records must be
checked and adjusted for changes in location, type of
instruments and exposure conditions.

Much remains to be done in preparation for the mecha-
nical processing of basic data. Many records have been
interrupted for short periods; stations moved short but
significant distances; cganges introduced in measurement
techniques, ete. Such records can be so adjusted as to form
continuous long-period records by the use of double-
mass curves (1)! (2) and similar procedures. Interpolation
of missing records and extrapolation of carly records is
possible and necessary to the ultimate utilization of the
data by the analyst.

APPRAISAL OF WATER RESOURCES

Awaiting the ultimate record of complete stream-flow
data, reference to precipitation and related meteorological
data can be made to supplement the records of stream-flow.
If we are to utilize our water resources to the fullest an
essential first step is to determine the extent and distribution
of the potential supply which is the precipitation deposited
on the land. An important part of this is the precipitation
falling as snow in the high mountainous regions. From
this initial supply are to be deducted the demands of
Nature in the form of evaporation and transpiration.
Accountability must be made for that which sinks into
the ground, some moving laterally and within a short
time into the stream channels—the remainder continuing
downward into subterrancan storage. The residual water
reaching the streams, joining with that entering from
ground-water sources, becomes the “net” resource of
surface water.

The extent and dependability of this net resource are
today matters of speculation despite the fact that works
to the extent of thousands of millions of dollars are being
planned in anticipation of its cxploitation. Again we are
fortunate in having at hand the means of overcoming, to
a considerable extent, the deficiencics in the essential data.
Precipitation records can be adjusted for changes in local
environment throughout the period of record. Physio-
graphical influences can be exprelsed in multiple corre-
lations (3) in which clevation, slope and aspect are para-
meters (Figure 2). Through such relations it is possible to
interpolate rainfall values between stations in mountainous
terrain and to develop far more reliable maps showing

1The numbers within parentheses refer to items in the bibliography.
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the amount and distribution of precipitation than have
been used in the past (Figure 3). Finally, utilizing machine
methods of processing, it is possible to express the adequacy
of water supply in terms of the recurrence interval between
years of equal precipitation volume, or some other
statistical expression of probability, making it possible to

“probability” maps comparable to that in the

prepare F
reference figure.

Although a reasonable evaluation of precipitation volume
s possible the problem of determining the extent of water
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“losses” is far less satisfactory. No adequate technique for
the direct measurement of evaporation has yet been
convincingly demonstrated and no thoroughly satisfactory
correlation between evaporation from natural water
surfaces and evaporimeters is available. Much remains to

be done in this field.
FORECASTING WATER SUPPLY

The design of a multiple-purpose structure, such as a
storage reservoir and dam is based on a “forecast” of the
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range of events which can be expected to occur within
its physical life. Since the anticipated functioning of the
structure is based on assumptions of cfficient operation,
another kind of forecast, that looking into the immediate
future, is required. In western United States, where much
of the stream-flow comes from the melting of seasonally
accumulated snow at high elevations, the scasonal flow
volume can be forecast with relative accuracy and well
in advance. Two systems of forecasting are utilized. One
utilizes measurements of density and water content of the
snow mantle at the end of the accumulation season (April)
which are acquired by means of snow surveying (4). Most
snow surveving in the United States is under the direction
of the Soil Conservation Service. The other method of
forecasting is based on accumulated precipitation as
measured at stations operated by the United States Weather
Bureau. Because of the relatively long records of precipi-
tation it is possible to issue the first forecast of the season
as of 1 January, confirming or modifying forecasts being
issued cach month through May (Figure 4). The forecasting
procedure, which is one of progressively substituting
observed data for statistical data as the season progresses,
makes it possible to keep the operator informed of changes
in the current year as it will be related to the “normal”
year. There vet remains to be developed a successful
method for forecasting the delivery of the water-year
volume through the months following the spring melting.
Short range forecasts of three to fifteen days, while

technically possible, must await an appreciation of their
importance to multiple-purpose operations before they
can be developed and made a part of the national fore-
casting service.

