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Foreword

Ezra Taft Benson,
Secretary of Agriculture

I have little need to remind you that water has become one of our
major national concerns.

Nearly everyone in this country in the past few years has experienced
some problem caused by too much water when we do not want it or too
little water when we do want it.

Farmers have had to haul water for stock in trucks from cities. Some
cities have had to haul water from farm ponds. New Yorkers for a time
were asked to cut down the number of their baths, so low was the water
in the reservoirs that serve the metropolis. Homeowners in many places
“had to give up watering their lawns in order to husband municipal sup-
plies. Some city councils have had warnings that the growth of their cities
would be limited by the availability of water. An ample amount of clean
water has become a factor in the location of new factories. The intrusion
of salt water into overused wells is making unusable the water in some
underground reservoirs.

Farmers know only too well the difficulties that attend getting enough
water for irrigation, the need for supplemental irrigation, the hazards of
pollution, and the deficiencies of good water for house, stock, gardens,
and crops. They have known the worries of dry wells, failing springs, and
erratic surface supplies. They have suffered the fury of floods and the
worries of erosion. Losses in life, security, productivity, and money have
been great.

"Those problems and many more like them you know. What have we
done about them? What more can we do to solve them?

We have to know where water comes from and what happens to it.
We have to know how much can be used and when, and how our land
practices influence its behavior.

We have to stop wasting water. We have to use it more efficiently in
mdustry, in towns and cities, in general farming, and in irrigation, which
is destined to be adopted in all parts of the Nation.

\%



We have to learn more about the control of floods at their sources as
well as in the big rivers. That will take county, regional, and national
planning—much more planning for the future than we have ever done.

We have to look to the fields, the forests, and the hills that make up
our watersheds, for the way we manage them affects the abundance and
purity of the water farmers and city people need in increasing quantities.

We need to explore all possibilities that the sciences now offer—‘“‘cloud
seeding,” forecasting water supplies, converting saline waters, treating
waste water, reducing erosion and floods, cutting down evaporation,
finding out more about how plants use water, and many more.

We need an increased awareness among all Americans of the oneness
of our physical resources. Just as many lives make up our one national
life, so our agriculture has many parts of a single whole. Water, land,
and people are inscparable components of one thing, our welfare. The
subject of water can be viewed from the various aspects of soil conserva-
tion, agronomy, forestry, irrigation, wildlife, recreation, business, indus-
try, law, and so on—but never alone. V

We are making encouraging progress toward the fulfillment of those
needs. ‘

The 83d Congress enacted the Watershed Protection and Flood Pre-
vention Act, which established permanent legislative machinery under
which the Federal Government can cooperate with local organizations,
including the States, in planning and carrying out works of improvement
for flood prevention and the agricultural phases of the conservation,
development, utilization, and disposal of water on small watersheds.

The Congress also amended the Water Facilities Act so that long-term
loans can be made in all of the States for water and soil conservation
practices, irrigation, drainage, the establishment of improved pastures,
and reforestation. Other legislation promotes the adoption or improve-
ment of sound conservation practices on crops, pasture, range, and forest
lands.

In other places and by other persons the problems arc being tackled
practically and forthrightly—by industry, suburban communities, munic-
ipalities, research workers in State and Federal agencies and universi-
ties, and farmers.

The new watershed protection program clearly should not be looked
upon as some miracle coming out of the Federal Treasury. If it is suc-
cessful, it will be because local people, working through their local organ-
izations with the help of their State Governments, are determined to as-
sume and maintain the principal initiative and bear a major share of the
cost of the job, seeking from the Federal Government only that additional
assistance which is beyond their technical and financial capabilities. We
cannot separate people and program in this important work.
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Preface

Alfred Stefferud,
Editor

There’s a lot to be known about water.

We see and feel rain, snow, dew, fog. We use water for drinking and
washing. We irrigate our lawns and fields. We talk about the weather,
complain that it is too wet or too dry, and misquote Mark Twain about
it. Most of us are conscious nearly all the time of the importance of water
in our lives, but actually our knowledge of it is pretty skimpy.

We know the symbol of water but little about its properties, which can
make us comfortable or uncomfortable, rich or poor, secure or insecure.
We cannot live without water; we could live better if we knew more
about it.

One purpose of this Yearbook is to supply as much information as we
can about water in a practical, useful way for farmers and others who
use water. But not only that.

Another aim is to emphasize that more information, more wisdom are
needed. That need is mentioned again and again in the book; a whole
chapter, in fact, is devoted to it. The realization of ignorance is the be-
ginning of wisdom. The statement of a problem is the first step in its solu-
tion. It is a duty to discover facts in a true scientific, unbiased, unselfish
spirit—a duty for us who prepared the book and, I submit, for those who
read it.

The committee that planned the scope of the book set forth this aim
at the start for the guidance of the men who wrote the chapters:

“Our primary aim is to explain the nature, behavior, and conservation
of water in agriculture. We address ourselves to farm people and to all
those interested in rural living. As our population increases, more de-
mands are being made on our water resources; the effective use and con-
servation of water on farms will become increasingly important, and
conflicts over water use will have to be resolved. Some of the broad prob-
lems are forecast, but our main empbhasis is on the facts and basic prin-
ciples that will help people in reaching the best decisions. Hydroelectric
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power, navigation, industrial use, pollution, and other aspccts are touched
on, but this book is concerned almost entirely with water in agriculture.”

The members of the Yearbook Committee for 1955 are:

Agricultural Research Service: Carleton P. Barnes, Elco L. Green-
shields, Omer J. Kelley.

Forest Service: Bernard Frank, Warren T. Murphy, Dana Parkinson.

Soil Conservation Service: Carl B. Brown, Charles E. Kellogg, George
R. Phillips, Gladwin E. Young.

Office of Information: Alfred Stefferud.

Our hope is that you will read the book again 5 years from now, 10
years from now, 25 years from now. The information it contains is not
just for today. All things, including weather and rainfall, change fast, and
our memories are short. When it rains, we forget about the dust bowl;
when it is dry, we forget about floods.
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Our Need For Water

The Story of
Water as the
Story of Man

Bernard Frank

You could write the story of man’s
growth in terms of his epic concerns
with water.

Through the ages people have elect-
ed or have been compelled to settle in
regions where water was deficient in
amount, inferior in quality, or erratic
in behavior. Only when supplics failed
or were made useless by unbearable
silt or pollution or when floods swept
cverything before them were centers of
habitation abandoned. But often the
causes lay as much in the acts or fail-
ures of men themselves as in the ca-
prices of Nature. So, too, man’s en-
deavors to achieve a more desirable
relationship with the waters of the
earth have helped mold his character
and his outlook toward the world
around him.

People always have preferred to meet
their water troubles head-on rather
than quit their places of abode and in-
dustry. So pcople have applied their
creative imagination, and utilized their
skills, and released heroic energy. The
ancient wells, aqueducts, and reser-
voirs of the Old World, some still serv-
iccable after thousands of years, attest
to the capacity for constructive think-
ing and cooperative ventures, which

325862°—55——2

had a part in human advancement.

Fifty centuries ago the Mohan-Jo-
Daro civilization of the Indus Valley
in India cnjoyed the benefits of well-
designed water supply and drainage
systems and even public swimming
pools and baths. Excavated ruins of
that period have revealed a surprising
variety of waterworks, including tanks
and irrigation canals.

The people of Assyria, Babylonia,
Egypt, Israel, Greece, Rome, and
China built similar facilities long be-
fore the Christian era. Egypt has the
world’s oldest known dam, a rock-fill
structure built 5,000 years ago to store
drinking and irrigation water and per-
haps also to hold back floodwaters. Its
length was 355 feet, and its crest was
40 feet above the riverbed. Apparently
it was poorly designed, for it failed
soon after, and no other was erccted
for 8,000 years afterward. Jacob’s well
was excavated through rock to a depth
of 105 feet. The well is reported to be
still in use. About g50 B. C., Solomon
directed the construction of sizable
aqueducts to provide for the needs of
man, beast, and field. Ancient Arabia’s
enterprising farmers utilized extinct
volcanic craters to store surface flows
for irrigation and drove deep wells to
get drinking water. Babylonia’s King
Hammurabi supervised the digging of
an extensive network of irrigation
canals and promulgated laws for their
repair.

Among the early Greeks, Hippocra-
tes recognized the dangers to health of
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polluted drinking water and recom-
mended that water be filtered and
boiled. The Romans used their poorer
waters for irrigation and fountains.
The Tukiangyien system, built in
China some 2,200 years ago, is another
tribute to the genius and toil of ancient
peoples. This skillfully designed multi-
purpose engineering project was in-
tended to divert the flows of the Min
River, a tumultuous stream that rises
on the high plateau of Tibet. By
building a series of dams and dikes on
the main river where it first enters the
broad plain from the mountain can-
yon, the farmers divided its flow into
many parts so they could irrigate one-
half million fertile acres. The struc-
tures—composed of bamboo frames
weighted down by rocks—also reduced
greatly the heavy toll of life and prop-
erty from spring and summer floods.

THE HABITS OF MEN and the forms of
their social organizations have been
influenced more by their close associa-
tion with water than with the land by
which they earned their bread. This
association is reflected in the Psalms
of the Hebrew poets and in the laws,
regulations, and beliefs among the
civilizations of the Near East, the Far
East, and South America.

Rcad in the Old Testament: . .
A good Iand a land of brooks of water
of fountalns and depths that spring
out of valleys and hills . . .” (Deuter-
onomy 8: 7). “I did know thec in the
wilderness,in theland ofgreatdrought.”
(Hosea 13: 5). “Drought and heat con-
sume the snow waters . . .”” (Job 24:
1g). “He sendeth the springs into the
valleys, which run among the hills.
They give drink to every beast of the
field: the wild asses quench their thirst.
By them shall the fowls of the heaven
have their habitation, which sing among
the branches. He watereth the hills
from his chambers . . . He causeth the
grass to grow for the cattle, and herb
for the service of man . . .” (Psalm
104: 10-14).

Property in water long antedated
property in land in the arid lands of
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antiquity. Property rights were asso-
ciated primarily with the uses of wa-
ter—first for drinking, next for irriga-
tion. Mohammed saw water as an ob-
ject of religious charity. He declared
that free access to water was the right
of every Moslem community and that
no Moslem should want for it. The
precept of the Holy Koran, “No one
can refuse surplus water without sin-
ning against Allah and against Man,”
was the cornerstone of a whole body
of social traditions and of regulations
governing the ownership, use, and pro-
tection of water supplies.

All persons who shared rights to a
watercourse were held respons1ble for
its maintenance and cleaning. The
whole community was responsible for
the care of large watercourscs. Clean-
ing was to start at the head of the
stream or canal, descending in order
to each waterside family. All users
shared the cost in proportion to their
irrigation rights.

Even marriage might be influenced
by the difficulties of obtaining water.
The inhabitants of one rural commu-
nity in southeastern Asia must walk g
miles to the nearest sources of drinking
water—a group of wells. Local custom
decrees that wives must fetch the wa-
ter. One wife can make only one trip
a day with her bucket—not enough for
the family’s needs—and so a man finds
it desirable to have several wives.

ALL LIFE DEPENDS ON WATER. For us
today water is as necessary for life and
health as it was for our prehistoric an-
cestors. Like air, water is bound up
with man’s evolution—and doubtless
his destiny—in countless ways. One of
the basic conditions for life on earth is
that water be available in liquid form.

The origin of all life on our planet is
believed to be the sca, and today, after
millions of years of evolution, modern
man’s tissues are still bathed in a saline
solution closely akin to that of the sea
when the earlier forms of life first left
it to dwell on the land.

Every organic process can occur only
in the watery medium. The embryo
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floats in a liquid from conception to
birth. Breathing, digestion, glandular
activities, heat dissipation, and secre-
tion can be performed only in the
presence of watery solutions. Water
acts as a lubricant, helps protect cer-
tain tissues from external injury, and
gives flexibility to the muscles, tendons,
cartilage, and bones.

The role of water in metabolism, in
regulating body temperature, and in
mnourishing the tissues, explains why
we could not long survive without ade-
quate amounts of water. Yet our direct
bodily nceds for water are relatively
small in terms of our total body weight
(itself more than 71 percent water) and
infinitesimal in relation to the total
demands upon water by human socie-
ties, even among primitive cultures.

The average person in the Temper-
ate Zonc can get along with about 5.5
pints of water a day if he is moderately
active. Slightly more than 2 pints are
taken in with a normal mixed dict or
created in the body by the oxidation of
food, especially sugars, starches, and
fats. Another g pints are taken in as
fluids. Altogether it takes 5 or 6 pints to
replace the daily losses in perspiration,
exhalation, and excretion.

The amount for a given individual
varics with his weight, age, activity,
health, and other factors, but basic
needs must be satisficd if life is to go on.
The consumption of lesser amounts
than those needed to replace losses
will lead to a diminished appetite and
eventually to undernutrition. A man
in good health might be able to sur-
vive without water for a few days in a
desert if he is only slightly active. If he
tried to be more active he might not
last a single day, because the conse-
quent losses of water—as much as 10
pints an hour—from the body would
greatly exceced the losscs incurred
under slight activity. Unless water
were promptly madc available, the
losses would causc dchydration, in-
capacity, and painful decath. By con-
trast, in the parts of the Tropics where
high temperaturc and high humidity
prevail, high rates of activity cannot be
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maintained even if abundant water
were available, since the body is un-

-able to dissipate heat and rid itself of

waste products fast enough to prevent
a breakdown in body functions.

WATER SERVES in many other ways
to maintain life, health, vigor, and
social stability. The nutritive value of
food crops may be affected by the
amount of moisture available to them
when they are in active growth. Be-
cause the minerals in the soil can be
taken up by plants only when they are
in solution, the amounts thus made
available are grcatest when the soil is
moist.

The oceans, lakes, and flowing wa-
ters and their shores furnish food and
clothing. Men always have looked to
such places for a goodly part of their
diet of proteins and carbohydrates.

The gathering of fish, lobsters, crabs,
and other crustacea, the waterfowl, fur
bearers, and other wildlife that fre-
quent riparian environments, and the
stems, roots, bulbs, or fruits of bulrush,
watercress, marshmarigold, water chin-
quapin, wildrice, and other water-
loving vegetation have furnished suste-
nance to people the world over.

The occurrence of water in a locality
confers advantages on the people who
own or use the lands. The lakes, beaver
ponds, the waterfalls, cascades, bogs,
swamps, springs, or snowfields that
feature wilderness, park, and the other
recreational places and the colorful
plants and wildlife that thrive there
provide an appeal that attracts many
people to the outdoors.

NATURAL WATERWAYS—oceans, lakes,
and rivers—have greatly facilitated the
worldwide spread of population and of
commerce. Most of the permanent set-
tlements in the arid regions—today as
in antiquity—have concentrated along

‘river valleys. Even along the scacoasts,

habitation clustered around or necar the
convenient sources of fresh water.

The ecarly Egyptians along the Nile
and the Incas at Lake Titicaca in Peru
employed rafts cleverly constructed of
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native plants. Solid logs filled with
double outriggers and platforms made
seaworthy craft in Africa and Polyne-
sia; later craft were constructed from
logs hollowed out by fire and crude
tools.

Inland transportation since early
times has beenfacilitated by canals, first
for irrigation and later for transport, as
among the early Assyrians, Egyptians,
and Chinese. The Grand Canal, built
in China in the 13th century, served ir-
rigation needs and also provided an
important artery of commerce for the
products of its millions of people. Eu-
ropean countries, notably Holland,
France, and England, later developed
extensive systems of canals between
natural waterways. So, too, in the
Andes region of South America, rivers
are the arteries on which rubber, lum-
ber, and other products of the interior
are carried to the coast.

Early settlement in the United States,
at first restricted to the coastal strips,
soon moved westward through the
mountains by utilizing such streams as
the Mohawk River in New York, the
upper Potomac in Maryland and West
Virginia, and the Ohio. By 1490, short-
ly after our country achieved independ-
ence, all but 5 percent of the 4 million
inhabitants still lived along the Atlan-
tic seaboard, but the way westward
was rapidly being charted. River craft
had navigated up the coastal rivers to
the fall line. Canals to bypass the un-
navigable parts of rivers were already
built in Pennsylvania—connecting the
town of Reading on the Schuylkill
River with Middletown on the Susque-
hanna—and around the rapids at
Harpers Ferry, W. Va., on the Po-
tomac. Following the successful tests of
steam-propelled craft, large fleets be-
gan to haul wheat, coal, and iron on
the Ohio River, the Great Lakes, and
the Mississippi.

As the country expanded and pros-
pered, eyes turned increasingly to the
opportunities on the major rivers. To-
day, notwithstanding the intensive net-
works of railroads, highways, and air-
ways, our improved navigation water-
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ways—developed largely by the Corps
of Engineers—total more than 25,000
miles and in 1953 carried a volume
of raw and manufactured products
amounting to nearly 225 million tons.
It is possible to travel by boat from the
Gulf of Mexico to Sioux City, Iowa, a
distance of 2,030 miles.

MODERN CIVILIZATION imposes heavy
demands on water. Merely to sustain
life takes relatively little water. But
even in pastoral or other simple socie-
ties, additional amounts are needed
in preparing food and washing our
bodies and clothes. The total daily
requirement for all purposes, including
drinking, in ancient villages may have
averaged 3 to 5 gallons a person. Now
a person uses bo gallons or more each
day for household and lawn-watering
purposes in the average electrified farm
or urban home in the United States!
The figures are for homes with running
water; the corresponding average for
homes without that convenience is
only 10 gallons a person a day.

At the minimum comfort level of 5
gallons a day—corresponding to the
needs of primitive living conditions—
our country’s 165 million people would
have few serious water difficulties.
That daily total consumption of 825
millions of gallons would represent 0.04
percent of the Nation’s average daily
runoff of 1,160 billion gallons a day
and 1.2 percent of the amount used up
(not available for reuse) in the United
States.

But our technological civilization
could not have been attained at a level
of water consumption geared to the re-
quirements of primitive societies, even
in our humid sections, where the need
for irrigating crops is relatively slight.
The steady rise in the consumption of
water in industrially advanced coun-
tries explains why we now regard our
water supplies with great concern.

The impact of new inventions and
new developments and growth in pop-
ulation and industry hasnotcommonly
been given the attention it has merited.

Many critical local water shortages
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therefore have occurred thatcould have
been forestalled. For example, rural
electrification has brought about such
heavy increases in the use of water for
household and production purposes
that the limited well-water supplies of
many {farms have beenseverely strained.

Similarly, factorics have been built
without prior studics to detcrmine
whether water would be available to
operate the factories and to provide
for the communities around them.

Towns, cities, industries, and farms
have kept expanding beyond the safe
limits of available water. Often make-
shift efforts have been necessary to
meet emergencies, especially in yecars
of low rainfall. Such efforts have often
hastened the depletion of the limited
reserves in underground reservoirs,
generated disputes with other cities or
industries drawing on the same sources
of water, introduced conflicts with the
usc of watcr for recreation, and threat-
ened the permanent flooding of lands
valuable for farming, forestry, wilder-
ness, or wildlife.

Tomeet the difficulties, more thought
is being given to the advance planning
of storage rescrvoirs, aqueducts, canals,
methods of recharging ground water,
reclamation of waste waters, and other
devices. Still the search for more and
better water goes on. Use continues to
rise; advancing standards of health
and comfort, the application of more
intensive farming practices, and the
development of new products all im-
pose additional demands. In fact, the
proportion of our total economic and
recreational activity—both in rural
and urban areas—that depends on
handy and abundant supplies of clean,

safe water is greater than ever before

in our history.

.. OUR WATER NEEDS are indeed great.

Yet they do not begin to compare with -

the needs of the millions of people in
Asia Minor, India, Africa, and South
Amcrica who must still scoop up water
from shallow pools or foul streams or
haul it up by hand from weclls. Trav-
elers relate how in Madagascar the
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women carry water home in jars on
their heads across miles of hot sands.
In parts of the Egyptian Sudan, water
is stored in the trunks of large, hollow
trees. The openings are scaled with wet
clay to keep it uncontaminated. Thou-
sands of these small reservoirs—which
hold 300 to 1,000 gallons each—ap-
pear along routcs of travel. In one
province all the trces are registcred
and the contents noted for information
on the extent of the water resource.

Among the early pioneers, especially
in the southern Appalachian Moun-
tains, the ownership and control of a
clean, abundantly flowing spring was
considered an indispensable prerequi-
site to staking out a homestcad. Once
chosen, the spring was cherished. It
meant cleanliness, health, and comfort.
It was sheltcred against contamination
and protected. against trespasscrs.

How far have most of us strayed from
the old family spring! Gencerations of
men and women have grown up with-
out experiencing the joy of satisfying
their thirst from cool, sparkling, spring
water. Modern living standards have
madc it necessary to rcly upon water
supplics of far greater volumes than
the one-family—or cven the commu-
nity—spring could furnish. Many of
us have lost contact with the land and
the pure waters that came from its
depths. We must get water from dis-
tant rivers or reservoirs and then only
after it has been made safe by filtration
and chemicals.

THE TASK OF FINDING, devcloping,
and maintaining suitable water sup-

-plies has not becn limited to modern

times. It has had to be faced wherever
large numbers of people have crowded
together in small spaces.

Paul B. Sears, discussing climatc and
civilization (in the book Climatic Change,

-edited by Harlow Shapley), wrotc that

the highly developed civilization of
Babylon finally disintegrated because
“for centurics the operation of agricul-
ture had been increasingly burdened
by heavy loads of silt in the life-giving
[irrigation] canals.” He added: “So
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much labor was required for their an-
nual cleaning that little leisure re-
mained for anything else, and the long
piles of silt . . . grew steadily in height
and volume. Presumably this was due
to increasing pressure, through cutting
and grazing, upon the vegetation of
the highlands whose runoff supplied
the water. Under those conditions, the
landscape became increasingly vulner-
able to the effects of climate with its
infrequent but violent rains and dry-
season winds.”

During the several centuries of sta-
bility under the Roman Empire, vast
and intricate systems of waterworks
had been constructed to provide the
millions of people with safe supplies.
Disposal of sewage was well developed
for the times, and, in general, the
value of clean household water and of
sanitation was well understood. But
when the empire disintegrated, chaos
reigned, and the hard-won gains were
rapidly dissipated. The constant war-
fare and political disturbances broke
down the social concerns over water
supplies, among other important pub-
lic services. As ignorance and poverty
increased, sanitary precautions came
to mean less and less, and in time
cleanliness was frowned upon as evi-
dence of wicked thoughts and self-
indulgence. Bathing, formerly widely
practiced for its therapeutic values,
was abandoned. The citizens no longer
took pride in clean homes and streets,
which became filthier and filthier.
Worst of all, the water, obtained most-
ly from wells, eventually became so
fouled as to be unfit for use.

Illness and death from waterborne
diseases have plagued one country
after another down to the present time.
And not only were the poor people
struck down. Records indicate that
many famous characters of history also
fell victim to waterborne diseases.
Among them was King Louis VIII of
France, Charles X of Sweden, Prince
Albert of England, his son Edward
VII, and his grandson George V.
George Washington was known to have
suffered from dysentery. And Abigail
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Adams, wife of the second President
of the United States; Zachary Taylor;
and—ironically enough—Louis Pas-
teur’s two daughters are said to have
died of typhoid fever.

Apparently the popular indifference
toward safe, clean water prevailed
well into the rgth century, even in
England and the United States, where
the dangers from the polluted supplies
were generally known.

The effects of polluted waters now
are considered to be the foremost
obstacle to raising the living standards
of underdeveloped countries.

GREAT STRIDES have been made since
1900 toward meeting our needs for
water—and we have been going far-
ther and farther away to get it. To-
day, for example, Los Angeles obtains
its water not only locally—from the
Sierra Madre in southern California—
but also from the Owens River on the
east side of the Sierra Nevada, 240
miles away; Mono Lake, 350 miles
away; and from the Colorado River,
450 miles away.

But the end is not yet. New sources
of water are sought for the swelling
population of southern California.
Sewage, formerly discharged into the
ocean, is reconditioned for irrigation
and industrial use; eyes are turning to
the better watered, less densely peopled
northern part of the State; and the
possibilities of converting sea water are
being studied by scientists.

Eacu onNE oF us is affected by the
water problems now before us. L. K.
Sillcox, a sanitary engineer, estimated
that about one-quarter of our total
population is up against actual water
shortages or poor quality of water or
both. Population has doubled since
1900, but the per capita use of water
has quadrupled, mostly because of in-
dustrial and agricultural demands.
The 17 Western States, with about g%
million people, use a daily average of
85 billion gallons (74 billion for irri-
gating arid farmlands alone) as against
80 billion gallons in the 31 Eastern
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States with their 128 million people.
Industrial water in the East amounts
to 65 billion gallons, as against g billion
in the West. Farm irrigation in the
East has taken only 3 biliion gallons,
but this use is growing so fast, and its
impact on other uses has become so
heavy, that many States—South Caro-
lina, Georgia, Minnesota, and Wis-
consin, for example—are closely reex-
amining their water policies with a
view to developing new and more adec-
quate legislation on this problem.

Mr. Sillcox estimated the Nation’s
annual water supply bill at g billion
dollars, of which the urbanites’ share
is 500 million dollars. Farmers spend
200 million dollars (mostly for irriga-
tion water). Investments in reservoirs,
aqueducts, and other works to use or
control water alrcady total about 50
billion dollars—as against an outlay
of 32 billion dollars to build our rail-
ways. (During the next 50 years we
can cxpect to see further such invest-
ments by private, State, and Federal
interests of %75 to 100 billion dollars.)

What to do about industrial wastes
is another urgent and perplexing ques-
tion. The Public Health Service esti-
mates that it would take g billion to 12
billion dollars to rid our rivers of pollu-
tion and another 12 billion to 15 billion
dollars to keep them unpolluted.

A special case of pollution as it re-
lates to human health concerns the
protection of the municipal and rural
watcr supplies from radioactive wastes.

The coming years will bring an in-
crease in the use of radioactive mate-
rials in manufacturing, for the produc-
tion of electric power, and for experi-
mentation in medicine, agriculture,
and industry. The operation of nuclear
power reactors alone will produce a
manifold increase over the amount of
radiation released to the air.

Radioactive materials recleased into
the air are deposited sooner or later on
the surface of the earth, including
streams and lakes. Much of the radia-
tion is noninjurious, and most of that
which enters municipal reservoirs or
other surface waters is rendered harm-
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less by the application of modern detcc-
tion and treatment methods. Not yet
known, however, are the longtime,
cumulative effects on human beings of
the very small amounts of harmful
radiation that still remain in the water
we drink after it has becn treated.

Studies indicate that the water that
comes from underground sources, such
as deep wells, is much less susceptible
to contamination by airborne matcri-
als than are the surfacc waters. Other
researches indicate that the distillation
mecthods of purifying water arc effec-
tive in eliminating sources of harmful
radiation, even in large amounts; per-
haps the future may bring radically
different ways of handling our water
supplies. Perhaps the same watershed
conditions that favor the slow move-
ment of water through the soil into
underground storage may prove to be
highly desirable also in facilitating the
natural purification of contaminated
waters. If so, watershed management,
especially in localities that represent
sources of underground water re-
charge, will take on added significance
by providing an important safeguard
to the protection of human health.

A serious challenge to our ingenuity
is how to convert to useful scrvice the
savage energies of runaway flood-
waters. The rapid growth in popula-
tion in new and settled localities, on
the flood plains and hill lands, and the
corresponding: expansion in highways,
airports, factories, and homes have
aggravated the tendencies of rivers,
streams, and brooks to break loose
when rain comes or snow melts. De-
spite heavy expenditures for lcvees,
dikes, reservoirs, and other devices for
curbing overflows, the damages from
floods average about 1.2 billion dollars
a year, including the value of the soil
lost from productive farms and the
deposition of silt and debris in irriga-
tion canals and reservoirs and on the
farms and city streets.

WE HAVE TO pool our efforts if we
expect to apply appropriate and dura-
ble prescriptions for our water ills. Few
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activities have so clearly brought out
the interdependence of all individuals,
communities, States, regions, and na-
tions as have our harried concerns
with this product of the heavens. How
it moves over the land and whether it
aids or harms us depend on its be-
havior during its return to sea and
atmosphere. The behavior of water
directly reflects the conditions and uses
of the lands from which it drains. Since
drainage basins are composed of many
kinds of land in many kinds of owner-
ships, our efforts to ameliorate those
traits of water that we consider harm-
ful bring into play the deep-seated,
although often submerged, instincts of
cooperation inherent in all forms of
life. In that sense, water, perhaps to a
greater extent than any other resource,
takes on social significance.

Planning for the maximum develop-
ment of our water resources for the
longtime benefit of all of our people,
when properly conceived, can bind
together individual and the commu-
nity, farmer, and urbanite, as few other
conservation activities can do. Con-
servation has received perhaps its
greatest impetus since our dealings
with soil, forests, wildlife, recreation,
community betterment, and industrial
development have come to be viewed
in terms of their interrelationships with
water. More and more people have be-
come informed and interested in all
these fields because our water troubles
and our attempts to resolve them on
the watershed lands and in the river
channels have had a direct impact
upon their personal, economic, social,
or recreational affairs. Thus, farmers
on the Rifle River watershed in Michi-
gan, who oncc seemed indifferent to
rebuilding their eroding land, now
enthusiastically participate in a water-
shed improvement program because
they became convinced that fishing on
their local streams would thereby be
greatly improved.

Similarly, indifference toward stream
channels, as exemplified by their use
as dumps for garbage and trash, are
changing with the development of in-
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dividual and group awareness of what
clean waters mean for their well-being,
Men, women, and boys and girls in
hundreds of communities are studying,
thinking, planning, and carrying out
programs to restore the attractiveness
and utility of their local watercourses.
In so doing they are developing a posi-
tive appreciation of the meaning of
harmonious living with their fellow-
men and their natural environment.
As these wholesome cooperative en-
deavors spread through the land, we
Americans cannot help but become
richer in mutual understanding, more
secure in spirit, more united in purpose.

BERNARD FRANK s assistant chief of
the Division of Watershed Management
Research of the Forest Service. He has writ-
ten extensively on water-resources and water-
shed management.
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Necessary, Convenient, Commonplace
Necessary,
Convenient,
Commonplace

Sterling B. Hendricks

For all life water is necessary. For
many uses it is convenient. In much
of its functioning it is commonplace.

But commonplace things often are
the least appreciated and the hardest
to understand. We pay great attention
to the movement of water from place
to place as vapor and clouds in the
air, as rain on the soil, and then as
streams back to the ocean. We know
that water is the most abundant lig-
uid on the earth. Always we use or
fight its tendency to find its own level.
In considering its uses and abundance
and properties, however, we must
keep in mind this main fact: Water is
needed for life.

What is water? Why is it necessary?

The properties of water, such as the
one that lets it float when it is in the
form of ice, can be explained by the
structure of its molecule, of which
there are a trillion trillion in an ounce
of water.

The molecules are formed of three
clemental particles, or atoms, two of
hydrogen (H) and one of oxygen (O)—
or, expressed as a symbol, H,O, which
is one of the simplest compounds.
The three atoms are held together by
two chemical bonds, thus: H-O-H.
Atoms consist of negative charges, or
electrons (e), moving around a central
positive nucleus. The number of
electrons in an atom is the atomic
number of the element in the periodic
system of all the elements. Hydrogen
is the first of the elements, and thus
has one eclectron. Oxygen has eight.
Chemical bonds are formed by pairs
of electrons. The chemical bonds in
H-O-H are formed by completion of
two pairs, the electron of each H
atom associating with each of two
unpaired electrons from the oxygen
atom. Of the remaining six electrons
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of oxygen, four are much farther
from the nucleus than the other two
are. The eight outer electrons in H,O
tend to form four pairs of electrons
that are as far apart as they can be
while still attracted to the oxygen
nucleus. Thus they are near the cor-
ners of a tetrahedron, a solid bounded
by four plane sides.

A further feature of a water moleculc
is that H attached to O is unsymmetri-
cally surrounded by electrons, so that
there is a separation of charge or
polar character. If other molecules
with nonbinding outer electrons are
present, there is a tendency for H to
increase the symmetry of its surround-
ings by approaching a pair of electrons
in line with its chemical bond to
oxygen, or 2¢e—H-O in a line. The
rcsulting attraction, in case the 2e
are on another water molecule, is
about 6 percent as great as that of
the H-O bond.

The properties of water arise from
the hydrogen bonding and the tetra-
hedral arrangement of electron pairs
around the oxygen atom.

/
/
/
/Ze
\
2e /
o | NH

In the diagram above of the water
molecule, the dotted lines symbolize
the hydrogen-bonding tendency aris-
1ng from the diffuse cloud of electrons
in the direction of the dotted lines.
Several molecules held together by
hydrogen bond, as in solid or liquid
watcr, form an assembly of tetrahedral
groups; each molecule is bonded to
four other molecules, which it closely
approaches.
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The principles of bonding give the
background required in explanation
for the properties of water. The prop-
erties can be divided into two classes,
depending on whether chemical bonds
between the H and O atoms are broken
in the action involved or whether
only the hydrogen bonds are broken,
leaving the H,O molecules intact.

Chemical changes like the rusting of
iron, the formation of clay in soils, or
the splitting of cane sugar in the
stomach are of the first class, in which
chemical bonds are broken.

Physical changes, such as the melting
of ice, evaporation in the boiler or
from a lake, or the viscous resistance
to flow in a pipe or stream, are of the
second class. Most of the matters dis-
cussed in this book involve the prop-
erties having to do with the physical
changes. They are the ones that man
can manipulate. Life, however, de-
pends upon both classes, for energy
is derived from reactions in which
chemical bonds are broken. Physical
interaction is used for solvent action
and the maintenance of structures,
such as the structures of flesh or leaves,
as can be seen by comparing a living
creature with a mummy or fresh grass
with hay.

A simple property, a physical one,
to consider as a first subject is that
water when heated evaporates very
slowly as compared with other liquids
that have simple molecules. In other
words, the heat of vaporization is
high. Vaporization is just the separa-
tion of molecules from a liquid or the
overcoming of attraction between
molecules. The high heat of vapori-
zation is a direct result of the strength
of the hydrogen bonding between
molecules. In fact, since there are two
hydrogen bonds in water for each
molecule, the heat of vaporization
is just about twice the hydrogen bond
energy, 540 calories per gram (g,700
calories per gram molecular weight,
or 4,850 calories per molecular num-
ber of hydrogen bonds).

Because of the high heat of evapora-
tion, very little water is lost by evapo-
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ration in overhead irrigation. The
evaporation that does take place,
however, gives much cooling; a spray
tower therefore is effective in cooling
water if the relative humidity is low.
It is for that reason that a person
sometimes feels chilly when he emerges
from swimming. Dew is formed only
when large quantities of heat are
taken away; the dew that is formed,
however, is slow to evaporate. The
spread of some fungi and carriers of
the plant diseases that require liquid
water for growth are affected markedly.
A second result of the high heat of
vaporization is that the boiling point
of water is high. In other words, the
molecules in the liquid have to move
back and forth vigorously before they
can spring loose into the vapor, the
movement being a result of the increase
in temperature. On the centrigrade
scale, water at atmospheric pressure
boils at +100°, the freezing point
being 0°, while oxygen (O,) boils at
—183° and nitrogen (N,) at —196°.
Those differences are due chiefly to
the hydrogen part in hydrogen bond-
ing. Methane, CH,, or natural gas,
boils at —161°, even though it has
the same weight per molecule as does
H,O. This low boiling point largely
is due to the fact that all the outer
electrons of the methane molecule
are involved in chemical bonds only,
with no free clectron pairs available
to participate in hydrogen bonding.
Water, then, is present as a liquid
on the earth instead of just the gaseous
form as are nitrogen and oxygen, the
abundant constituents of the air.
Several other planets that have greater
masses (therefore, higher gravitational
constants) than the Earth and are
farther away from the sun (Saturn and
Jupiter) have liquid methane and
other hydrocarbon on their surfaces.
Life probably originated in liquid
water and still depends upon it, even
in the desert creatures that never
drink. It is doubtful that life has
originated in the seas of hydrocarbon
on Jupiter.
Consider now as a further physical
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property of great importance the fact
that ice is lighter than water. Water is
just about the only substance that has
this property. It greatly affects man in
cold and temperate climates by causing
lakes to freeze downward from the sur-
face instead of upward from the bot-
tom. It results in the breakage of
radiators and pipes, the heaving of the
soil, and the gradual wearing down
of mountains. It smooths the runners
in skating, because of the drop in the
melting point of ice with pressure, a
consequence of the lower density of
ice compared to water.

The explanation of the floating of
ice, as well as for the high heat of
fusion and the resistance to flow of
water, depends upon the directional
features of thc hydrogen bonds,. as
shown in the earlier illustration. In
ice at a low temperature, each water
molecule is regularly surrounded at
the four corners of a tetrahedron by
other H,O molecules. ‘While the
structure is firmly held together, it is
a very open onc in comparison with
structures of most other substances in
which each atom or group of atoms
has 6 or more neighbors, the number
being 12, for instance, for common
metals for which the atoms are closely
packed together, like fruit in a box.

When ice is heated from any low
temperature to the melting point, the
motion of the HyO molecules is in-
creased until they start to break the
hydrogen bonds that keep them in
the regular structure. When about 8
percent break loose and take up places
in the voids of the tetrahedral array,
thc whole structure collapses a bit;
the collapse causes melting, and the
density increases about g percent.

As many hydrogen bonds have to be
- broken before melting takes place and
the strength of each is quite great, the
melting point (0°) and the heat
required for melting (86 calories per
gram) are relatively great. Water
then freezes within the temperature
ranges on the carth. In freczing it
gives out heat to act against falling
temperatures. That high heat for
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melting makes ice an excellent refrig-
erant; that and its convenience lead
to its wide use in refrigerator cars.

Water is a cushion against both
rising and falling temperatures, and
therefore ameliorates the climate near
oceans and large lakes.

Solids as well as liquids will flow.
There are two chief requirements for
such flow. First, the forces holding the
molecules in place must be overcome.
Second, there must be a hole in the
structure into which the molecule
can be moved. Water, then, with its
high bonding energy between mole-
cules, has a relatively high resistance
to flow compared to other liquids such
as gasoline and ether. The resistance
limits the speed of boats as well as
the rate of flow of water in a pipe or
stream. A stream with a fixed gradient
or head is limited by the resistance in
the amount of water it ean discharge.

Large bodics of ice with pressure
from behind will flow slowly as solids
in glaciers. In that ponderous way,
the surface of the continent north of
the Ohio and Missouri Rivers has
been flattened and graded and the
mountains of the West have been
carved—the earth thus moved is
millions of times more than all that
has been moved by man since the
beginning of time. Ice flows much
more slowly than water because the
number of holes into which the mole-
cules can move after the hydrogen
bonds are broken are very few and
because fewer hydrogen bonds are
being broken in a given time.

Water sticks firmly to itself, a
property that we call cohesion. It also
sticks to some surfaces; that is ad-
hesion. The strengths of both cohesion
and adhesion in water, of course,

are due chiefly to hydrogen bonding.

First let us consider adhesion, the
property of adherence to other sub-
stances. Water behaves quite differ-
ently on paraffin and glass. The wet-
ting of glass—important in the action
of a windshield wiper—arises from
the formation of hydrogen bonds
between the oxygen atoms, which are
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part of the structure surface of the
glass, and the hydrogen atoms of the
H,;O molecules. Other substances
that contain large numbers of oxygen
atoms, such as clay and cellulose,
are readily wetted in the same way.
Thus cotton cloth, which consists of
cellulose, absorbs perspiration, and
clay suspends readily in water and
causes streams to become muddy.
But paraffin is not wetted because its
fewer polar hydrogen atoms do not
readily form hydrogen bonds. Nylon,
which has some oxygen atoms, is
intermediate between glass and par-
affin in its tendency to wet. Therefore
nylon can hold some water, but it still
dries rapidly.