FLOOD FORECASTING

The United States is one of the relatively few countries
that has assigned to its meteorological service the responsi-
bility for forccasting floods. The desirability of this logical
arrangement was early recognized. Concentrations of
population along the rivers, and of industrial and agricul-
tural wealth in the valley flood plains created the need
for warnings of impending floods as early as 1890. For
many years the flood forecasting service of the Weather
Bureau was confined to the larger rivers and the lower
reaches of the major tributaries where flat slopes and
long distances made it possible to forecast from simple
stage relations. Today public demand has forced this
service into the very headwaters (5) (6), necessitating the
development of forecasting techniques in which precipi-
tation, both anticipated and observed, are the basic factors.
Such a precipitation run-off relationship is shown in
Figure 5. Flow routing procedures (Figure 6) based on
the hydraulic characteristics of the river reach are replacing
the empirical methods in which stage alone is the variable.
These procedures make it possible to forecast the complete
hydrograph and not merely the crest as was the casc in
the ecarlier vears.



THE APPRAISAL OF WATER RESOURCES BERNARD

COLO R AT GLENWOOD $PGS. zg‘?LO R. NR. GRAND CANYON G(I)LA R NR. SOLOMONSVILLE # 2‘:gJOOL'J?»‘vBm R NR. THE DALLES*
26 I

el L]
24 200 9 2200

22 == IQOK—-— —’;{_—_-—_ ) / \ 2000
20 g;——(/ [£:3¢3 U\( \ﬁ 7 ;[ 1800
LA DN . G N
S Summ i S

N

&
-
b

5 ,/ ; 5 1400
1\‘ 5\*,\!, L =P /j.. e _T — / by ‘
ia ??"\"(’ 100 v // s 4 1200 o
/ ’ / / )
i B
it o / ff e /.._._.._._._ 1oeo
o co /I . - } DY s -~ st el s e
P T M—-—-—-{_q_u - qull Q" 7450 (N U T S {
8 45 ] 800
OCT NDV DEC JAN FEB MAR APR OCT NOY DEC JAN FEE MAR APR OCY HOV DEC JAN FEB MAR APR oGt NOV DEC JAN FEB MAR aPR
DAYE OF FORECAST DATE OF FORECAST DATE OF FORECAST DATE OF FORECASYT
SPOKANE R AT SPOKANE * SNAKE R. AT MORAN * WEBER R. AT DEVILS SLIDE * HUMBOLDT R AT PALISADE
3