An example of cohesion—the tend-
ency of water to stick to itself—is the
floating of a needle on the surface of
water. That you can do easily if you
place the needle on the water so care-
fully that the surface of the water is
not broken. In other words, a force is
required to pull water apart and there-
by to create two new surfaces. The
force, in a sense, is opposed by a
tension, and this surface tension of
water is much higher than that of
other liquids because of the hydrogen
bonding.

TFrom the surface tension of water it
can be calculated that to rupture a
column of water with a cross section
of 1 square inch would take a force of
about 210,000 pounds—which is a
theoretical figure that cannot be
reached because of the flaws in the
water structure and the presence of
dissolved gases, which give bubbles.
But a practical limit of about 2,000
pounds a square inch, about 1 per-
cent of the maximum, has been at-
tained. The limiting tensile strength
of water thus is about the same as that
of some steels.

The ability of water to rise in small
wettable tubes is important in the
use of water by plants and the retention
of water in soils. It is known as
capillarity, or wick action. It depends
on both cohesion in the liquid and
adhesion to the walls. The height to
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which the liquid rises is determined
by the surface tension and the weight
of the column. The weight of the
column depends on the cross section
and the length of the column. The
water in the column is under tension
much as if it were a wire that is being
pulled. The tension reduces the pres-
sure of the vapor with which the
surface is in cquilibrium at a given
temperature.

Water enters a tree through the
roots and ascends through a series
of small passages in the wood, to be
lost by evaporation from the leaves.
If the air at the upper surface of the
water columns that end in the leaves
has a relative humidity of gg percent
or less, a water column at least 430
feet in height (a tension of 200 pounds
per square inch) can be supported.
The sizes of the passages in the wood
and the wettability of their walls are
unimportant, but the water in the
leaf must be in fine capillaries and
the capillaries must have walls that
wet. The equilibrium of the water
with the vapor at the surfaces in these
small capillaries supplies the tension
that maintains the column.

Soils hold water in voids between
particles, most of which have wettable
walls. Capillarity functions in all the
voids. It is most important in the
small ones, where the liquid stays
longest as drying takes place; that is,
as the relative humidity in the soil
drops because of withdrawal of water.

This holding of water by the soil
against the force of gravity is a pri-
mary requirement in tilling the soil.

THE SOLVENT PROPERTIES of water
are the ones that make water so
important in the life of plants and
animals. The solvent action is of two
types, in both of which water 'is
outstanding among liquids.

One type depends on the hydrogen
bonding. The other depends on sepa-
ration of electric charge, or polar
character in the sense of electrical
poles. Sugars, alcohols, acetic acid
and other organic acids, phosphates,
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nitrates, ammonium compounds, and
many other substances that have
oxygen atoms, -O-H groups, or
nitrogen bound to hydrogen atoms,

H
/
-N-H or -N , are held in water
N
H

solution by hydrogen bonding. They
are the compounds involved in the
storage and transfer of energy by the
living plant or animal. They are the
raw material for the production of
other compounds, and they have to
be transferred between parts of the
living system. Water, by its hydrogen-
bonding solvent action, is the medium
of transfer in the fluid of blood or
in the sap of plants.

m.--_-

Array of molecules
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-charged particles orions, HF and OH".

Here the hydrogen atom simply moves
away, leaving its electron with the
bonding pair of electrons on the oxy-
gen atom and leaving the remaining
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hydrogen ion or the ion of acids and
the OH~ is hydroxyl or the ion of
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caves.

Many compounds can be split by
water to form two compounds. Cane
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C:Hy0,,+HOH—
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CGHIZOB + C6H1206
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causes oxygen to be evolved from
water and causes the hydrogen atoms
to be transferred eventually to carbon
dioxide in such a way as to form sugar.
The oxygen is used in metabolism by
plants and animals to regenerate car-
bon dioxide.

Thus, water, oxygen, and carbon
dioxide are in the closed cycle of life,
with the essential hydrogen atoms
shuffled back and forth and with sun-
light driving the cycle.

SterrLING B. HENDRICKS has been
doing research in the physical and biological
sciences in the Department of Agriculture
since 1928. In extensive investigations that
continued from 1934 to 1944, he determined
the structures of the minerals that form the
clays and established one of the basic con-
cepts of hydrogen bonding. In 1944 he
began fundamental studies of plant nutrition
and the effects of light on plant growth. He
is a member of the National Academy of
Science. In 1952 he received the Distin-
guished Service Award of the Department
of Agriculture.

Animals and
Fowl and
Water

Joseph F. Sykes

Water is closely linked with all the
internal reactions in the animal body.

Water is necessary for the solution
of food materials and waste products
and their passage into and out of the
tissucs of the body.

The cfficient transport of oxygen to
the tissues and of carbon dioxide from
the tissues to the lungs by the blood
stream depends on a rapid flow of
blood and on the maintenance of an
adequate volume of blood, of which
about 8o percent is water.

Water facilitates the various chemi-
cal reactions in the cells upon which
vital activities depend and is an in-
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tegral part of the colloid complexes of
the tissues. Its physical properties

make it an important factor in the

transfer of heat in the body and in the
regulation of temperature. An indica-
tion of its importance in those func-
tions is the fact that the volume of
water passing in and out of the blood
stream in a minute is larger than the
volume of water normally maintained
in the fluid part of the blood stream.

Water is by far the most abundant
ingredient of the animal body at every
stage in development. The developing
embryo may contain go percent of
water. The body of the newborn calf
contains 75 to 8o percent of water.
The overall water content goes down,
until at maturity 50 to 60 percent of
the body of a lean animal consists of
water. In very fat animals the water
content may be no more than 40 per-
cent. Apart from the fatty tissues,
most of the soft tissues of the body are
70 to 9o percent water.

The concentration of water in the
tissues is maintained normally at
fairly constant levels. Severe restric-
tion of water intake lowers the water
content in tissues, and the blood be-
comes more concentrated. A concen-
trated blood means a failing circula-
tion, an inefficient oxygen-carrier, and
oxygen starvation of the tissues. Waste
products tend to accumulate. Finally
the vital activities are suspended, and
death results.

Animals may lose nearly all the fat
and about one-half the protein of the
body and survive, but a loss of about
one-tenth of the water from the body
means death.

It is not surprising therefore that the
highest development of the livestock
industry usually has occurred in the
temperate regions, most of which have
a plentiful supply of rain. Not that the
beneficial effects of temperate climates
is due solely to the provision of water
for animal consumption—adequate
rainfall is also necessary for the pro-
duction of feeds, pastures, and forages.

In hot, dry climates the untoward
effects of less water for the livestock is
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accentuated by the inadequacy of the
feed supply for grazing animals. Actu-
ally, if an adequate forage supply
could be provided for many of the
semiarid ranges on which animals are
maintained, the need for frec water
for animals would be reduced con-
siderably. Many of the smaller desert
mammals thrive for long periods with-
out any visible source of water except
that contained in dry seeds and the
plants they consume. They do not
seem to differ greatly from the larger
domestic animals in their need for
water or in their water-conservation
mechanisms, except that they are able
to protect themselves better against
the effects of the hot environment by
burrowing and remaining inactive and
in the shade during the hottest part of
the day. Sheep on pasture can go for
weeks without drinking and may live
and grow without drinking water.

WE HAVE RELATIVELY little data on
the actual needs of animals for water
under range or pasture conditions and
the effect of restricted water intake on
growth.

Scientists in South Africa have corre-
lated growth rates of cattle and sheep
with periods of drought and with
periods of plentiful rainfall. They ob-
served that animals lose weight during
periods of dry weather. The period of

greatest relative growth in South .

Africa follows periods of heavy rainfall
by about g3 months. The scientists con-
. cluded that the most damaging effect
of drought is the effect it has on plant
growth and feed intake and that re-
duced intake of water is not the major
factor in the lower growth rates. :
S. S. Hutchings, at the Desert Range
Station of the Intermountain Forcst
and Range Experiment Station in
Utah, learned in a series of investiga-
tions that sheep on range gained an
average of 3.4 pounds each in a 40-day
period when they were watered daily.
When they were watered every other
day, they gained 0.8 pound each. They
lost 6.0 pounds each when they were
watered every third day. Sheep main-
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tained on heavily grazed range and
trailed to snow, which was the only
source of water, lost an average of 11
pounds each in 10 days.

Under more intensive systems of
animal husbandry, I. W. Rupel, at the

Wisconsin  Agricultural Experiment

Station, learned in experiments that
dairy calves fed skim milk and hay and
offered water twice daily gained 1.8
pounds a day. Other calves, similarly
fed but not given access to water,
gained only 1.96 pounds daily.

V. W. G. MacEwan and V. E. Gra- .
ham, in Canada, discovered that milk-
ing cows that had water before them
at all times produced 5.59 percent
more butterfat than when water was
supplied twice daily.

Similar. experiments at the Agrlcul-
tural Research Center at Beltsville by
T. E. Woodward and J. B. McNulty
indicated that watering once or twice
daily, as compared to watering from
drinking cups, had little effect on milk
production of low-producing cows,
although a drop of up to 6 percent
occurred when water was given high-
producing cows only once or twice a
day.

Studles by . W. Atkeson and T. R.
Warren, of the South Dakota Agricul-
tural Expcrlment Station, failed to
demonstrate that frcquency of water-
ing had any marked effect on milk pro-
duction, although cows. lost weight
when watered once a day and gained -
weight when watered at least twice a
day. When water was restricted to
about one-half the usual allowance,
milk production dropped from 18.3 to
I4.1 pounds a day.

An accompanying table, taken from
data of W. O. Wilson and W. H.
Edwards, at the California Agricul-
tural Experiment - Station, illustrates
the effect of lack of water on White
Leghorn pullets maintained in a laying
house in which the temperature was
go° F. Water was withheld from groups
of birds for 24, 48, or 72 hours during
a 7-day experimental period. Besides a
loss in body weight, egg production
dropped and so did intake of feed.
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Water Restriction and
Body Weight and Egg Production
of White Leghorn Pullets

Water Body weight

e Egg production
i gy Cassls dayfoind)
Exper:- Experi-

mental  Control mental  Control
24 hrs.. —48 +6 2.7 3.9
48 hrs. . —g7 — 1.9 44
72 hrs. . (1% (8 1.5 3.6

1 Body weight losses were 10, 15, and 19
percent on days 1, 2, and g of this test.
Recovery to that of control hens occurred
during the last part of the test when water
was supplied.

For MAXIMUM EFFICIENCY, the water
content of the animal tissues must be
maintained within normal limits. Wa-
ter is lost continually in the urine and
feces and by evaporation from the
body surfaces. In order to maintain
constancy of tissue water, therefore,
the total water made available to the
animal must equal the output of water.

Animals obtain water from three
sources: Water that is consumed as
free water, the water that is contained
in the feed, and the water that is made
available during metabolic processes
(metabolic water) in the tissues. (For
every pound of starch, fat, or protein,
respectively, that is oxidized in the
body, an estimated 0.56, 1.07, and 0.40
pounds of water, respectively, are pro-
duced.) The total water made availa-
ble from the three sources when the
animal is in water balance is the water
requirement. The water requirement
should not be confused with water con-
sumption, which accounts only for the
water taken as free water. Water intake
usually refers to free water plus that
contained in the feed.

The determination of water require-
ments involves detailed studies of the
complete water balance of all classes
of animals under a wide variety of
feeding conditions and environments.
Such studies have been made only for
some classes of cattle under a restricted
set of conditions. Even from those
studies—because of individual varia-
tions among the animals and the vari-
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able effects of rations and level of pro-
duction—we can draw no clear-cut
conclusions that would help us list
accurately the requirements of the farm
animals,

ManNy Facrors influence the intake
of water by livestock. In a general way
it parallels the consumption of dry
matter in the feed when animals are on
dry feeds. Cattle and sheep drink 3 to
4 pounds of water to each pound of dry
matter. Pigs, horses, and fowl consume
about 2 to 3 pounds of water per pound
of dry feed. Those ratios and, there-
fore, water consumption also tend to
be higher on feeds of high protein con-
tent and on rations containing a high
proportion of fiber.

Another outstanding characteristic
of feeds that affects water consumption
is the water content of the feed itself.
Variations in water consumption due
to this factor are most pronounced in
cattle and sheep. Mr. Atkeson and Mr.
Warren, in South Dakota, learned that
dry cows fed only hay consumed g3
pounds of water a day; when they
were fed hay and silage, they consumed
only 74 pounds a day. Sheep on good
pasture drink little or no water; on dry
pasture they may consume up to 15
pounds daily. The water consumption
of cattle will also be reduced on good
pasture but not to the same extent as
that of sheep.

The level of production will also
affect water consumption a good deal.
The total water intake of steers on
maintenance rations averages about
36 pounds a day; on fattening rations
it is about 72 pounds a day. Dry Hol-
stein cows take in about go pounds of
water a day; when producing 20 to
50 pounds of milk a day they may con-
sume 160 pounds of water a day. Cows
producing 8o pounds of milk a day
drink as much as 190 pounds a day.
Lactating ewes need 30 percent to 50
percent more water than other ewes.
A sow may consume 38 pounds of wa-
ter a day the week before farrowing
and 45 pounds a day the week after
farrowing. Nonpregnant sows consume
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Effect of External Temperature on
Water Consumption

Water consumption

Hogs Pounds per hog per hour
Temperature  75—125- 275-380-  Pregnant
(°F.) Ib. hogs  1b. hogs sows
50. . ... .. 0.2 0.5 0.95
6o........ .25 .5 .85
0. .30 .b5 .80
8o........ .30 .85 .95
Q0. . ...... .35 .65 .90
I00....... .6o .85 .8o
Dairy cows Gallons per day per cow
Lactating Laclating Dry
Temperature  Jerseys  Holsteins  Holsieins
5O. . ... 11.4 18.7 10.4
50—70..... 12.8 21.% I1.5
75-85..... 14.7 21.2 12.3
90—100 20.1 19.9 10.7
Laying hens Milliliter per bird per day
White Rhode Island
" Temperature Leghorn Red
O i 286 204
8o........... 272 321
90. ... 350 408
I00. .. v.vnnn 392 371
7O i 222 216
7O e 246 286

Water Consumption of Sheep
(Pounds of water per day)

Conditions
On range or dry pasture. ........ 5-13
On range (salty feeds)........... 17
On rations of hay and grain or hay, 0.3-6
roots and grain.
On good pasture. . ............ Very little
if any.

~ In these experiments water was available
for consumption.

17
Water Consumption of Pigs
(Pounds of water per day)
Conditions
Body weight=3g0lbs............ 5-10
Body weight=60-80 lbs......... 7
Body weight=175-1251bs........ 16
Body weight=200-380 1bs. ...... 12-30
Pregnant sows.................. 30-38
Lactating sows. .. .............. 40-50
Water Consumption of Chickens
(Gallons per 100 birds per day)
Conditions

-3 weeksofage. ............... 0.4-2.0
3—6 weeks ofage. ............... 1.4-3.0
6-10 weeksof age............... 3.04.0
o-13 weeksof age............... 4.0-5.0
Pullets. ....................... 3.0-4.0
Nonlaying hens................. 5.0

Laying hens (moderate tempera-
TULES) . o v v e 5.0—7.5
Laying hens (temperature go°® F.). 9.0

Water Consumption of Growing Turkeys
(Gallons per 100 birds per week)

Conditions
1-g weeksofage................ 8-18
47 weeksofage. ............... 26-59
o-13 weeksof age............... 62—100
15-19 weeksof age. ............. 1r7-118
2126 weeks of age.............. 95-105

Water Consumption of Cattle

Class of cattle

Water consumption

Conditions (Pounds per day)

Holstein calves (liquid milk or dricd 4 wceksofage......................... 10-12
milk and water supplied). 8 weeksofage.............. ... ..l 13
12weeksofage. ............ ... .. ..., 18—20

16 weeksofage. ........... .. L. 25—28

20weeksofage. ........... .. ... ... 32—36

26 weeksofage. ... ... L 33—48

Dairy heifers. . ................. Pregnant................ooiiiieeiaan. 60—70
Steers. .. ..ot Maintenance ration. .................... 35
Fattening ration........................ 70

Rangecattle. ... ... 35-70
Jerseycows. ... .ol Milk production 5-30 lbs./day........... 6o-102
Holstein cows. . ....oovvvvvnn... Milk production 20-50 lbs./day .......... 65-182
Milk production 8o lbs./day ............. 190

Dry. ..o 90

325862°—55——3
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about 20 pounds of water a day; when
v7-114 days pregnant they consume

about 30 pounds a day. The water con--

sumption of mature pullets is about 3
to 4 gallons for each 100 birds; 100
laying hens need 5 to 7 gallons a day.

The other major factor that may
affect the intake of water is environ-
mental temperature. Considerable
work has been done at the California
and Missouri Agricultural Experiment
Stations on the effects of temperature
on consumption of water and the re-
lated physiological alterations in dairy
cattle, swine, and chickens. The ex-
periments showed that as external tem-
perature increases from about 50° to
100° F., the amount of moisture lost
by evaporation from the body surfaces
also steadily increases. Moisture loss by
evaporation has the effect of enabling
the animal to withstand better the
effects of increased temperatures, be-
cause it can get rid of large amounts of
heatefficiently. Thismechanism where-
by heat is lost reaches a high develop-
ment in horses, which sweat profusely.
It has a limited effect in most domestic
animals, which sweat less. Increased
evaporative loss, on the other hand,
raises the need for water in order to
keep the water balance of the tissues.

In all the experiments, consumption
of water increased as the temperature
went up. At the highest temperatures,
however, no further increase in con-
sumption occurred; in some instances
it declined. At those temperatures,
feed consumption, milk production,and
egg production fell and body tempera-
ture increased. The observations indi-
cate that increased water consumption
as a means of combating high environ-
mental temperatures has its limitations.

So we see that the water needs of
livestock fluctuate widely—particu-
larly the needs of ruminants, whose
rations may vary a great deal in com-
position and water content.

Data on water consumption of live-
stock and poultry are given in tables
on page 17. The values given for
poultry and hogs will be applicable
gencrally and will actually approxi-
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mate the water requirements, because
the feeds usually given them contain
little water and do not vary widely in
composition. The figures given for
cattle and sheep cover the maximum
requirements, but because data on
consumption on pasture or range are

- lacking and because the water content

of rations varies widely, the minimum
amounts cannot be stated accurately.

Joseru F. SykEs has been with the
Dairy Husbandry Research Branch of the
Agricultural Research Service since 1945.
From 1936 0 1945 he was a member of the
staff of the physiology department at the
Michigan Agricultural Experiment Station.
His work has included studies on the induc-
tion and maintenance of lactation in cattle
and goats, electrocardiography of cattle, the.
physiology of rebroduction, vitamin A re-
quirements of cattle, feeding value of forages
Jor heifers, and heat tolerance of dairy
cattle. He is physiologist and assistant head
of the section of nutrition and physiology.

The Needs and
Uses of Water
by Plants

Leon Bernstein.

Most actively growing plants or
plant parts contain more water than
solids.

The water is not inert material or
“filler””—the water in plants, as in all
living matter, contributes as much to
the essential properties of life as do the
more complex proteins, the fatty com-
pounds, carbohydrates, and minerals.

Many pcople believe that life origi--
nated in the sea. The relationship of
primordial life to water therefore was-
direct and relatively simple. When the
terrestrial forms developed, water sup-
ply became a critical factor, and plants
underwent profound changcs in struc-
ture during the long process of adapt-
ing themselves to living on land.
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The Needs and Uses of Water by Plants

The cell is the unit of living matter.
The structure of plants can be under-
stood only in terms of the cells that
constitute them. Plant cells are diverse
in size, form, and composition, but
their basic structure is much the same.

The average plant cell measures only
about one one-thousandth of an inch
in diameter.

A LEAF CELL, such as is found in the
interior of the leaves of most plant spe-
cies, consists of a relatively rigid outer
wall and its contents. The cell wall
surrounds and is in close contact with
the protoplasm, the viscous fluid that
is the living matter of the cell. Cell
walls—familiar to us in the form of
natural fibers such as cotton and hemp,
and in aggregate form as wood—consist
largely of complex carbohydrates built
up by the combination of numerous
sugar units. The cell wall, because of
its rigidity, determines the shape of
cells. Large numbers of cells adhering
at points of contact determine the
shape and form of the plant.

Chemically, the protoplasm inside
the cell wall is complex. Next to water,
proteins are present in greatest abun-
dance; more than any other class of
constituents, they are responsible for
the unique properties of living matter.
The properties of proteins that make
them the principal building material
of living matter and the substances that
control most of the life processes are
actually properties of protein solutions
in water. The distinction may be illus-
trated by comparing the obvious prop-
erties of a protein, such as egg white,
in the fresh and dehydrated forms.

Water, proteins, and the other con-
stituents of protoplasm, including the
fatty materials, sugars, salts, and many
other derivatives, thus compose a com-
plex system, no part of which can be
omitted without fundamentally alter-
ing the potentialities of protoplasm.

The protoplasm contains a number
of distinct structures, which regulate or
perform specific cellular functions.
The nucleus carries the heritable fac-
tors, or genes, which transmit certain
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characteristics from generation to gen-
eration and control the development of
the individual cells in conformity with
the inherited potentialities. In green
tissues, chloroplasts (in which the
green pigment, chlorophyll, is local-
ized) act as the centers in which light
energy is absorbed to convert carbon

-dioxide and water to sugars.

The protoplast, or the unit of proto-
plasm in a cell, also contains one or
more vacuoles, which are droplets of a
watery solution of various salts, sugars,
and other materials, completely sur-
rounded by protoplasm. In the water
relationships of cells, each part, the
cell wall, the protoplasm, and the-
vacuole, has a necessary and distinct
function. The cell wall permits the free
passage of water and most dissolved
materials, but the protoplasm limits
the passage of the latter.

Before we can consider the manner
in which the distinctive properties of
the cell wall and protoplasm regulate
the water relationships of the cell, we
must understand some of the proper-
ties of solutions.

THE COMPONENT PARTICLES of solid
matter occupy relatively fixed posi-
tions, but the particles of gases, liquids,
and solids in solution move about
freely and at random. All parts of a
solution therefore tend to achieve
equal concentration. An example: A
lump of sugar dropped into a tumbler
of water dissolves, and the sugar parti-
cles begin to disperse throughout the
water as they become detached from
the lump.

As a final result of this process of
diffusion, the number of sugar particles
in any given volume of water any-
where in the tumbler eventually be-
comes equalized. Diffusion affects the
water in the tumbler as well as the
sugar; the water particles likewise tend
to become evenly distributed through-
out the tumbler, as a result of their
random motion.

Let us consider a single plant cell
immersed in a droplet of rainwater.

The water bathing the cell contains
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little dissolved material. The water in-
side the cell contains sugars, salts, and
various other compounds in solution.
The dissolved materials tend to move
out of the cell, and water tends to move
into the cell by the process of diffusion,
cach material tending to equalize its
concentration in the water-droplet-
cell system. The protoplasm restricts
the movement of most dissolved ma-
terials much more than that of water,
however, so that, in cflect, the water
moves into the cell while the dissolved
materials in the cell are largely re-
tained within it. The water accumu-
lates in the vacuole of the ccll and
builds up a pressure, which forces the
protoplasm against the cell wall and
keeps it fully distended. A cell in this
condition is said to be turgid. The
diffusion pressure of water in the cell,
which is a measure of the tendency of
water to move out of the cell, increases
as the turgidity of the ccll increases.
At equilibrium, the turgor of the cell
sufficiently increases the diffusion pres-
sure of water in the cell to compensate
for the lower concentration of water
due to the presence of dissolved ma-
terials.

If the droplet of rainwater is re-
placed by a moderately strong sugar or
salt solution (so that the water is in
greater abundance in proportion to
dissolved materials inside the cell than
outside) water begins to move out of
the cell. The pressure inside the cell is
relieved, and if the outward movement
of water continues, the cell loses its
turgor and becomes flaccid. The
movement of water across a membrane
such as the protoplasm, which is more
permeable to water than to the ma-
terials dissolved in it, is called osmosis.

The basis for the osmotic move-
ment of water is the difference in per-
meability of the protoplasm to water
and to substances in solution in the
water. If the protoplasm is injured or
killed, as by excessive heat or poisons,
it loses its property of differential per-
meability, and dissolved substances
diffuse out of the cell. A piece of red
beet tissue loses very little of its water-
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Diagram of a leaf cell, a part of which has been
cut away to show the relationships of cell wall,
protoplasm, and vacuole.

soluble red pigment if immersed in
tapwater, but if the water is heated
enough to injure or kill the beet cells,
or if some poison is added to the water,
the red pigment rapidly diffuses into
the water. The tissue becomes flaccid
as it loses the ability to retain dissolved
materials.

PLANT cELLS tend to absorb water by
another process, which is characteristic
of many finely divided or dispersed ma-
terials. Water is strongly attracted by
the large surfaces exposed by such ma-
terials and is held with considerable
force. Proteins and carbohydrates, such
as the cellulose of the cell wall, repre-
sent a high proportion of the solids in
plant cells, and some of the water in
the cell is held by the attractive force

- they exert. Dry wood, largely cellulose,

will take up water and swell or warp.
The process of water uptake by such
materials is called imbibition and is
largely responsible for the initial water
uptake by dry seeds.

We can now appreciate more fully
the advantageous position of aquatic
plantlife with respect to its water sup-
ply. The protoplasts nced only main-
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tain the ability to retain the dissolved
substances which the cell manufac-
turcs or absorbs, and (if the bathing
medium is not too concentrated) the
plant cells will obtain water by simple
diffusion, or osmosis.

WITH THE DEVELOPMENT of land
forms, the parts of the plant that are
exposed to the air became subject to
desiccation by the evaporation of water
from the cells. The evaporative loss of
water from plants is called transpira-
tion. By far the greatest portion of the
water taken up by the roots of a plant
is lost by transpiration.

For every pound of dry matter in a
plant, we commonly find about 5 or 10
pounds of water, but for each pound of
dry matter produced, the plant must
absorb several hundred pounds of
water; the difference between the 5 or
10 pounds and the several hundred
pounds represents water lost by tran-
spiration.” By contrast, the aquatic
plant has to absorb only the water re-
quired for its growth; that is, the 10
pounds or so per pound of dry matter
constituting the plant body. It is evi-
dent, therefore, that land plants must
have efficient means for absorbing
water, for distributing it throughout
the plant, and for controlling water
loss as much as possible.

THE CHARACTERISTICS of land plants
which have made possible their sur-
vival and extensive development in an
environment so demanding with re-
spect to water supply are represented
in the drawing on the next page. Be-
cause most of the water used by land
plants must be absorbed from the soil
in which they grow, root systems must
be extensively developed. The under-
ground parts of most land plants per-
meate a volume of soil as large as—or
even larger than—the space occupied
by the aboveground parts, and the
finely divided root system presents an
enormous surface area for water ab-
sorption. That large absorbing surface
is augmented by the development of
numerous fine root hairs on the young,
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growing roots. The total length of the
roots developed by a single grain plant,
such as wheat, may be tens of miles,
and many millions of root hairs may
increase the already large absorbing
surface by as much as ten timcs or
more.

The conduction of water is facilitated
by the development of specialized,
greatly elongated cells in the roots,
stems, and leaves of land plants. After
the cells have grown, the protoplasts
degenerate and disappear, leaving a
long, hollow tube, or tracheid, which
presents a minimum of resistance to
the movement of water. The end walls
of the cells in many species are di-
gested away as the cells mature, and
resistance to the flow of water is re-
duced further. Such units are called
vessels. Vessels and tracheids and the
cells that remain alive form the xylem
tissue or wood, most extensively de-
veloped in woody plants.

The xylem affords a continuous sys-
tem of hollow tubes from near the tip
of the root, through the root and stem,
and into the leaf, where it is part of the
familiar leaf-vein network. The woody
tissue of stems and roots also pcrforms
other functions in a land plant, notably
anchorage and mechanical support.
Adaptation to a terrestrial habitat re-
sulted in modifications of the plant
body with respect to many features,
and the discussion of water relation-
ships is not intended to minimize the
importance of the other features.

The leaves of plants typically are
flattened structures, which present a
maximum surfacc for the absorption
of light energy and the interchange of
gases with the environment. These are
necessary features for photosynthesis,
the process whereby green plant tissue
manufactures sugars from the carbon
dioxide absorbed from thc air and
water obtained from the soil. Oxygen
also is produced in the process.

A leaf is constructed of a number of
specialized cell types. The interior of
the leaf is made up largely of the green,
or chloroplast-containing cells loosely
arranged, with continuous but irregu-



22

lar airspaces between the cells. The
airspaces are interconnected and lead
to the exterior atmosphere through
numerous minute pores—stomates—
in the surface of the lcaf. Thus, as the
green cells take up carbon dioxide,
more of this gas enters the leaf by
diffusion from the surrounding air,
while the oxygen produced by the cell
moves out of the leaf by the same
process. The cell walls inside the leaf
are saturated with water, which evapo-
rates from their surfaces and also dif-
fuses into the surrounding air. Most of
the water lost by the plant passes
through the stomates as water vapor
by transpiration. '
The plant has to conserve water, but
it cannot completely exclude the sur-
rounding air, with which it must main-
tain necessary exchanges of gases.
Transpiration, however, is restricted
by the presence of a waxy covering,
or cuticle, on the outer surfaces of
leaves and young stems. Comparative-
ly little water is lost through the cuticle.
With older, woody stems, whose growth
in diameter results in the rupture of
the cuticle, water loss is controlled by
the development of a layer of cork
cells, whose thick, impervious walls
restrict loss of water. Small areas of
spongy, loosely arranged cells, the len-
ticels, permit gaseous exchange through
the cork layer, or outer bark.
Associated” with the stomates are
pairs of specialized cells, the guard
cells. The pore, or stomate, is the
space between a pair of guard cells.
If the guard cells are fully turgid, the
stomate is open to its fullest extent.
As the guard cells lose turgor, they
approach each other, closing the sto-
mate. These movements in the guard
cells, which control the stomatal open-
ing, are brought about by differential
thickness of the cell walls. The walls
next to the stomate commonly are
thicker than those on the opposite side
of the guard cells. An increase in
turgor forces out the thinner walls and
pulls the two guard cells apart, open-
ing the stomate. If the leaf loses water
faster than it can be replaced, the leaf
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Diagram of Plant

A diagram which shows the relationships of the
parts of a plant that are concerned with absorption,
conduction, conservation, and loss of water. A, is an
enlarged portion of leaf cut away to show internal
structure; B, enlarged segment of stem; C, enlarged
segment of young root. Sectors have been removed to
expose cells in the interior. GC is a guard cell; S,
stomate; CU, cuticle;. E, epidermal cell; X, xylem;
P, phloem; V, vein; IS, intercellular space; VS,
vessel; T, tracheid; PI, pith; RH, root hair.

cells become less turgid, and as the
guard cclls lose turgor, they begin to
close, eventually reducing water loss
by the closure of the stomates.

The movement of guard cells is also
conditioned by light. Photosynthesis
is initiated in the presence of light.
That lowers the acidity of the guard
cells and favors the conversion of
starch into sugar. The increase in sug-
ar, resulting from these processes, in-
creases water absorption from ad-
jacent cells, so that turgor increases
and the stomates open. Those proc-
esses are reversed in the dark; respira-
tion produces carbon dioxide and
sugars are converted into insoluble
starch in the chloroplasts. The changes
lower the sugar content of the guard
cells, they lose water to adjacent cells,
and the stomates close.
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Because most of the water absorbed
by land plants is lost by transpiration,
the rate of water uptake must depend
largely on the rate of transpiration.
The mechanics underlying this rela-
tionship are fairly simple. Some of the
cells of the leaf are directly in contact
with the water-conducting elements of
the leaf veins. Others have indirect
contact through other cells. When
water is lost by transpiration, the tur-
gor of the leaf cells decreases, and they
tend to absorb water from the water-
conducting tissues with increasing
force. Thus the loss of water from the
leaf means that more water is pulled
into the leaf. That, in turn, causes more
water to move along the water-con-
ducting elements from the root cells,
thereby increasing the intensity of
water absorption by the root cells in
contact with the soil moisture. The
whole process is therefore a chain re-
action, in which the controlling ele-
ment is the rate of water loss by tran-
spiration.

According to this theory; the water
in the xylem elements should be under
tension, because of the pull exerted by
the leaf cells. That has been demon-
strated by cutting into the xylem cells
of the stem while the part to be cut is
immersed in a dye solution. The flash-
like movement of the dye into the cut
xylem elements supports the view that
the water in these elements is actually
under tension when transpiration is
rapid. On the other hand, when tran-
spiration is very slow, and soil moisture
is adequate, appreciable positive pres-
sures may build up in the xylem ele-
ments. Under such conditions, cutting
into the xylem results in ‘‘bleeding.”
The volume of water made available
to the plants by this process is, how-
ever, small when compared with the
volumes lost during rapid transpira-
tion.

SINCE TRANSPIRATION is the key proc-
ess in the utilization of water by
plants, the factors governing it are im-
portant. Transpiration involves the
evaporation of water in the airspaces
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in the leaf and its diffusion out into the
surrounding atmosphere. Within the
leaf, the airspaces are nearly saturated
with water vapor. Diffusion into the
surrounding air, which is primarily
through the stomates, is proportional to
the difference in concentration of water
vapor between the leaf spaces and the
air around the leaf. Other factors be-
ing equal, therefore, the lower the
water vapor content, or relative hu-
midity, of the air, the more rapidly will
water be transpired.

As leaves absorb solar radiation, they
tend to become warmer than the air,
the temperature difference being fre-
quently as much as 5° to 10° F. The
amount of water that can be held by
saturated air increases as the tempera-
ture increases. Warming of the leaf by
the sun’s rays, therefore, increases the
concentration of water vapor in the
leaf and favors more rapid water loss.

It is not surprising, therefore, that
the rate of transpiration follows a daily
cycle that tends to parallel light in-
tensity. By far the greater portion of
water is lost during the daylight hours,
and the rate of loss is most rapid during
the middle of the day.

Transpiration tends to increase the
concentration of water vapor in the air
around the leaves. That would tend to
decrease further loss of water from the
plant. Air currents, by blowing away
the accumulated water vapor, counter-
act the tendency.

CONTINUED TRANSPIRATION is possible
only if the plant has a continuing sup-
ply of available moisture. If the supply
becomes depleted or if loss of water
exceeds the rate of water uptake, the
plant eventually wilts, the stomates
close, and transpiration is curtailed.
While such control by the plant may
prevent or delay serious injury or
death, it is not without cost to the
plant. Turgor, the distended condition
of the plant cells, is necessary for con-
tinued plant growth, and a decrease in
turgor, or wilting, is reflected in retar-
dation or inhibition of growth.

A severely wilted plant, which has
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closed stomates, cannot carry on
photosynthesis effectively because the
necessary exchange of gases with the
surrounding air is impaired. Water is
also one of the raw materials in photo-
synthesis, being the substance which is
acted upon in the light to produce
hydrogen, the basic reaction in photo-
synthesis. The amounts of water used
in photosynthesis are small compared
to thosc lost, however, and even in a
severely wilted plant, the decrease in
photosynthesis results from a limited
supply of carbon dioxide or injury to
the protoplasm as a result of desicca-
tion, rather than deficiency of water as
a raw material for photosynthesis.

Although excessive transpiration may
injure plants and reduce yields, very
little can be done to control it under
field conditions because factors such
as temperature, light, and wind are
difficult to modify.

We can, however, attempt to main-
tain an adequate water supply for the
plant by providing soil conditions that
permit the maximum devclopment
and activity of the roots. A healthy,
active root system and an adequate
water supply are thc only practical
answers to the problem of transpira-
tion.

Although transpiration appears to be
an unavoidable evil in the functioning
of plants, some effects of transpiration
tend to be beneficial. Plants function
best in a relatively narrow range of
temperature. Excessively high temper-
atures may be injurious or deadly.
Since transpiration cools the plant tis-
sues, especially the leaves, it contrib-
utes to the control of tempcrature.
Other physical processes, such as con-
duction and reradiation of heat, how-
ever, are usually more effective than
transpiration in cooling leaves.

In higher forms of plantlife, certain
functions are restricted largely to spe-
cific organs, which are modified to per-
form the functions most efliciently.
The roots absorb water and minerals
for the whole plant. The leaves manu-
facture foods. The stem supports the
wholc unit in the most favorable posi-
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tion for its component parts. Of pri-
mary importance is the movement of
materials, originating in or absorbed
by a specific organ, to the other plant
parts where they are needed.

Water is essential for all transport in
plants, as the transported materials
move along as solutions. Sugars and
other complex compounds move down
from the leaves, where they are syn-
thesized, to the stem and roots in the
bark tissue, known as phloem. Min-
erals largely move in the xylem or
wood elements, where they are carried
upward from the roots to the stem and
leaves. Transpiration, by accelerating
the movement of the stream of water in
the xylem, tends to hasten the trans-
port of materials—but that is of dubi-
ous value because the supply of miner-
als in the leaves is adequate even
when the transpiration rate is low.

EvEN THE HIGHLY specialized struc-
tures characteristic of plants in humid
regions would not be enough to insure
growth in the arid or subarid regions.
There the native vegetation has under-
gone further modification to enable its
survival. Some species, rather similar
to those in the humid areas, are annu-
als, which complcte their life cycle in a
brief period and can use to advantage
the limited rainfall in certain arecas.
The profuse blooming of plants in
some dcserts after spring rains often
is due to them. After that burst of life,
the plants die, and only the seeds re-
main to carry on the species in another
year.

In plants that survive the vyear
around, profound modifications of the
plant body safeguard it against desic-
cation in the dry months. Lcaves are
characteristically reduced to scaly or
spiny appendages or may be entirely
absent. The stem takes over the func-
tions of leaves. This reduction in ex-
posed surface reduces transpiration.

Further reduction in surface may
result from an increase in diameter of
stems, as in the cylindrical or globular
bodies of cacti, whose fleshy stems
store large amounts of water. Their
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cells are rich in mucilages, gums, and
other materials that have a high
affinity for water.

Other plant forms, such as shrubs
and grasses, survive without those
obvious modifications in their struc-
ture. They may have extensive and
well developed root systems and rela-
tively limited top growth. This affords
a greater water-absorbing system in
relation to the transpiring surface.
The shrubs usually have small leaves.
In some species a profuse growth of
hairs shields the stomates and some-
times reduces evaporation by retard-
ing the loss of vapor from the surface
of the plant.

Rows of specialized cells in the upper
epidermis of many grasses are sensitive
to reduced supply of water. As the cells
lose turgor, they cause the entire leaf
to roll up and so shield the stomates
and reduce a further transpiration.
Thicker cuticles may be produced, and
frequently stomates are depressed, the
guard cells being recessed below the
general surface of the leaf.

THE EFFECTIVENESS of the modifica-
tions depends on the fact that—in the
whole chain of processes governing the
movement of water into, through, and
out of the plant—the greatest pressures
controlling the flow are those that
govern the movement of water from
the airspaces in the plant into the sur-
rounding air. The pressures governing
diffusion of water vapor out of the
leaves even in moderately moist air
tend to be about 100 times greater than
those governing water movement into
and through the plant. Effective con-
trol of transpiration is most readily
obtained by a partial blocking of the
pathway along which diffusion into the
external atmosphere occurs.

Thus it is apparent that plants have
evolved diverse adjustments in re-
sponse to dry environments. Regard-
less of the nature of the modifications
of structure and function, these plants
are generally characterized by limited
growth, especially of the aboveground
parts. Growth and yields can usually
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be increased markedly if water is sup-
plied in greater abundance.