i T i s
,zf{: \w

Cr

i

HUNDRED THOUSANDS OF ACRE FEET

0 ,\( SEAES 7 7
4 0
SN A . AN A . A
Y ( iV \
s
AV A T LA N
~ L ] L / /EJ——O' e and b P
40 rzr’_{_\_ ;__ o 8 (, 4 4
- ./ }t,/ y > ‘\ /AM\M
30 d & / 3 3
2 | o T I e e e e e O T . —1
- (LR ettt S s S e =] 2
) AT | ’QV
w /
= 10 2 1 S Qg Sy R i r<
=
..1 ! — A R NN SN N
& ° ° o
Y OCT NOV (EC JAN FEB MAR APR OCT NOV DEC JAN FEB MAR APH GCY NOV DEC JAN FEB MWAR APR QLT NOV DEC JAN FEB MAR APR
OAYTE OF FORECAST DATE OF FORECAST DATE OF FORECAST DAYE OF FORECAST
g MISSOURI R AT FT PECK DAM™ RIO GRANDE AT SAN MARCIAL TUCLUMNE R. NR. LA GRANGE™* SACRAMENTO R. AT SHASTA RES
O 36 6 110
" L L
100 32 32 100
« ~
< N — I O N I I P\<\ AN A N N SRS S S S
;‘t’ 30 28 28 30 N
) ? \
fz 80 } 2a 24 80 R
S
: o SR \
; ?o“\‘//‘ : 20 )\\ﬁ - 20 \ﬁ 70 \
60 ‘ A,/: 16 \u.r*él ‘6 i\\ 60 B, \
[ E—— = — e 4 N A"
'\ \) '\0’/4 L \
50 1 iz 2 —yg 50 - 3 R —
.y 4 = \‘k\<
40 + g e "4""‘ g 8 Y 40 < 4
»j .S Vo gl
2 - bl s iy b
30 a P s 30 \"”*
e B R R Pl el LR [ JRN I SR IR i} IO S
20 2] 4 (4] 20 -
0CT ROV DEC JAN FEB MAR AP OCY NOV DEC JAN FEB MAR aPR OCT NOV QET JAN FEB MAR APR OCT NOY DEC JAN FEB MAR APR
DaTE OF FORECAST OATE OF FORECASY DATE OF FORECAST OATE OF FORECAST
These charts show graphically the forecasts and estimates of FORELASTS KEY GESEAVED 0ATA
waier suppEy for selected stations, ccmputed as of the first of Assuming INot precipiiation fos the Pyecy agin i Mo ?“’,"d;;‘“” (Adjestest for
N - N . . £ fo. 7y nem
each month since October. The variations in the medianforecast felonsw af the peor i3 seuol fo { e e
as the season progresses reflect the departures from normal of :::;:‘;‘;“g;f‘;‘o”" :;t;ﬂ‘;”gg;ﬁ;””"
the observed precipitation. As each month’s precipitation data MEDIAN é’ J/ 11920-1994)
are substituted for the statistical data, the estimates based on LOWER DUARTILE B T - wecon
the quartiles and extremes of record converge on the median MM OF BEGORD ji)/"”””” or REcoRa
forecagst. ® Adjested o5 indicorss in Taple s "y Far dverags Ereor see Tode
Figurc 4

61



UNSCCUR PROCEEDINGS: WATER RESOURCES

20
Funoff, inches

o 1.5

o

! \\ RAINFALL—RUNOFF RELATION
i
! BASINS:
wakorusa River near Lawrence, Kans,
Detaware River ot Valley Falls, Kansas
\ Stranger Creek near Tonganoxie, Kans.
|
\\ \ LM-RFC 5-19-47
NN
N\ .
\ Y,
\\ N %
\\ \ N~ F e &4
N o W o
N
\ \ NN /
o A
: < RN IR 20
NN
\\ ~ \\ N \\
o ~
N R R A P
~ N4 :
\ RN NN N > /
\ \\ \\ ~ ~ oD
| /Q AN \\ 2 &
N NP> X “ 8
\ //\((\ N ’<\ &
ot ~ ~ -
] @ N > s
AN Jubt1 //\( \/(Z( > 08
< 4 OC‘/ ~ N / N
o 08 ™
< d ~ /N \\ ~
o y = ol 4] 04
el \ MO N ’ N
o © ) A NN
i pe 901 o \\ »
S ¢ \
5 1 5 4 g

Fgure 5

Recently an electronic device (7) has been developed which
utilizes the analogy between the flow of clectricity and
the flow of water to solve problems in flow routing. This
device gives promise of being as important a development
as the unit hydrograph and may ultimately replace it, as
well as graphical routing procedures, in forecasting
operations.

Development of procedures for forecasting floods caused
by melting snow have not kept pace with other phases
of flood forecasting. It is believed, however, that the
fundamental techniques are understood and that the
necessary procedures can be developed within the frame-
work of existing hydrologic knowledge.

In addition to the flood forecasting service rendered by
the Weather Bureau, the Tennessee Valley Authority as
well as certain other Federal agencies engage in flow
predictions in connexion with their own operations.

HYDROMETEOROLOGICAL STUDIES

An important phase of water control and udilization
design arc the hydrometeorological studies (8) (9), of the
Weather Burcau made in co-operation with the Corps
of Engineers and the Reclamation Service. These studies
are made in two parts {¢) storm analysis and (b} deter-
mination of maximum possible flood producing conditions.
Under a co-operative arrangement field offices of the
Corps of Engineers and of the Bureau of Reclamation
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collect and process storm data under a carefully detailed
instruction to ensure uniformity. These data, after being
reviewed by meteorologists of the Weather Bureau for
consistency with the weather sequences, arc placed in the
“master” file of processed storms and madc available to
all offices of the co-operating agencies.