LEoN BERNSTEIN obtained his doctorate
in plant physiology at Cornell University in
1942. He was formerly on the staff of the
United States Plant, Soil, and Nutrition
Laboratory at Ithaca, N. T ., investigating
the influence of mineral nutrition and en-
vironmental factors on the vitamin content
of planis. For 2 years as a research asso-
ciate at the University of Chicago, he
studied provitamin A losses in hay crops.
Since 1948 he has conducted research on the
effects of salinity and alkali on plants at the
United States Salinity Laboratory at River-
side, Calif.

For further relcrence:

A. S. Crafts, H. B. Currier, and C. R.
Stocking: Water in the Physiology of Plants, 240
pages, Chronica Botanica Co., Waltham,
Mass., 1949.

John E. Weaver and Frederic E. Clements:
Plant Ecology, 601 pages, McGraw-Hill Book
Co., Inc., N. Y., 1938.

Water
and the

Micro-organisms

Paul R. Miller and Francis E. Clark

Without water there would be no
micro-organisms, those myriad, mi-
nute, living forms whose bodies consist
largely of water in which other vital
materials are combined or dissolved.

Nearly every substance is a sub-
strate, or foundation, on which some
one of these microscopic forms may
feed and grow. Some of the organisms
are beneficial. Others cause a great
deal of trouble. Some grow in water,
and some in soil. Some live on dead or
decaying vegetable or animal matter.

Some—the pathogenic micro-organ-
isms—may invade the tissues of living
plants or animals or human beings, in
which they cause disease.

We first take up the water require-
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ments of one group of micro-organisms,
the fungi, and most of our discussion is
devoted to the plant-pathogenic fungi.

The fungi are extremely important
to mankind. They may be helpful or
harmful. The antibiotics that have
helped in the treatment of diseases are
mostly growth products of fungi. Peni-
cillin, for instance, is produced by
some kinds of the common blue mold
fungus, Penicillium. But fungi are re-
sponsible for many destructive plant
diseases. The more we know about the
factors that affect the growth of the
fungi, including their water reclations,
the better we can utilize the beneficial
forms and the more effectively we can
control the destructive kinds.

At one or more of the decisive
periods in the life processes of land-
inhabiting as well as water-inhabiting
fungi, water in some form is vital to
further development. The amount of
water needed at any one time and the
manner of action varies according to
the particular fungus. Often, also, for
the same fungus the amount required
is not fixed but depends somewhat on
other factors, especially temperature.

These critical stages may include the
liberation of the spores, which are the
reproductive structures, from the stalks
on which they are produced or the
containers in which they are formed,
actual dispersal of the spores to nearby
or distant places; the coming to rest of
the spores on the suitable substrate or
host plant; germination of the spores
to renew the life cycle; and, finally, the
growth of the fungus on its substrate or
in its host. Given the proper moisture
conditions at each one of the stages,
pathogenic fungi can start destructive
epidemics.

The necessary water may be ob-
tained from free (that is, liquid) water
like rain or dew, from fog, and {rom
water in the soil. Also, the air at all
times contains water in a gaseous siate
in amounts that are measured and ex-
pressed as relative humidity. Quiet air
surrounding a plant even on a dry day
may be much wetter than the general
atmosphere because evaporation from
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the leaves raises the humidity within
the limited space.

IN THE LIBERATION of spores, water
acts in many ways. Sometimes free
water from rain or dew or irrigation is
required. Rain in great drops or driven
by wind breaks the spores from their
stalks or from within an enclosing
layer. The summer spores, or conidia,
of the apple scab fungus (Venturia
inaequalis) are loosened from their
stalks (conidiophores) by wind-splashed
rain. Clouds of spores are expelled
from puffballs when large raindrops
hit the papery outer layer with force
cnough to compress the fruit body.
Spores of the chestnut blight fungus
(Endothia parasitica) are liberated only
during rain and only as long as the
bark of the tree remains wet. Some of
the downy mildew fungi require that
the conidiophores emerging from an
infected leaf be immersed in dew for
most abundant formation of spores.

The water need not always be in
a liquid form. Often a humid atmos-
phere is enough. In some of the downy
mildew fungi, alternate expansion and
contraction controlled by a hygro-
scopic mechanism releases the conidia
from their branched conidiophores,
which coil up or unwind, depending
on the dryness or moistness of the air.

In other unique ways fungi utilize
water in producing and freeing their
spores.

An interesting example is. a fungus
that occurs commonly on a number of
grasses. From its stroma (or compact,
dense growth) on a cut stalk of grass,
spores may be liberated for days if the
cut end of the grass is kept in water so
that the transpiration stream (water
absorption) of the grass remains un-
disturbed and supplies the fungus with
moisture.

Another fungus can discharge its
spores in dry periods by drawing solely
upon water stored within its own
stromatal tissue. Other fungi depend
on the water reserves of their hosts.

One remarkable fungus produces its
aerial structures in damp as well as dry



Water and the Micro-organisms

atmospheres by a unique conservation
method. Its spore case has a wall so
made as to retard loss of water from
evaporation; the fungus furthermore
has an efficient system for conducting
water through broad strands without
cross walls.

But moisture is not always necessary
for the liberation of spores. For the so-
called dry spore fungi, an absence of
moisture aids the freeing of spores.

When the spore mass—the sporan-
gium—of the common black bread
mold is exposed to dry air, the wall col-
lapses and frees a mass of dry, powdery
spores, which are blown away.

The fungus Penicillium belongs to
another group, in which the spores
float down in dry air. Blue mold con-
tamination results if their final landing
place should be uncovered food or
culture plates in a laboratory.

IN SPORE DISPERSAL, water is not the
only agent. Air.currents, the insects,
animals, and some other means all
take part. Water, however, is a com-
mon and often the chief agent.

In the bird’s nest fungi (Crucibulum
and Cyathus) rain splashed into the
spore-bearing cups often is dashed out
again, carrying with the drops the egg-
shaped bodies that contain the spores.

In some fungi the spores when dry
are firmly attached to the substrate by
a kind of mucilage in which they are
embedded. Raindreps wet the surface
and swell the mucilage, thus forcing
the spores out of their enclosing case
and floating them freely over the sur-
face in a film of water. Later raindrops
remove the freed spores elsewhere.

Rainwater percolating through the
earth carries spores of many kinds of
fungi down into the soil. The patho-
genic fungi are thus put in a position
to attack roots and underground stems.
Rain trickling over the surface of tree
trunks spreads certain spore stages,
such as those of the chestnut blight
fungus. The movement of the surface
water, such as irrigation water, runoff
water in erosion, or the drainage water
from ponds, or brooks, or the head-
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waters of a stream, also can transfer
spore masses.

Another type of dispersal utilizes
hidden water, the water present in the
contents of the cells. Discharge and
dispersal of spores involves mostly the
bursting of turgid, or swollen, cells.
Water in some form is necessary to
produce and maintain turgidity.

The numerous means by which this
type of dispersal is effected suggest the
activities of a fungus ““micro-arsenal,”
strictly governed by the laws of physics
and gravity, triggered by response to
light, and adhering to the principles of
flight. The mechanisms are efficient
and often capable of sustained and re-
peated action. Ejection of spores from
a turgid fruiting body is accomplished
by the bursting of the cell wall, made
taut by the hydrostatic pressure built
up inside the cell. Drops of liquid
under pressure are enclosed within a
tightly stretched body, usually spheri-
cal in shape. The actual break may
be explosive, and the spores are cata-
pulted away from the fruiting body.

Other types of escape are equally
efficient in freeing the spores. Often
they are spectacular. Spores are dis-
persed in clouds or streams of spore
masses or in tendrillike threads. They
are ejected singly or in small groups.
The fruiting bodies open by long, vase-
like beaks, by minute, hinged lids, or
by the bursting of the highly turgid
cells along a line of weakness in the
cell wall. In one group of fungi the
fruiting bodies actually turn them-
selves inside out by the pushing out of
an inner wall.

How do spores floating in the air or
carried by winds come to rest, renew
their cycles, and (in the case of patho-
genic fungi) cause plant disease?

THE DESCENT OF THE SPORES present
in the air onto suitable substrates is
accomplished in several ways. A spore
floating on the air currents or carried
by the wind may become stuck to a
stationary object in its path. Spores
are deposited on varied surfaces in the
course of being carried up or down or
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sideways during the irregular mixing
of small and large airmasses, called
eddies; in settling by gravity from out
of still air; during exchange of air at
the layer between zones of turbulent
air currents and zones of still air; and
by rainwash.

Rain probably does the most to
bring spores of small-spored fungi to
the ground. Kept aloft in turbulent
air, they are likely to float over and
past solid objects unless picked up and
given a ride to the ground by rain-
drops. Natural raindrops posscss the
greatest collection efficiency for most
spores. For the vast number of leaf
and stem parasites, however, raindrops
are not eflective in landing the spores
on suitable substrates for their germi-
nation and growth. One or another of
the methods we have mentioned is
then operative.

GERMINATION begins and proceeds
after the spores have landed in a
favorable place under favorable con-
ditions. Temperature and moisture
usually must be held in balance, par-
ticularly in the small space around the
plant on which the sporc lands.

Many fungi need films of fluid water
for germination. Others can germinate
in water or a humid atmosphere.

Even though the air about us some-
times seems very dry, enough moisture
for spore germination may exist at the
plant level. That happens when the
temperature of the leaf surface is lower
than that of the surrounding air and
moisture condenses out of the air onto
the leaves. Sometimes, also, dew re-
mains on the leaf surfaces for several
hours during a day when air move-
ment is too slight or the sunlight is not
intense enough to cause evaporation.
And, lastly, even when the humidity
is not particularly favorable, germina-
tion can proceed in still air, probably
because of stimulation by some gas
exhaled or liquid excreted from the
leaf surfaces.

The mechanisms for the germination
of fungi are various. Some spores form
germ tubes directly, usually in the
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presence of free water. The germ tubes
are long, fingerlike structures that
penetrate the host tissue.

Spores of other fungi put out a short,
thick tube, the promycelium, on which
are borne even smaller spores, which
in turn produce the fungus threads, or
hyphae, that grow into the host.

Other fungi reproduce by means of
swimming spores, called zoospores, or
swarmspores, propelled by one or more
whiplike lashes. The swarmspores
swim around for a while in the film of
water on a leaf surface. Then they
come to rest and producc germ tubcs.

Germination by any method finally
produces the fungus thread, or hypha,
with which the fungus actually starts
growing. The hyphae of some disease-
causing fungi invade the host by taking
advantage of openings, including the
breathing pores, or stomata, on leaf
surfaces of all plants, or the water
pores that occur in groups on the mar-
gins of the leaves of some plants.
Wounds that cause breaks in plant
tissues also serve as paths of entry.
Other fungi do not need already pre-
pared entrances, but push themselves
directly into the host tissue.

DISEASES ATTACK our crops when
pathogenic fungi become established in
the hosts. Water aids the onsct, spread,
and ultimatc severity of plant diseases.

A striking example of the effect of
rainfall in limiting the area of occur-
rence of a disease was discovered when
cottonfields were examined to deter-
mine the incidence of cotton seedling
diseases and boll rots. Cotton an-
thracnose (Glomerella gossypir) was found
to be constant and important in the
region of high summer rainfall in the
eastern part of the Cotton Belt, al-
though it is nearly nonexistent in the
western part, which has less rainfall.
Occurrence and absence of the disease
are separated as though by a line
through the eastern part of Texas
and Oklahoma. The land on one side
of the line gets an average of 10
inches of rain in summer; land on the
other side has more than 1o inches.
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Within the eastern Cotton Belt, more-
over, spore production is relatively
abundant on cotton seed grown in the
humid areas near the coast and gen-
erally lower in the inland sections,
where humidity tends to be low. No
spores are produced on cotton in the
subhumid and semiarid regions of
Texas and Oklahoma.

The map shows the relationship of
average summer precipitation to the
distribution of cotton anthracnose.

Knowledge of this distribution helps
to control seedling discases. Anthrac-
nose, the most destructive cause of
seedling disease in the castern part
of the Cotton Belt, is scedborne and
can be controlled by seed treatment
with fungicides. The soilborne infec-
tion most prevalent in the West, how-
ever, must be combated by chemicals
and methods useful against soil fungi.

Rain spreads many plant diseases.
The spores of the fungus Colletotrichum
lindemuthianum, which causes anthrac-
nose of dwarf and runner beans, are
produced on bean pods in pink, slimy
masses. Rain falling on the diseased
plants makes drops that splash onto
neighboring healthy plants and carry
the infection to them.

In a humid atmosphere the spores of
the potato late blight fungus, Phytoph-
thora infestans, are produced on aerial
conidiophores that emerge from the
stomata of the leaves. Rain washes
the conidial spores to the ground below
and through the soil, where they
infect the tubers.

We have many examples of the effect
of high and low humidities on the
occurrence and the spread of disease.
Infection of lettuce leaves by the
downy mildew fungus Bremia lactucae
takes place when the air is saturated
with moisture; that is, at 100 percent
relative humidity. If the air is moving,
conidia of the apple powdery mildew
organism, Podosphaera leucotricha, ger-
minate and infect apple leaves only
at 100 percent relative humidity. On
the other hand, several species of
Erysiphe, another powdery mildew,
can attack their hosts at low relative
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humidities—a25 to 55 percent. Partial
wilting of the host tissue in the dry
air apparently aids the penetration by
these fungi.

An example of a basic minimum
humidity requirement for infection is
given by Helminthosporium oryzae, which
attacks rice. Infection by it cannot
take place at less than 8o percent
relative humidity.

Water is an efficient agent in spread-
ing soil-inhabiting pathogenic fungi
from place to place. Drainage, flood,
and irrigation waters carry the organ-
isms from infested soils to previously
frec areas. The tobacco black shank
fungus, Phytophthora parasitica var. nico-
tianae, as well as numerous other spe-
cies of Phytophthora and many other soil
fungi, have invaded new locations in
that way. They may become distrib-
uted throughout the basins of streams
and rivers {rom original infestations in
the upper valley, as is true of Phymato-
irichum omnivorum, the destructive root
rot fungus of the Southwest.

Moisture acts variously to favor or
inhibit ‘the production of disease by
soil-inhabiting fungi. Some organisms
require a great deal of moisture; others
need rather dry soil. Among others,
again, the requisite amount depends
on the stage of development reached
by the fungus. .

Fungi in general are strongly aero-
bic; that is, they must obtain their
oxygen from the air. For survival and
growth of soil-inhabiting fungi, there-
fore, the soil must contain at least a
minimum amount of air. Increase and
diffusion of the air in the soil permits
greater activity of soil organisms. The
drier the soil, the greater the degree of
soil aeration.

Thus the activity of most soil fungi.
depends on the balance between their
specific moisture requirements and
their need for air.

A root rot of avocado is caused by
the soil fungus Phytophthora cinnamoma.
Plantings on overirrigated or flooded
locations where this fungus is present
in the soil are severely. affected. The
excess of moisture prevents adequate
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soil aeration. The rootlets of the host
are injured because of lack of oxygen
and other soil gases, and the fungus
enters through the injured portions.
Many other members of the genus Phy-
tophthora need only high soil moisture
to produce disease in various plants.

Another organism prevalent in cool,
wet soils is Plasmodiophora brassicae, the
cause of clubroot of cabbage. Soil
moisture must be more than 45 percent
of the water-holding capacity for in-
fection by this fungus. The disease de-
velops rapidly after a season of heavy
rains, and severity increases along with
soil moisture.

Sclerotinia sclerotiorum is a soilborne
fungus that causes wilting and rotting
of lettuce, cabbage, tomato, beans,
peas, and many other plants. Its chief
means of survival from season to season
are sclerotia—compact masses of hy-
phae that produce the fruiting bodies
of the fungus under proper conditions
or may act as a sort of reproductive
stage themselves. These sclerotia have
been known to survive in dry soil for
11 years. If the soil is kept flooded with
water, however, the sclerotia are de-
stroyed in 6 to 12 weeks. Flooding is
sometimes used to control them. High
soil moisture favors the development
of this fungus, but flooding results in a
lack of soil aeration, which is probably
the chief factor in the death of the
sclerotia.

Among fungi favored by low soil
moisture are some of the smuts that
attack our cereals and grasses. Spores
of oat smut (Ustilago avenae) germinate
best at low soil moisture, and germina-
tion decreases as soil moisture increases.

NONPATHOGENIC micro-organisms do
outnumber greatly the forms that cause
disease. The range of moisture within
which the thousands of species in this
larger class remain alive is exceedingly
wide. The range within which they
grow is smaller and varies with the
species. Airborne dust—even adobe
brick sun dried many years ago—
commonly contains viable organisms.

Bacteria survive the most extreme
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desiccation that laboratory technicians
can devise, if the procedure is carried
out at very low temperature. Micro-
organisms in thoroughly dried materi-
als are dormant and accomplish nei-
ther beneficial nor injurious activities.
Their ability to survive dryness insures
that they are almost always present to
initiate decay when conditions again
become favorable. Thusa sterilized food
exposed to the atmosphere quickly be-
comes contaminated by dustborne mi-
crobes. A field soil remoistened after pro-
longed drought usually contains as var-
ied a microflora as it did before drying.

Because micro-organisms commonly
occur in dust, water that falls as rain,
hail, or snow may contain a surpris-
ingly large microbial population.

Many more bacteria are found in the
raindrops at the beginning of a shower
than after a long rain. Rain over cities
contains more microbes than rain fall-
ing on upland forests or pastures. Rain
falling on large cities may wash down
yearly as many as 5 million organisms
to each square yard. Such an estimate
is based on the knowledge that rain
contains from 1 to 25 micro-organisms
per gram. (Expressed per teaspoonful,
those numbers would be multiplied
nearly 5 times.)

In water falling as snow, the num-
bers are usually larger than those in
rain, presumably because of the larger
surfaces of the snow particles. As many
as 500 microbes per gram of snow and
20,000 per gram of hail have been en-
countered. Snow in the high moun-
tains and the water from glaciers are
practically sterile.

Surface waters also contain varying
numbers of microbes. Streams below
large cities and lake or ocean waters
adjacent to cities usually contain many
more organisms than does water more
isolated from any human or domestic
animal populations. Plant debris in
water promotes micro-organic growth,
just as a profuse microscopic life pro-
vides food in turn for larger aquatic
animals.

The number of micro-organisms in
the runoff from cultivated soil depends
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on the amount of total suspended soil
and on the amount of organic matter
in the soil. Because much of the fresh
organic material of soil is near the
surface and many micro-organisms
are associated with it and with the
finer soil particles (which are readily
subject to sheet erosion), conditions
are ideal for loss of micro-organisms in
the runoff.

J. K. Wilson and H. J. Schubert, in
research at Cornell University, found
there were 180 to 400 times as many
organisms for each gram of solid ma-
terial in the runoff as there were in the
soil from which the runoff came. They
concluded that the runoff from light
rains carries relatively dense microbial
populations because of the high pro-
portion of finer and lighter material,
while heavy rains produce a runoff
carrying a sediment more nearly like
that of the whole soil.

Because in most agricultural soils the
organic matter content decreases with
depth, a continuing erosion cventually
yields a runoff whose microbial con-
tent is not ncarly so large as that
present in the uneroded normal top-
soil of the same general area.

MaNY MICRO-ORGANISMS can flourish
under a moisture tension that is much
too stringent for the growth of higher
plants. Plant roots cannot obtain water
for growth from a soil atmosphere of
appreciably less than 100 percent
relative humidity. The lowest suitable
limit usually is put slightly below g9
percent. Various microbial species can
grow at relative humidities as low as
75 percent if temperature and other
conditions are suitable.

Many agricultural products of low
moisture content, if exposed long
cnough to an atmosphere of 75 percent
relative humidity or higher, take up
enough moisture to permit the growth
of molds and bacteria.

Just as plants reach the wilting point
at differing percentages of moisture
content in different soils, the moisture
content at which microbial growth
can be started varies among different
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materials. For shelled corn this value
is commonly taken as 15 percent mois-
ture, dry weight basis. For alfalfa hay
it is roughly 20 percent. Other factors,
particularly temperature, are impor-
tant. Soybeans can be stored safely at
14 percent moisture content for 2 to 5
months in cool weather, but a moisture
contentof 12 percent or lower is needed
for safc storage during the summer.