Under the second part of the co-operative studies the
Weather Bureau undirta.kes the meteorological analysis
of storm rainfall over specific river basins in order to
determine the physical maximum beyond which the
precipitation-intensity-duration  relationship cannot go.
These cstimates are considered along with other controlling
factors in the design of spillways to assure the safety of
important structures.

FLOOD FREQUENCY

No completely satisfactory techniques for frequency
analysis have been developed, largely because statistical
methods cannot be relied upon to safely extrapolate
beyond the available record period. For determining
recurrence intervals up to or slightly exceeding the period
of record any of the recently developed techniques is
acceptable. Extrapolation of recurrence intervals far beyond
the period of record (thirty to fifty vears in the United
States) are gencrally admitted to be untrustworthy, there
being little reality to estimated periods between flood
events which must be measured in hundreds, or even
thousands of years.
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Figure 6

POWER POTENTIAL

The analysis of power potential is essentially the analysis
of the flow-duration characteristics of a river reduced to
werms of clectrical energy on the basis of estimated deve-
lopable head. In the absence of an adequate stream-flow

" record the basic data may be synthesized from nearby
stream-flow records or from precipitation data as suggested
earlicr in this paper. The Federal Power Commission,
Corps of Engincers, Bureau of Reclamation, Tennessee
Valley Authority, and the leading utilities interests are
far advanced in devising the means for expressing river-
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flow in terms of clectrical energy, much of which has
found its way into technical literature.
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Appraisal of Water Resources: Analysis and

Utilization of Data

(Forecasting water yield, flood run-off, flood frequency, power potential)

A. N. KHOSLA

ABSTRACT

This paper deals with the determination of ran-off from rainfall. The forecast of water yield is based on the rational
concept that run-off is the residual of rainfall after deduction of evaporation and transpiration “loss”. An analysis of data
shows that this *loss” during any period is a function of the mean temperature during that period, but Himited to the amount
of rainfall, if the latter is less than the “loss” so calculated.

2. The aunthor offers, what he believes to be, a universal relationship (subject to certain limitations) between mean
monthly temperature (Tm) in degrees F. and monthly evaporation loss (Lpy) in inches, viz.,

T — 32

Im=—9g3

where T, > 40° F,

For Ty < 40° F, the loss (I.m) may provisionally be assumed as below :

Tm  40°  30°
Lm 084 070

20°
0.60

10° 0° F.
0.50 0.40

inches,

3. The corresponding monthly rainfall (Pp)-runoff(Ry) relationship will be :
Rm = Pm—Ln

4. The formula for annual rainfall (P4) snd annval run-off(Rp) with mean annual temperature (T4) will be:
Ra = Py —XTp

where X is a constant for a given catchment.

5. On the basis of the author’s formula the annual water resources of India work ount to nearly 1,356 million acre feet

or a perennial discharge of 1.87 million cubic feet per second.

6. Only 75.65 million acre feet or 5.6 per cent of the total water resources are being utilized at present. Projects for the
utilization of an additional 283 million acre feet, or 20.8 per cent, are under consideration.

RAINFALL AND RUN-OFF

For the preparation of any project for the conservation
and utilization of water it is necessary to know the total
vield of water from the catchment concerned and the
variation of that yield from year to year and also, the peak
flood discharges and the frequency with which each peak
discharge occurs. Run-off is the usual term applied both
to vyield as well as to flood discharge. For purposes of
this paper, the yield will be called “run-off volume” and
the peak flood discharge as “run-off intensity”. This paper
will deal with “run-off’ volume” only. For brevity the
latter will be called “run-off”.

In most arcas the records of rainfall extend much furcher
back than those of run-off. In a number of cases the
data on run-off arc practically non-existent. It will be
a great advantage if between rainfall and run-off a relation-
ship of more or less universal application can be established.
That will make it possible to make an analysis of supplies
available from a particular catchment area for the full
period of rainfall records and to forecast with fair approxi-
mation the probable yiclds and trends.