At the favorable moisture content,
it takes a longer time for spoilage tc
start as the temperature of storage is
lowered {from ordinary room tempera-
ture to near freezing. At a favorable
temperature, more time is needed for
microbial growth as the moisture
content, either of the material itself
or of the surrounding atmosphere,
becomes less favorable.

T. J. R. Macara, in studies at Cam-
bridge University, found that meat
first dried and then stored at 100
percent relative humidity developed
mold growth after g days, and after
7 days if it was stored at 85 percent
humidity. In storage at 75 percent
relative humidity, mold growth was
delayed until 40 days. He found no
microbial growth when the meat was
stored 200 days at 65 percent humidity.

Foodstuffs and apparel usually can
be stored successfully in subhumid and
temperate climates if their moisture
content at the start is below the critical
content required for microbial growth.
But the same materials, even though
initially dried to an even lower mois-
ture content, cannot be stored unpro-
tected in a warm climate wherc high
humidities may persist for rather long
periods. Shoes, clothing, papers, and
other common materials are quickly
subject to a microbial attack under
tropical conditions.

Once microbial growth begins in a
material containing the barely suffi-
cient, or threshold, moisture content,
that substrate tends to become in-
creasingly favorable because water is
one of the commonest end products of
decomposition. Assuming that micro-
organisms are go-percent efficient in
converting foodstuffs to the substance
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of their own bodies, the complete
rotting of a bushel of shelled corn (if
the conditions are favorable) can be
expected to yield about go pints of
water. Many of the organisms devel-
oped in the course of the decomposi-
tion themselves by that time would
have decayed, and yielded additional
water. The release of moisture is one
of the reasons why rotting is autocata-
lytic—or, as it is sometimes said, one
bad apple can spoil a barrel.

A moisture stress too rigid for micro-
bial activity can be brought about by
actual lack of water and by a high
osmotic pressure. Brine has plenty of
water, but its salt content makes it
hard or impossible for micro-organisms
to take water from the solution.
Water, indeed, is actually withdrawn
from the bodies of micro-organisms
grown elsewhere and transferred into
a concentrated salt solution. Different
salts may inhibit microbiological de-
velopment in different ways because
of their specific ion effects, regardless
of their osmotic pressure.

Many microbes can grow at hlgher
osmotic pressures than plants can.

Many saline and alkaline soils are
unsuited for cultivation not because
of any lack of beneficial soil organisms
or any restriction of microbiological
activity that has to do with fertility.
Indeed, the improvement obtained in
an alkaline soil by an addition of
sulfur hinges on microbial activity—
certain bacteria render the sulfur
effective by oxidizing it to sulfuric acid.

The best conditions for many de-
sirable microbial transformations in
the soil occur when there exists the
maximum amount of water that is
compatible with adequate aeration
and the osmotic pressure of the water
is suitable. For many microbial proc-
esses in soil, the optimum moisture con-
tent is the content present at the aera-
tion porosity limit, or at 0.05 atmos-
phere of tension. As a rough approxi-
mation, this content is sometimes taken
as 60 percent of the maximum water-
holding capacity.

When soil water content goes down
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from the field moisturc capacity to the
permanent wilting percentage for
plants, a negligible decrease occurs in
microbial activity in the upper part
of this moisture range. As the wilting
point is approached, microbial activity
drops sharply, and some organisms
are checked entirely. Several factors
can be responsible, but the decreasing
solvent effect of the thinner moisture
film and the inadequate diffusion of
the waste or toxic products of micro-
bial growth are the chief causes.
Different micro-organisms vary as to
the moisture content at which they are
most active. That is due largely to
their differing ability to grow in the
shortage of oxygen which develops
as the soil pore spaces become filled
with water instead of with air. Fungi
as a group depend much more on
adequate aeration than bacteria do,
and fungal growth in soil therefore is
the more sharply curtailed as condi-
tions of moisture saturation are ap-
proached. When moisture content
goes below field saturation, the fungi
become increasingly numerous in the
soil microbial population. In our
laboratory we have enumerated go
times as high a fungus pepulation in
a sandy soil maintained 15 days at
5.6 percent moisture as we encountered
in the same soil maintained saturated.
Algae, in contrast to fungi, grow
best in soil whose moisture content is
not sharply bclow that at which
gravitational water is present in the
larger pore spaces. Algae commonly
are present in ponded waters. The
nitrogen-fixing algae are believed
partly responsible for maintaining
nitrogen fertility in rice paddies. At
times algal growth becomes heavy
enough in reservoir water to make it
unfit in odor and in taste for drinking.
Some pigmented algae, which can
survive drought and then develop

rapidly when conditions become favor-

able, sometimes impart a reddish or
greenish appearance to soil surfaces
after a few days of humid weather.
Growth of these algae is of little
significance in soil fertility. Their
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growth energy is obtained from light,
and their nutrient demand upon the
soil is negligible.

The most favorable moisture content
for many beneficial microbial changes
in soil corresponds closely to the opti-
mum for most of our common field
crops. Minor variations may occur.
The optimum soil moisture for nitrifi-
cation is usually slightly lower than
that for the decay of organic matter
and for ammonification. That for
nitrogen fixation is slightly higher.
Increasing the moisture in the soil to
saturation stops nitrification entirely.
A less drastic increase in the water
content more sharply curtails nitrifica-
tion than it does ammonification and
nitrogen fixation.

J. E. Greaves and E. G. Carter, of
the Agricultural Experiment Station
in Utah, discovered that both ammo-
nification and nitrification usually are
at their highest when the soil contains
60 percent of its water-holding capac-
ity. Increasing the soil moisture to 8o
percent of the water-holding capacity
reduces nitrification to 10 percent, am-
monification to 44 percent, and nitro-
gen fixation to go percent of the re-
spective values determined at the
optimum moisture content.

Flooding of soil, especially of a fertile
soil containing any large amount of
organic matter, encourages several
undesirable bacterial transformations.
Because numerous organisms can use
oxygen that is in chemical combination
with other elements, microbial activity
under anaerobic conditions results in
the reduction of various soil com-
pounds. Some of these reductions ad-
versely affect soil fertility and plant
growth. Nitrogen present as nitrate
nitrogen is subject to denitrification
and loss to the atmosphere as gaseous
nitrogen. Depletion of the soil nitrogen
by micro-organisms then is in excess of
their needs for nitrogen for building
their own bodies. Reduction of nitrate
nitrogen to atmospheric nitrogen in-
volves the removal of all the combined
oxygen. Partial reduction, or removal
of only a part of the combined oxygen,
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results in the formation of nitrite, a
compound that is toxic to plant roots
when present in more than a few parts
per million.

Both sulfates and elementary sulfur
are reduced to sulfides in overwet
soils. Hydrogen sulfide even in very
small amounts is poisonous to plants;
it is largely responsible for the foul
odor that develops following the pond-
ing of water on fertile soil or over plant
debris. The anaerobic conditions re-
sulting from waterlogging greatly in-
crease the less highly oxidized forms of
manganese at the expense of manganic
oxides. Ferric iron similarly is reduced
to ferrous iron. The greater solubilities
of these reduced compounds render
many waterlogged soils less suitable for
plant growth. In the absence of organic
matter to promote microbial activity,
the solubility of iron, manganese, and
certain other elements is not increased
when soil is flooded.

The growth of micro-organisms in a

flooded soil reduces percolation, or

the movement of water downward
through the soil. The reduced per-
meability appears to be due to a
mechanical sealing, in which the soil
pores become clogged with microbial
bodies or their products of growth.
In the construction of ponds for stock
watering, such sealing is desirable,
and straw or other food material may
be mixed with the soil over which
water is to be ponded in order to
encourage a profuse development of
micro-organisms. In the use of water
ponding for recharging the under-
ground water supply or for leaching
excess salinity from the soil: profile,
microbes are undesirable to the extent
that they interfere with the movement
of water through soil.

Continuous waterlogging favors the
preservation of organic matter; it does
not favor decomposition of residues.
The formation of peat exemplifies the
effect of submergence on plants. Its
formation requires an abundance of
plant growth and insufficient drain-
age, and (with the exception of a few
large basins like the Florida Ever-
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glades) it occurs most commonly in
temperate and subtemperate regions.

The failure of micro-organisms to
mineralize submerged plant material
thoroughly is due to several factors.
One is that conditions of environment
remain so much the same that different
organisms fail to grow. Another is that
acrobic fungi, which are primarily
responsible for the decay of lignin (the
woody constituent in plants) do not
develop. Fats, waxes, and resins also
largely escape decomposition. The
sugars, starches, and plant proteins in
bogs are first decomposed; the hemi-
celluloses and celluloses rot more
slowly. Lignin and related materials
therefore form a larger percentage of
the organic matter remaining in peat
than they do of the mosses, reeds, or
sedges that are the source of the
organic matter. Without air, sugars
and starches are not completely oxi-
dized to carbon dioxide and water
but are only partially fermented and
remain as organic. acids. The acids,
in the absence of an abundant supply
of calcium to neutralize them, in turn
inhibit decomposition.

Water is essential for the microbial
activity, but only under an excess of
water do micro-organisms fail to de-
stroy plant material as rapidly as it can
be formed. If drainage is adequate,
organic matter- does not accumulate
in the humid Tropics, even though a
tremendous tonnage may be produced
yearly. But in the desert the annual
rainfall, however small, is enough to
permit microbial decomposition of all
plant debris normally returning to
the soil in that climate. Only in bogs
does plant growth exceed plant de-
composition. The two processes again
come into normal balance only follow-
ing recession of the water table or the
building up of the accumulated or-
ganic matter to the surface of the water.

Paur R. MILLER, a pathologist in the
Horticultural ~ Crops  Research  Branch,
Agricultural Research Service, began in
1935 o develop survey lechniques and
conduct field studies of diseases that occur
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on major economic crops, including peanuts,
tobacco, cotton, and vegetables. Dr. Miller
directs a plant disease forecasting service
in  cooperation with Siate agricultural
experiment station pathologists, the United
States Weather Bureau, and national farm
chemicals and equipment associations.
Francis E. CLARK, a bacteriologist
in the Soil and Water Conservation Re-
search  Branch, Agricultural  Research
Service, is a gmduate of the University of
Colorado. Since joining the Department in
1936, he has had wide experience with the
many micro-organisms concerned with nu-
trient transformations in soil. Much of his
earlier service was at Kansas State College -
and Iowa State College.

Trends in the
Utilization
of Waiter

Karl O. Kohler, Jr.

Five developments since 1940 have
made us realize that we must take im- -
mediate steps to increase the conserva-
tion, improve thc utilization, and ex-
pand the administration of our water
resources. They are the Second World
War, increases in population, shifts in
industry, droughts, and pollution of
streams and lakes.

Our population has grown far above
normal expectations—and so has the
amount of water needed to produce
food and fiber and to fill the countless
other needs people have for water. We
estimated in 1940 that our population
in 1975 would be 175 million. Since
then we have had to revise that esti-
mate to 200 million.

A major shift in population began at
the outbreak of the war. The popula-
tion of six Far Western States, for ex-
ample, increased 25 to 52 percent be-
tween 1940 and 1950. The national
increase was 15 percent.

Industrial expansion (and with it a
hcavy demand for water) moved west



Trends in the Utilization of Water

glades) it occurs most commonly in
temperate and subtemperate regions.

The failure of micro-organisms to
mineralize submerged plant material
thoroughly is due to several factors.
One is that conditions of environment
remain so much the same that different
organisms fail to grow. Another is that
acrobic fungi, which are primarily
responsible for the decay of lignin (the
woody constituent in plants) do not
develop. Fats, waxes, and resins also
largely escape decomposition. The
sugars, starches, and plant proteins in
bogs are first decomposed; the hemi-
celluloses and celluloses rot more
slowly. Lignin and related materials
therefore form a larger percentage of
the organic matter remaining in peat
than they do of the mosses, reeds, or
sedges that are the source of the
organic matter. Without air, sugars
and starches are not completely oxi-
dized to carbon dioxide and water
but are only partially fermented and
remain as organic. acids. The acids,
in the absence of an abundant supply
of calcium to neutralize them, in turn
inhibit decomposition.

Water is essential for the microbial
activity, but only under an excess of
water do micro-organisms fail to de-
stroy plant material as rapidly as it can
be formed. If drainage is adequate,
organic matter- does not accumulate
in the humid Tropics, even though a
tremendous tonnage may be produced
yearly. But in the desert the annual
rainfall, however small, is enough to
permit microbial decomposition of all
plant debris normally returning to
the soil in that climate. Only in bogs
does plant growth exceed plant de-
composition. The two processes again
come into normal balance only follow-
ing recession of the water table or the
building up of the accumulated or-
ganic matter to the surface of the water.

Paur R. MILLER, a pathologist in the
Horticultural ~ Crops  Research  Branch,
Agricultural Research Service, began in
1935 o develop survey lechniques and
conduct field studies of diseases that occur
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on major economic crops, including peanuts,
tobacco, cotton, and vegetables. Dr. Miller
directs a plant disease forecasting service
in  cooperation with Siate agricultural
experiment station pathologists, the United
States Weather Bureau, and national farm
chemicals and equipment associations.
Francis E. CLARK, a bacteriologist
in the Soil and Water Conservation Re-
search  Branch, Agricultural  Research
Service, is a gmduate of the University of
Colorado. Since joining the Department in
1936, he has had wide experience with the
many micro-organisms concerned with nu-
trient transformations in soil. Much of his
earlier service was at Kansas State College -
and Iowa State College.

Trends in the
Utilization
of Waiter

Karl O. Kohler, Jr.

Five developments since 1940 have
made us realize that we must take im- -
mediate steps to increase the conserva-
tion, improve thc utilization, and ex-
pand the administration of our water
resources. They are the Second World
War, increases in population, shifts in
industry, droughts, and pollution of
streams and lakes.

Our population has grown far above
normal expectations—and so has the
amount of water needed to produce
food and fiber and to fill the countless
other needs people have for water. We
estimated in 1940 that our population
in 1975 would be 175 million. Since
then we have had to revise that esti-
mate to 200 million.

A major shift in population began at
the outbreak of the war. The popula-
tion of six Far Western States, for ex-
ample, increased 25 to 52 percent be-
tween 1940 and 1950. The national
increase was 15 percent.

Industrial expansion (and with it a
hcavy demand for water) moved west
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and south. The availability of low-cost
hydroelectric power drew a great deal
of the wartime industry to the Pacific
Northwest.

Large increases in the acreage under
irrigation in the Far West and the
rapid introduction of supplemental ir-
rigation throughout the Midwest and
in the Eastern and Southern States
contributed to the much heavier con-
sumption of water.

In 1939 there were 17,243,396 acres
in irrigated farms in the 17 Western
States. By 1949 the acreage had risen
39 percent to 24,270,566 acres. The
increase in the remainder of the coun-
try was 105 percent—from 439,434 to
1,516,894 acres. The lands in irrigated
farms in 1954 were estimated to be
about 27.5 million acres.

Recurring droughts are a normal
feature of climate in southern parts of
the Great Plains. A critical period of
drought began there in 1950. Similar
conditions have existed in parts of the
West, the Midwest, and the South.
Municipalities had to find new sources
of water to supplement or replace their
supplies. Industries had to develop
more of their own water supplies. Sat-
isfying the needs of human beings and
livestock for water became a serious
problem in many sections.

The rapid industrial expansion since
1938, along with reduced streamflow
in the drought areas, has accelerated
the growing problem of pollution of
streams and rivers. The seriousness of
the situation is becoming more appar-
ent to the public because pollution is
discouraging industrial expansion in
some regions. It also threatens numer-
ous municipal water supplies.

The Geological Survey estimated
that an average of approximately
4,300 billion gallons of water are
released daily over the Nation through
precipitation. What happens to it?

Upon falling on the land surfaces,
part of the precipitation infiltrates into
the ground. Part of it runs off over the
ground surface. Some evaporates back
into the atmosphere. The part that
moves into the ground and the part
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that gets into the waterways becomes
the Nation’s primary water-develop-
ment resource potentials. As portions
of them are used, the waste water and
return flow again move back into the
waterways, where some percolation
and evaporation take place. The resid-
ual flow continues until it is stopped
at a lake, sea, or ocean, {rom where
evaporation is a continuing process.

The process appears to be a simple
explanation of the movement of the
earth’s water, but there are many
vagaries about the relationships be-
tween and within the various factors
that make up the water cycle. Neces-
sarily, only average figures can be
uscd in describing the factors that
relate directly to the production of the
country’s water. The averages differ
greatly between any series of years and
with many local conditions.

The average annual precipitation in
the United States is about 30 inches.
About 22 inches, or 7o percent, of it
may return to the atmosphere directly
through the evaporation and transpira-
tion. The remainder is available to
streams and underground supplies.

The distribution of the precipitation
on a national basis is not uniform. For
example, the 17 Western States, which
have about g4 percent of the irrigated
land and 60 percent of our land area,
receive only about 25 percent of the
total precipitation.

The present fresh water demand on
our surface and ground-water supplies
is estimated by the Geological Survey
to be about 63,000 billion gallons a
year. That would approximate 4 per-
cent of the total annual precipitation,
or 13 percent of residual precipitation
after accounting for the evaporation
and transpiration losses. Of this sup-
ply, 83 percent is derived from surface
waters and 17 percent from the ground
water.

THE GREATEST SINGLE Ust of fresh
water in the United States is for irriga-
tion—75 billion to 100 billion gallons
a day, or about half of the fresh water
we use annually.
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The next largest water consumer is
industry and steam powerplants,which
are estimated to requirc daily about
70 billion gallons of fresh water used
in the plants, besides the brackish and
salt water used for cooling. Examples
of industrial requirements are: 18
barrels of water to refine a barrel of
oil; 300 gallons of water to make a
barrel of beer; 10 gallons of water to
refine a gallon of gasoline; 250 tons of
water for a ton of sulfate wood pulp;
and 600 to 1,000 tons of water for each
ton of coal burned in a steam power-
plant.

A large paper mill uses more water
each day than does a city of 50,000
inhabitants.

We assign the highest preferential
use for water to the domestic use. That
water must be fit for human consump-
tion and always be available. The
Public Health Service reported an
average water requirement of 137 gal-
lons a person a day—about 6o gallons
a day in communities of 500 or fewer
people to about 180 gallons a day in
cities of 10,000 population or more.

THE cHANGING AMERICAN diet now
includes more animal products, fruits,
vegetables, and sugar, and fewer grain
products and potatoes. The increase in
cropland requirements for food pro-
duction because of thc inclusion of
morc livestock products in our diet
since thc beginning of the Second
World War is o.14 acre a person,
making a total of 2.5 acres of cropland
needed to support cach person. The
equivalent of the production of 100
million acres may be required by 1975
to meet the requirements of our larger
population. Because the land available
for new production is limited, the in-
crease in food requirements will be
associated directly with use of water
through irrigation and with the planned
increase in production on lands now
being farmed.

The application of water in irriga-
tion is relatively inefficient, and the
annual delivery to a farm may range
from less than an acre-foot (325,850
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gallons) up to more than 4 acre-feet
(2,280,950 gallons) an acre. A cutting
of alfalfa requires about 325,800 gal-
lons of water an acre, and a crop of
cotton, 800,000 gallons.

The efficiencies with which farmers
apply their irrigation water to their
crops may range from 15 percent to go
percent—that is, from 15 to go percent
of the water they turn onto a field will
be made available to the plant roots;
the remainder will be lost as runoff,
deep percolation, and evaporation.

Problems related to the water table
are many and varied and often are
acute in the irrigated areas of the West.
The use of surface waters for irrigation
usually is accompanied by a rising
water table, although in some condi-
tions the percolating waters actually
assist in the recharge of aquifers in
adjoining arcas or move downslope
and interfere with the use of lower
lying lands. When the water table
rises too near the surface, it can pro-
duce drainage, salinity, and alkali
problems, which must be corrected if
cropping is not to be limited.

Of the many examples of the prob-
lems associated with the lowering of
water tables, the following are cited by
Harold E. Thomas in his book, 7#%e
Conservation of Ground Water, published
by McGraw-Hill Book Co., Inc., in
1951. :

In the Santa Cruz Valley in Arizona,
the withdrawal was 420,000 acre-feet
in 1941, 730,000 acre-feet in 1945, and
1,250,000 acre-feet in 1949. The aver-
age annual replacement from all the
sources was estimated in 1942 as
215,000 acre-feet. The water table
dropped 50 feet in g years in the Eloy
area.

The ground-water supply in the An-
telope Valley in California appeared
to be inexhaustible in 1910. Artesian
wells had pressures of more than 10
pounds the square inch and flowed goo
gallons a minute. Many of the wells
ceased to flow by 1920. The annual
pumping rate in 1950 was 110,000
acre-feet; the estimated replenishment
was 65,000 acre-feet. The water level
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in the wells has been declining at the
rate of 3 feet a year.

The town of Fessenden, N. Dak.,
drained most of a small aquifer with
its municipal pumps in 20 years. It
then found a new aquifer 5 miles away
and in 4 years of pumping reduced its
output from 100 to 10 gallons a min-
ute. The town then had to haul 15,000
gallons a day from an adjoining city
until another aquifer was developed 7
miles from town.

Pollution of the ground waters also
occurs as a result of overdraft. Salt
water has intruded into the under-
ground water supply in parts of the
Salinas Valley and along the coastal
area near Los Angeles. In the El Paso
area in Texas and in the Walton-
Mohawk area in Arizona, overdrafts
of wells have brought an increasing
percentage of minerals in the waters.
The water in some wells in the latter
area is now adjudged “injurious to
unsatisfactory” for irrigation.

Siltation is associated with the prob-
lems of water in several ways. Carl B.
Brown, of the Department of Agricul-
ture, in his book, The Control of Reser-
voir Silting, wrote: ‘“T'wenty-one per-
cent of the Nation’s (municipal) water
supply reservoirs will have a useful life
of less than 50 years, another 25 per-
cent will last from 50 to 100 years,
whereas only 54 percent will provide
enough storage to suffice for present
requirements (not estimated future
needs) 100 years from now.”

The loss of storage through siltation,
besides making the water storage cost-
ly, can result in new problems when
additional storage sites are not avail-
able. Reservoirs filled with silt have
been abandoned and the water supply
systems have had to be reorganized if
no other storage sites were available.

Silty waters require treatment before
they can be used for domestic con-
sumption and for most industrial pur-
poses. Suspended matter cuts down
the penetration of the light on which
plants depend for photosynthesis and
the stimulation of growth and release
of oxygen. The entire ecological bal-
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ance—the natural beneficial inter-
relationship—is upset for the plant and
animal life that live in or on the silty
waters.

Problems in the arterial waterways
and smaller streams have been aggra-
vated by irregular water flows, varying
from floods to insufficient low flows.
With industry and municipalities ex-
panding along the waterways, the

damage from floods becomes greater.

The expansion and development of a
modern system of waterways has be-
come necessary to meet the demands
of the country. The multiple problem
of siltation, pollution, and uncon-
trolled waterflow must be solved to
maintain these waterways at a reason-
able cost to the Government.

INn sicNING the Water Facilities Act
on August 1%, 1954, President Eisen-
hower said: ““. . . we recognize that it
is absolutely urgent to conserve and
improve our water resources. . . . We
cannot afford to waste water. . . .”

On May 26, 1954, the President
appointed a Cabinet Committee on
Water Resources and Policy to review
all water policies and programs, to
assist in the coordination of activities
of the various Government agencies in
the field of water, and to give consid-
eration to national legislation on water
resources. A task force in the Commit-
tee on Organization of the Executive
Branch of the Government began to
gather similar information in regard to
national water legislation, and so did
the Water Resources Policy Commit-
tee of the National Water Conserva-
tion Conference.

Extended planning for the utilization
of the water resources of rivers must be
carried out on the basis of river basins.
Early legislation, such as the Reclama-
tion Act of 1go2, was intended primari-
ly to aid irrigation in the West. The
Flood Control Act of 1928 sought flood
control in the Mississippi River Valley,

Today, river-basin planning by Fed-
eral and State agencies encompasses
the interrelation of all the possible
water uses in the watershed—naviga-
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tion, flood control, irrigation, power,
municipal and industrial water sup-
plies, recreation, and wildlife. In 1928,
the Hoover Dam was approved as the
first multiple-purpose project specifi-
cally authorized by the Congress. Since
that time the multiple-purpose consid-
eration has been given to all similar
structures built by the Burcau of Recla-
mation or the United States Corps of
Engineers.

The multiple-purpose and interre-
lated use of river waters by private
interests is also becoming more com-
mon as the water resources become
more limited. The Big Creek Hydro
System in California is an example.
Since 1911, a private power company
has constructed a series of four storage
reservoirs and a regulating reservoir
on Big Creek and the adjoining south
fork of the San Joaquin. The system is
operated in conformity with down-
stream water rights, and it is now pos-
sible to salvage flood flows in the
spring and make them available to the
downstream irrigators in the summer
months of low streamflow. In normal
supply years, the storage that can be
made available is estimated at 80,000
acre-feet. Development of the four
reservoirs has opened the area to new
recreation interests, and resorts have
been built near each of the lakes.

" Farther downstream on the San
Joaquin River, the Burecau of Recla-
mation also has constructed a reservoir
to supply irrigation and domestic
water and provide flood protection to
the people in the San Joaquin Valley.

More than 100 bills pertaining to
water pollution have becn introduced
in the Congress in the past 50 years.
The Water Pollution Act was adopted
in 1048.

It recognized the primary responsi-
bilities and rights of States in the con-
trol of water pollution but. made it
possible for the Federal Government
to assist the States through grants and
loans for helping in pollution control
work and for conducting investiga-
tions, research, surveys, and studies on
pollution.

39

The Congress in 1954 made 1 mil-
lion dollars available to the Public
Health Service for the administration
of the act and for research, studies,
and surveys of the pollution problem;
some of which was to be done on a
cooperative basis with various States.

All States and Territories have some
agency or division that works on
problems of water pollution. In 1952,
24 States and Territorics spent less
than 28,000 dollars on pollution work;
15 States spent between 25,000 and
50,000 dollars; g spent between 50,000
and 45,000 dollars; 7 between 75,000
and 100,000 dollars; and 4 spent more
than 100,000 dollars.

A study by the Department of Health,
Education, and Welfare revealed that
in 1951 there were 11,800 sources of
municipal pollution and 10,400 fac-
tory-waste outlets into our streams and
lakes; 6,700 of the municipalities had
sewage treatment plants, but only
3,531 of the plants were of adequate
capacity; 2,595 of the industrial plants
were treating their waste water.

It was estimated. that about 2.5 bil-
lion dollars would be needed to make
new municipal plants and replace-
ments and additions and enlargements
to the present plants to bring them to
satisfactory operations. The increased
needs for the next 10 years would raise
the cost to an estimated total of about
4.5 billion dollars by 19671.

Research organizations have been
formed in various industries—such as
the paper, canning, dairy, and oil in-
dustries—in an effort to find .reason-
able methods for treating their waste
waters. The research is projected in
view of the possibility of reclaiming
some of the products in the waste water
at the same time the purification proc-
ess is taking place.

Examples of successful results of such
research:

A chemical company, ordered by
the State health department to abatc
its pollution, found the waste waters
had a high vitamin content. Today the
vitamins are the main product of the
company. :
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A steel company in the Ohio Valley
expended 516,000 dollars for a treat-
ment plant to prevent dumping of flue
dust into a river and ended up the
first year of operation with a profit of
581,000 dollars through the recovery
of reclaimed materials.

The distillery industry has for years
extracted dried grains and protein
concentrates for sale as cattle food.

Often, however, usable byproducts
cannot be reclaimed from the waste
waters, and the added cost of treat-
ment will have to be absorbed as pro-
duction expcnse.

According to B. A. Poole and Ralph
H. Holtje, in the Journal of the Ameri-
can Water Works Association, July
1954, an example of industrial prog-
ress in pollution abatement is in Indi-
ana where, between 1947 and 19583,
147 industries provided new treatment
facilities at a cost in excess of 29 million
dollars, an average of more than 3
million dollars a year. Even so, Indiana
still had about 200 industrial plants
without adequate treatment facilities.

A LARGE INCREASE in the proportion-
ate use of the presently developed sup-
plies of fresh water can well be made
through conservation and reuse. The
present supplies can be extended
through:

Adoption of laws for controlling the
conservation and distribution of sur-
face and ground-water resources for
beneficial use. Water conservation
generally results from the establish-
ment of new, or the improvement of
old, water laws. Good water laws es-
tablish a control of use among com-
petitive needs, protect the water rights
of the users, maintain a control over
the amount of available water, and
reduce misuse and wastage.

Planning on a river-basin basis for
natural resource developments where
all interrelated water users are in-
cluded.

Reclamation of what today is called
waste water.

More efficient reuse of industrial
waters.
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Better land-use practices to conserve
natural precipitation and reduce the
movement of sediment.

More eflicient handling and use of
irrigation water to reduce the losses in
transportation and increase the effi-
ciency of application. The water saved
can usually be used locally.

Intensified drainage, irrigation, and
flood-control activities.

Reduction of evaporation from water
surfaces. This opens a new field of in-
vestigation that may develop into a
way to conserve water.

NEw SOURCEs of water are being in-
vestigated and, to a degrce, utilized.
They include:

Reduction of losses through transpi-
ration by native vegetation. It is esti-
mated that in the 17 Western States
alone nonbeneficial plants waste 20
million to 25 million acre-feet of water
a year. If half of it could be salvaged
it would provide annually water equiv-
alent to 3 acre-feet on 1,700,000 acres.

More economical manufacture of
fresh water from sea water. Research
work to that end has been undertaken
by the Department of the Interior.

“Cloud seeding” for the inducement
or control of precipitation.

Additional deveclopment of under-
ground and surface water.

Asshortages appear, the less econom-
ical supplies will have to be developed
at a greater cost per unit of water.

The water-supply problems in Amer-
ica will be serious for years to come,
but they can be solved through the
organized efforts of the Nation.

KarL O. KoHLER, JR., is the director
of the Engineering Division for the Soil
Conservation Service in Washington, D. C.
He is a graduate of the State College of
Washington and has been employed in en-
gineering conservation work since 1935, with
the exception of g years spent as an engineer
with the Export-Import Bank. He also has
worked on irrigation problems and project
developments for the United Nations and the
Export-Import Bank in Mexico, Afghanis-
tan, India, and Thailand.



Where We Get Our Water

From Ocean to
Sky to Land
to Ocean

William C. Ackermann, E. A, Colman, and
Harold O. Ogrosky

The unending circulation of the
earth’s moisture and water is called the
water cycle. It is a gigantic system op-
erating in and on the land and oceans
of the earth and in the atmosphere
that surrounds the earth.

The cycle has no beginning or end-
ing, but because our discussion must
start someplace, we can think of it as
beginning with the waters of the oceans,
which cover about three-fourths of the
earth’s surface.

Water from the surface of the oceans
is evaporated into the atmosphere.

That moisture in turn is lifted and is
eventually condensed and falls back to
the earth’s surface as precipitation.

The part of the precipitation that
falls as rain, hail, dew, snow, or sleet on
the land is of particular concern to
man and agriculture.

Some of the precipitation, after wet-
ting the foliage and ground, runs off
over the surface to the streams. It is
the water that sometimes causes ero-
sion and is the main contributor to
floods. Of the precipitation that soaks
into the ground, some is available for
growing plants and for evaporation.
Some reaches the deeper zones and

slowly percolates through springs and
seeps to maintain the streams during
dry periods. The streams in turn even-
tually lead back to the oceans, where
the watcr originated. It is because of
this never-ending circulation that the
process has bccome known as the
water cycle, or hydrologic cycle.
About 80,000 cubic miles of water
are evaporated each year from the
oceans. About 15,000 cubic miles are
cvaporated from the lakes and land
surfaces of the continents. Total evapo-
ration is equaled by total precipitation,
of which about 24,000 cubic miles fall
on the land surfaces—equivalent to a
depth of 475 feet over all of Texas.

CircuLATION of the earth’s atmos-
phere and moisture can be thought of
as starting in the belt around the
Equator. Because more of the sun’s
energy is received near the Equator
than farther north or south, greater
heating occurs there and the result is
greater evaporation and a tendency
for the air to rise. The warm, moist air
flows outward from the Equator at
high altitudes and because of the
carth’s rotation moves in a generally
northeasterly direction in the Northern
Hemisphere. By the time this air
reaches about 30° North, which is
about the latitude of New Orleans, it
has lost enough heat so that it tends to
sink. That downward-moving air gen-
erally divides at the earth’s surface;
a part of it moves southwesterly, as
the trade winds do, back toward the
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Equator, and a part moves northeast-
erly across the Temperate Zone.

Far to the north, near the North
. Pole, another circulation pattern is in
operation. There a mass of cold air
builds up and flows outward in a south-
westerly direction. The polar air be-
comes warm in its southwesterly move-
ment, and at about 60° latitude, which
is well up in Canada, it becomes
warmed sufficiently to rise and flow
back toward the Pole. From time to
time outbreaks of this cold polar air
move out across the Temperate Zone.
They are an important factor in caus-
ing our general rains.

If the earth’s surface were entirely
covered by water, the general circula-
tion we just described would be regu-
lar and would occur in belts around
the earth. The presence of large land
masses changes this regular pattern,
however, because the heating effect
from the sun is different over land than
over water. For example, in the winter
the land masses cool more rapidly and

are partly covered with snow, which
reflects much of the sun’s heat rather
than absorbing it. The polar front
therefore moves far to the south over
the continents in winter. The result is
the formation of cells of cold, high air
pressure over the land masses, and
cells of warm, low air pressure over the
oceans. In the summer that situation
is reversed.

The three broad storm types or con-
ditions that operate within these gen-
eral movements to bring us precipita-
tion are the cyclonic; the convectional,
or thunderstorm, type; and the oro-
graphic or mountain type.

The cyclonic type, or low-pressure-
area type, is the familiar storm type
that produces general rains over wide
areas. The storms are particularly
prevalent during winter.

Cyclonic storms are atmospheric
waves, formed along the polar front by
the interaction of the cold polar air
masses and the warm tropical air
masses. The waves move generally
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from west to east in our latitude, fol-
lowing the general circulation pattern.
An essential element of the cyclone is
the warm-air sector on the south side
of the revolving low-pressure system.
The warm sector is made up of air
originating in the tropical regions and
contains the moisture, which under-
goes change through lifting to become
precipitation. This warm, moist air
generally moves in a northeasterly di-
rection and, being lighter than the
existing cool air which it meets, rides
up and over the wedge of cool, heavy
air. The boundary plane between these
air masses of differing temperature is
referred to as the warm front. The re-
sult of lifting causes condensation and
a broad belt of low-intensity precipita-
tion.

To the northwest of the warm-air
sector is a charge of fast-moving polar
air, which moves through the warm
air as a cold and heavy wedge. The
leading face of this cold air is referred
to as the cold front, and along it warm
air is also lifted to cause precipitation.

Since the cold front moves -more
rapidly and is steeper, it usually re-
sults in intense prempltatlon, but for
a short duration.

As a cyclonic storm passes a certain
area in moving from west to east, pre-
cipitation usually starts with a slow,
cool rain—or snow—as precipitation
from the warm front falls through the
underlying cool air. A period of warm
and showery weather follows, as the
warm scector moves across the area.
The warm phase of the storm is ended
by the rapid passage of the cold front,
frequently with a hard shower and the
beginning of a period of cold weather.

THE CONVECTIONAL TYPE of storm,
or thunderstorm, is a second and famil-
iar type. It ordinarily results in the
most intense rainfall and occurs over
rather small areas.

Thunderstorms occur throughout
the country, but are most frequent in
the southern part and in summer. Con-
vectional storms are formed when, be-
cause of uneven heating, the air over a
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locality becomes warmer than the sur-
rounding air. The areas of excessive
heating may be over a city, whose
streets and roofs are warmer than the
surrounding countryside. The differ-
ence between hot, bare fields and cool
woods or the difference between land
and lakes produces this effect. What-
ever the cause, where air receives ad-
ditional heating it becomes light and
therefore rises. The ascending warm
air expands and cools as it rises. And if
sufficient moisture is present and the
cooling process proceeds sufficiently,
precipitation is formed.

The preceding discussions of cyclonic
and convectional storm types describe
how warm, moist air was lifted and
cooled to the precipitation point by a
process of circulation. In the first in-
stance, warm air was lifted over heav-
ier cold air; in the second instance
uneven heating caused air to rise.

THE OROGRAPHIC, OR MOUNTAIN,
TYPE is the third familiar storm type
that causes precipitation. A mountain
range can act as the wedge or barrier
over which warm, moist air is lifted
and cooled to the point where precipi-
tation occurs. Here the warm-air move-
ment may be related either to the
general circulation within the atmos-
phere or to the circulation about a
storm center.

The best example of orographic pre-
cipitation in this country is along the
West Coast Ranges in Washington,
Oregon, and California. Moist air, flow-
ing in from the Pacific, is lifted in its
general eastward movement, and a

- zone of normally heavy rainfall results.

Orographic precipitation is generally
of a low intensity, but because the
mountains are fixed in one location,
the resulting precipitation falls on the
same general location and the annual
rainfall is high. That is in contrast to
the precipitation from storms that are
free to move and occur in many differ-
ent locations.

Variations of the three basic storm
types occur, and their effects some-
times may be combined. For example,
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thunderstorms are more commonplace
in the mountains where some prelimi-
nary orographic lifting has taken place
and has increased the instability of the
air and the likelihood that thunder-
storms will form. Frequently the rain-
fall resulting from cyclonic storms is
accentuated by the orographic lifting
of a mountain. Another example of
combination of storm types is the
occurrence of thunderstorms in the
unstable warm sector or with the pas-
sage of a cold front in a cyclonic storm.

Thus far we have dealt with the
moisture sources, atmospheric circula-
tion, and some of the more important
processes by which moist air is lifted.
When the lifting and cooling process
proceeds to thc point of atmospheric
condensation, then small droplets are
formed. The condensation takes place
on dust particles in the air. As drop-
lets, the moisture is in the form of a
cloud or fog, and may remain suspend-
ed if there is any upward movement of
the air to support it. In fact, it is com-
monplace for droplets to reevaporate
without producing any precipitation.
Under a number of conditions, how-
ever, the droplets will grow to sufficient
size and weight to fall. The increase in
size is thought to occur in two main
ways. The first is in clouds, which are a
mixture of ice and water particles,
cooled below the freezing point.
Because of differences in vapor pres-
sure, the water droplets evaporate
while condensation takes place on the
ice particles. The process continues
until the particles can no longer be
supported by the updraft of air. They
may collide when they fall and com-
bine then to form even larger drops.
Another condition under which rain-
drops form is when warm and cold
droplets are mixed within a cloud.
Again, by differences in vapor pres-
sure, the warm droplets evaporate,
and the cold ones grow in size and
weight.

When raindrops are frozen while
falling through cold air (as may hap-
pen below a warm front) sleet or ice
pellets are formed. They differ from

Yearbook of Agriculture 1955

hail, which occurs almost cxclusively
in violent thunderstorms. Hailstones
are composed of layers built up as a
result of repeated ascents and descents
or in dropping through a turbulent air
mass; the stone grows larger each time
a layer of moisture is condensed and
then frozen on its surface. Snow—the
other common form of precipitation—
represents crystals and combination of
crystals as flakes, which are formed
when condensation takes place below
freezing temperatures.

Water is delivered to the land in
many forms—such as rain, hail, snow,
and sleet. Its subsequent movement
depends on its form of delivery and on
the character of the plants, soil, and
underlying material receiving it. What
happens to water after its delivery to
the land determines to a significant
degree the severity of floods and ero-
sion, the quantity and quality of water
supplies, and the production of crops.