RAINFAILL

Rainfall or precipitation is the total condensation of

moisture from the atmosphere that reaches the ecarth in

the form of rain, snow or ice. The amount of rainfall
is expressed in inches of water. For purposes of this paper
rainfall will be denoted by P{Precipitation) and will
include rainfall as well as snow. The annual, monthly
and  10-daily rainfalls will be denoted by (P), (Pr)
and (P,,), respectively.

MEAN ANNUAL RAINFALL

The mean annual rainfall over a catchment area will
be the weighted average of the mean annual rainfall ac
each of the rain gauge stations in that area. This presumes
that the distribution of rain gauge stations over the area
will be even and representative. This, however, may not
be the case in most catchments in the world.

The mean average rainfall may be determined by three
methods:

(a) The Isohyetal Method. The most satisfactory method
of obtaining the true mean annual or scasonal rainfall
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Figure 1

over an area is to draw isohyetals or contours of equal
rainfall for that period. An isohyetal map will indicate
the variations in rainfall in much the same way as a con-
toured map indicates the variations in the ground levels.
The mean annual (or seasonal) rainfall over the arca will
then be given by—

P=spajsa

where P = Mean annual precipitation over the catchment
area in inches,

p = Mean annual precipitation between two iso-
hyetals in inches,

a == Arca between the two isohyetals in square
miles,
£ a = Total area of catchment in square miles.

In drawing the isohyetals, due consideration should be
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KHOSLA
Table I. Losses Calculated for Various Temperatures by
Khesla’s Formula
Tm—32
R Ly = ”“Eiz}‘Si
g ) S e g e
§% g = 53 § g 5% £ g
SR 2573 S B Zg Y P
=S S 3 S5 8] S E
[ [ =~
1 0.41 41 0.95 81 5.16
2 0.42 42 1.05 82 5.26
3 0.43 43 1.16 83 5.37
4 (.44 44 1.26 84 5.47
5 0.45 45 1.37 85 5.58
6 .46 46 1.47 86 - 5.68
7 0.47 47 1.58 87 5.79
8 0.48 48 1.68 88 5.90
9 0.49 49 1.79 89 6.00
10 0.50 50 1.89 90 6.11
11 0.51 51 2.00 91 6.21
12 0.52 52 211 92 6.32
13 0.53 53 2.21 93 6.42
14 0.54 54 232 94 6.53
15 0.55 55 242 95 6.63
16 0.56 56 2.53 96 6.74
17 0.57 57 2.63 97 6.84
18 0.58 58 2.74 98 6.95
19 0.59 59 2.84 99 7.05
20 0.60 60 2.95 100 7.16
21 .61 61 3.05
22 0.62 62 3.16 (i} For Tyy > 40°F
23 0.63 63 3.26 T3
24 0.64 64 3.37 Loss = =~ -
25 0.65 65 347 9.5
2 0.66 66 3.58 (i) Loss at 40° F=0.84
27 0.67 67 3.68
28 0.68 68 3.79 Loss st 30° F=0.70
29 0.69 69 3.89
30 0.70 70 4.00
Loss between 30° F
31 0.71 71 4.11 and 40° F varies as
32 0.73 72 4.21 a straight line.
33 0.74 73 4.32
34 0.76 74 442 (i) Loss at 30° = 0.70
35 0.77 75 4.53 20° = 0.60
10° = 0.50
36 0.78 76 4.63 0° = 0.40
37 0.80 77 4.74
38 0.81 78 4.84 ie., .01 for each
9 0.83 79 495 Degree F.
0 0.84 80 5.05

given to the topographical features, like ridges dividing
the valleys, etc.

(b) The Weightage Method. A sccond, though less
accurate, method is to assign areas to cach raingauge

station, and then work out the weighted mean by the
formula:

P=2gpa/sa
where P = Mean annual precipitation over the catchment
area,

p = Mean 