Vegetation will interpose leaves,
branches, and litter as barriers to rain
and snow, so that only a part of the
precipitation reaches the soil beneath
without interference. Vegetation thus
affects both the quantity and distribu-
tion of precipitation that reaches the
soil surface. Rain and snow are affect-
cd differently in some respects by vege-
tation. Part of each passes through the
canopy of vegetation without being
caught, but if the canopy is dense the
larger part strikes leaves or branches.

Of the part thus intercepted some
spills from drip points, some flows to
the ground along stems, and some is
held and later evaporates. Rain wets
the surface it strikes. It can form only
a thin water layer before it starts flow-
ing toward the ground.

Snow may wet the surfaces it strikes,
but whether it does or not, it can pile
to a considerable thickness upon them.
A good deal more snow than rain can
thus be held by vegetation. Snow is
released from vegetation by sliding—
often triggered by wind—and by melt.
Often in forests there is abundant evi-
dence of both, visible in peaked snow
ridges around tree crowns and snow
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pitted by water drops bencath them.

The quantity of precipitation inter-
cepted by vegetation and then evapo-
rated varies, depending on the kind
and size of storm and the kind of vege-
tation. It represents, however, a fairly
constant percentage of annual precipi-
tation under the same vegetation con-
ditions. In various places where it has
been measured, interception loss is
generally between 5 and 15 percent of
the annual rainfall.

Water losses caused by interception
can be reduced by thinning or chang-
ing the vegetation, so as to lessen the
volume of the canopy. If the thinning
or other change does not lower se-
riously the soil protection provided by
the vegetation, some additional water
may thus be delivered to the ground
without damaging consequences.

In the Rocky Mountains of Colora-
do, for cxample, snow accumulation
on the ground was increased the
equivalent of 2 inches of water by
removal of all merchantable timber
from a forest of lodgepole pine. No
adverse effects—such as overland
water flow or erosion—followed the
cutting, because summer rains werc
light and winter storms brought only
snow. But interception loss cannot
always be reduced with impunity.
Some loss of this kind is inevitable if
the soil is to be protected from the
impact of rain. ,

Rain that reaches the soil surface is
wholly or partly absorbed by the soil
in the process of infiltration. How
much of it enters the soil depends upon
the rate of rainfall and the receptive-
ness or infiltration rate of the soil.
When the rainfall rate exceeds the
infiltration rate, the cxcess rain be-
comes surface flow, which runs off
quickly to streams. Surface flow is un-
desirable because it may erode the
soil and also because it often produces
damagingly rapid and high flows in
streams during storms.

Erosion of cultivated land is the
result of water delivered to the soil at a
rate higher than the infiltration rate of
the soil. Because of the damaging con-
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sequences of surface-flowing water,
many land management practices are
designed to induce as high an infiltra-
tion rate as possible.

Infiltration rate is determined by a
combination of factors—some natural
to the soil, some the result of activities
related to land use. Infiltration rate is
naturally greater in sandy soil than in
clay. Ordinarily the finer the soil tex-
ture, the lower the rate of infiltration.
But the effect of texture is modified
greatly by the aggregation, or arrange-
ment, of the soil particles and by soil
structure beneath the surface.

The effects of structure upon infil-
tration rate show themselves near the
soil surface and down through the pro-
file. A surface soil that is well supplied
with organic matter is ordinarily far
more receptive to water than a soil
consisting mainly of mineral material.
Maintenance of an organic-reinforced
open structure is onc of the objectives
of stubble-mulching and other farming
practices that mix plant residues into
the soil. The plowsole, a layer of com-
pacted soil common in some long-
cultivated fields, impedes downward
waterflow and thus reduces infiltration
at the surface.

Water from snowmelt is not different
from water supplied by rain, after it
has entered the soil. It is different,
however, in the way it is delivered to
the soil. Water draining from the base
of a snow blanket flows to the soil
surface; it does not have the impact
force of raindrops. Bare soil, therefore,
is not damaged by snowmelt delivered
to its surface. Snow cover frequently
protects the soil from freezing and
therefore maintains a higher infiltra-
tion rate. Except for this, the effects of
land treatment and soil are the same
on the infiltration of snow water and
rain.

Snow is singularly subject to change
as it lies on the ground. To some extent
man can control the quantity, time,
and rate of water relcase from the snow
pack to the soil. Snow drifts before the
wind while it is being laid upon the
ground and later before it packs. Drift-
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ing is caused by windbreaks, which
produce a local drop in wind velocity.
They collect snow some distance to
leeward and a lesser distance to wind-
- ward. That is why snow fences are used
along roads in snowy lands. Erected
parallel to the roads, they reduce the
amount of snow on the roads by caus-
ing part of it to pile up near the fences.

An exploratory investigation in Utah
demonstrated the possibility of retard-
ing snowmelt in windswept mountain
lands by causing snow to drift. Snow
fences were built at right angles to the
prevailing direction of winter winds.
The snow accumulating in the lee of
the fences was deeper than that in un-
drifted places nearby. When all the
undrifted snow had melted, within the
drifts there remained 15 inches of water
as snow. The drifts released their water
to the soil over a longer period than
did the undrifted snow, and thus con-
tributed water to the soil and to the
streams later in the spring and summer.
Thus, where wind drifts the snow, it
may be possible to reduce the high
spring flow of streams and to increase
lower flows later in the year.

Snow lying on the ground is subject
to melting and sublimation, which is
the transformation from a solid to a
vapor. Melt rate is influenced by the
amount of heat reaching the snow. The
source of the heat is the sun. But be-
sides heat received directly from the
sun, snow also receives heat from the
soil beneath, from heated objects such
as trees, above, and from warm air that
passes over it. If snow on the ground is
shaded by trees or other cover, some
of the sun’s heat is intercepted, and the
snow melts more slowly than if it is
fully exposed to the sun. At first glance
this suggests that a dense forest would
be more desirable than an open one to
prolong the melting of snow. But the
matter is not so simple. More snow is
intercepted by the crowns, and, gen-
erally, less snow accumulates on the
ground as forest density increases.
Probably for maximum control over
water yield from snow, some condition
less than a full forest cover is needed.
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The condition desired is one in which
the greatest delivery of snow to the
ground is coupled with the greatest
amount of shade. Obviously such a
condition represents a compromise be-
tween increasing snow accumulation
and decreasing shade found as the
forest is cut more and more heavily.

Water evaporates from the snow-
pack, and the solid ice crystals them-
selves sublime. Whenever the vapor
pressure of the air. above the snow is
less than that at the snow surface, wa-
ter evaporates from the snow. When
the dewpoint is below the freezing
temperature, water condenses on the
snow. Thus as snow lies on the ground
it may lose water to the air or receive
water from it. Evaporative loss of water
from snow varies from place to place
and from season to season. Near the
Rocky Mountain crest in Colorado,
for example, 0.24 inch of water was
lost from the snowpack in an open
space during the winter, and 1.9g inch
during the melting period in spring.
In the Sierra Nevada of California, by
way of contrast, evaporative losses in
a large forest opening totaled 0.75 inch
from December to March and 0.69
inch from April to May.

Water that has entered the soil either
increases the moisture content of the
soil or drains through it. If the soil is
dry, the water entering wets succes-
sively deeper layers to field capacity,
which is the moisture content to which
each layer must be raised before water
can drain through it. When the entire
profile has been wet to field capacity,
the additional water entering the soil
drains into the underground, later
emerging in springs and seeping into
streams, or adding to subsurface sup-
plies in valleys.

Water draining through the soil feeds
streams longer and more evenly than
water flowing over the soil. Hence for
crop production of all kinds and for
maximum control over water yield, the
best land-use practices are those that
induce the most water to enter the soil.

Water held within the soil after
drainage has ceased can be transpired
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Ground-water Lones and Belis

Belt of Soil Water

by plants or lost by evaporation. Plants
cannot utilize all water stored in the
soil; they can dry the soil only to the
wilting point, a moisture content at
which the force holding water to the
soil particles equals the maximum
water-absorbing force of plant roots.
Just as clay soils can hold more water
at field capacity than sands, so also is
the wilting point of a clay higher than
that of a sand. Both the upper and
lower limits of the available moisture
range, between wilting point and field
capacity, are determined primarily by
soil texture. Little can be done by cul-
tural practices to increase this range.

Evaporation can dry soil below the
wilting point. In- the process the soil
dries from the surface downward, for
all soil water lost by evaporation must
rise to the soil surfacc and pass through
it. Ordinarily evaporation dries the
soil most within the surface foot. But
given sufficient time without water
additions, soil may dry many feet deep
by this process alone.

Evaporation and transpiration to-
gether take a toll of soil water in
response to a number of conditions. If
the soil surface is free of plants and
thickly covered with an insulating
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layer of litter, evaporative loss will be
much less than if the vegetation-free
soil is bare. A deep soil loses less water
under a cover of shallow-rooted plants
than under plants whose roots reach to
the full depth of the soil. Deep soils
fully permcated with roots lose more
water than shallow soils similarly per-
meated. Where a waler table exists
within or a short distance below the
root zone, the lower soil layers may not
dry perceptibly, although'large quan-
tities of water may be withdrawn from
the standing water.
Evapotranspiration can be reduced
in various ways. Protective mulches
can be laid on the soil surface to reduce
evaporation. Weeds can be removed
from cropped lands by cultivation or
killed by other means. Vegetation can
be thinned, and, under some climatic
conditions, evapotranspiration can be
reduced as a conscquence. Shallow-
rooted plants can be grown on deep
soil previously occupied by plants with
deep roots. There are, however, limi-
tations to how far evaporative losses
can be reduced. It is obviously not
desirable to reduce the density of plant
cover so much that the soil is insuffi-
ciently protected against storm runofl
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and erosion. Production of certain
crops requires irrigation, dense plant-
ing, or other practices that favor high
water use. And if the dry season is long
and severe, changing the plant cover
may have little effect upon water loss.

Pcrhaps the most important point to
make regarding evapotranspiration is
that it is a natural process that occurs
wherever there is vegetation. While
evapotranspiration and other evapora-
tive water losses can sometimes be
reduced by treatments given the soil
and its cover, they cannot be elimi-
nated.

Water that infiltrates into the soil is
known as subsurface water. It may be
evaporated from the soil; it may be
absorbcd by the plant roots and then
transpired; or it may percolate down-
ward to ground-water reservoirs. Sub-
surface water occurs in a zone between
the ground surface and the lower limits
of porous, water-bearing rock forma-
tions. This zone is designated as the
zone of rock fracture, and is subdivided
into the zone of aeration and the zone
of saturation.

THE ZONE OF AERATION is divided
into three belts—the belt of soil water,
the intermediate belt, and the capil-
lary fringe. The belts vary in depth
and are not sharply defined by physi-
cal changes in the soil. Generally a
gradual transition exists from one belt
to another. In considering the move-
ment of water through the soil profile,
however, it is desirable to delineate
zones or belts that have different
effects on the subsurface movement of
water.

The upper belt, or belt of soil water,
consists of the topsoil and subsoil from
which water is returned to the atmos-
phere by evaporation from the soil and
transpiration of plants. As water passes
through the surface and enters the belt,
it is acted upon by gravity and molec-
ular attraction. Gravity tends to pull
the water downward. Molecular at-
traction tends to hold the water in a
thin film over the particles and in the
very minute spaces between the soil
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particles. Only when sufficient water
has entered this belt to satisfy the stor-
age requirements due to molecular
attraction does water start to percolate
downward under the force of gravity.
Water in this belt is of particular im-
portance to agriculture because it fur-
nishes the supply for all vegetative
growth. Water passing downward
from thc belt is beyond the reach of
plant roots and is no longer available
to support plant growth. The depth of
the belt of soil water varies with the
soil type and the vegetation and may
vary in depth from a few feet to 50 fect.

Water passing through the belt of
soil water enters the intermediate belt
and continues its movement down-
ward by gravitational action. Like the
belt of soil water, the intermediate belt
holds suspended water by molecular
attraction. In this belt, however, sus-
pended water can be considered dead
storage since it is not available for use.
In the hydrologic cycle, this belt serves
only to provide a passage for water
from the belt of soil water to the capil-
lary fringe. The intermediate belt may
vary in thickness from zero to several
hundred feet; the thickness has a sig-
nificant effect on the time it takes
water to pass through the belt.

The capillary fringe lies immediately
below the intermediate belt and above
the zone of saturation. It contains
water that is held above the zone of
saturation by capillary force. The
amount of water held and the thick-
ness of the capillary fringe depend on
the type of material in which the capil-
lary fringe is located. In silty material
it may extend 2 feet or more above the
zone of saturation. In a coarse, grav-
elly material it may extend less than
an inch. As in the intermediate zone,
water is stored in the capillary fringe.
In the hydrologic cycle, however, it
also provides a passage for water being
moved by gravity from the surface to
the zone of saturation.

The zone of saturation, or ground
water, forms a huge natural reservoir
that feeds springs, streams, and wells.
Water moving by gravity through the
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But to insure all that, we must guard our watersheds against excessive use

and wildfire




—against other types of mismanagement that fill up reservoirs with silt

or lead to flash floods, which endanger cities.
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We can rebuild damaged watersheds by plowing furrows to slow down storm runoff,

by bulldozing cross dams to hold the water;




by planting grass

and trees, and by using other conservation methods, which we stress in this book.




So the choice is ours: Gullies, which waste our substance,

or pleasant, productive, useful water—water under control.
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Seepage

Ground Water to Siream

belts of the zone of aeration enters the
upper surface of the zone of saturation,
which is referred to as the water table.
All the pores and spaces in this zone
are filled with water. The depth of the
zone depends on the local geology. It
may include loose, unconsolidated de-
posits of sand and gravel, as well as
porous rock formations such as sand-
stone and limestone. Its lower limit is
that point where the rock formation
becomes so dense that water cannot
penetrate it. The zone may vary in
depth from a few feet to hundreds of
feet, and instances are known where
porous rock has been found at depths
of more than a mile.

The zone of saturation is extremely
important, because it provides the
supply for all our wells and the normal,
relatively uniform flow of our streams.
It acts much the same as a surface
reservoir, receiving water during wet
periods, which raises the water table
on the upper surface of the zone as
water drains into it from above. It can
thus store huge supplies of water
which, because of the slowness of move-
ment through the zone, is discharged
at a relatively uniform rate.

The action of gravity tends to make
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the surface of the zone of saturation or
the water table a level surface. As the
movement of water is relatively slow
through the soil and rock formations,
however, the frequent additions and
withdrawals do not usually permit the
water table to become a level surface.

During periods of low flow, the level
of the water surface in a stream may
drop below the level of the water table.
Ground water will then seep into the
stream and the level of the water table
will dip toward the stream in the direc-
tion of ground-water flow. When the
stream is flowing for periods at a level
above the water table, seepage will take
place in the opposite direction and
tend to raise the water table. Because
of the constant changes resulting from
increased supply to ground water or
the increased demand from ground
water, the level of the water table is
constantly changing.

Geologic formations also cause vari-
ations in the water table. Where im-
pervious layers of material occur, it is
possible to have two or more water
tables at different elevations or to have
water confined below an impervious
layer under hydrostatic pressure, which
is pressure caused by the weight of
water above. Sufficient pressure occa-
sionally occurs to cause the water to
rise in a well above the land surface,
creating a flowing or artesian well.

Many varying conditions occur as a
result of different geologic formations,
but in the hydrologic cycle the prin-
cipal functions of the ground water
zones are as follows:

1. Zone of aeration—receives and
holds water for plant use in the belt of
soil water and allows the downward
movement of excess water.

2. Zone of saturation—receives and
stores, and provides a natural regu-
lated discharge of water to wells,
springs, and streams.

RUNOFF occurs when precipitation
that does not have an opportunity to
infiltrate into the soil flows across the
land surface; eventually most of it
enters stream channels which carry it
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Artesian Ground Water

Artesian Well
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to the ocean.' A part of the precipita-
tion that infiltrates the soil percolates
downward to the water table and also
enters stream channels through springs
or seeps. Broadly speaking, runoff is
composed of water from both surface

flow and seepage flow. It is an extreme- -

ly important segment of the hydrologic
cycle, since, on the average, about 20
percent of all precipitation is carried
to the ocean by streams and rivers.

Much of our agricultural and indus-
trial development is directly concerned
with this water. Irrigation, waterpower
developments, domestic and industrial
water supply, water transportation,
and sewage disposal depend more or
less on streamflow. In order to utilize
this resource to the fullest extent and
also to avoid disastrous effects during
periods of high flow, it is necessary to
understand the factors which affect
the volume and rate of flow so that
estimates can be made that will assure
sound future development.

The amount and the rate of precipi-
tation affect the volume and peak flow
of a strcam. Although man as yet has
no positive control over precipitation,

estimates of water yield can be made
to permit proper allowances in devel-
opments utilizing streamflow. Simi-
larly, temperature may influence run-
off. During periods of low tempera-
tures, precipitation may accumulate
in northern areas in the form of snow.
Rapid temperature rises, particularly
when the soil is frozen, often result in
exceedingly high surface runoff.

The physical characteristics of a
watershed indicate what might be
expected in the way of the total volume
and the peak rate of runoff. A relatively
impervious, steeply sloping watershed
may shed most of the precipitation
falling on it, but a watershed with good
permeable soil that is properly pro-
tected may permit a high percentage
of the precipitation to be infiltrated
into the soil.

In the first instance, high volumes
and peak rates of flow would be ex-
pected, while in the latter case the peak
flow would be considerably less, al-
though the volume produced over a
long period would not be reduced sig-
nificantly. Steep slopes produce high
peak rates of runoff but have little
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effect on the volume of runoff. A good
vegetative cover and a well-maintained
soil can materially reduce the rate at
which water reaches the stream chan-
nels. It not only retards surface flow,
but also increases the volume passing
through the soil and entering the
stream as seepage flow.

Lakes, ponds, swamps, and reser-
voirs also act to level off peak rates of
flow in the stream reaches below. Gen-
erally, there is but little loss of flow to
ground water in natural lakes and
swamps since they usually exist be-
cause there is little or no percolation
into the soil.

Among the many other factors that
affect runoff in varying degrees are
barometric pressure, which can affect
the flow of springs and artesian wells;
seepage from stream channels; and
evaporation from streams. The degree
to which such factors must be con-
sidered depends on the particular
problem being studied. No two strecams
or watersheds are alike. Each has its
own characteristics.

Although the amount of water with
which we are concerned in the hydro-
logic cycle remains essentially con-
stant, its distribution and occurrence
are continually changing. Water is a
rather unique natural resource, since

Perched Water Table
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it may be utilized to the fullest extent
by man, processed by Nature, and re-
turned to man through the never-
ending hydrologic cycle.
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The Water in
the Rivers
and Creeks

W. B. Langbein and J. V. B. Wells

The rivers and creeks of the Nation
are the major source of our water sup-
ply—75 percent of the water used by
the cities and towns and by farmers for
irrigation, go percent of the fresh
water used by industry, and nearly all
the water used to gencrate hydroelec-
tric power.

Dams and reservoirs have become
prominent features of the American
landscape. They store and save flood-
water until it is needed by cities and
for irrigation, power, and navigation.
The capacity of the reservoirs in 1955
was more than 248 million acre-feet,
enough to store about 20 percent of the
average annual yield of the rivers and
creeks in the United States.

Surface water, the water on the sur-
face of the land, represents the drain-
age from the land. We sce it in flowing
rivers and creeks, and in lakes and
ponds. Surface flow is derived partly
from the rainfall that is shed into the
watercourses from the sloping lands.

A part of the rainfall in storms that
is absorbed by the soil also becomes
surface water by its discharge as wet-
weather seeps into rills and runnels.
These are thé direct runoff compo-
nents that produce the flood rises in the
streams. -

The part of the rain or the snowmelt
that penetrates deeply becomes ground
water recharge and is discharged to
the streams slowly. The ground-water
cflluent becomes the base flow that
maintains streams in fair weather.

When we speak of surface water we
mean streamflow—regardless of - its
source. Lakes and reservoirs may be
viewed as streamflow in storage. We
also speak of streamflow as the flow in
natural channels even though the flow
has been regulated. But when we wish
to discuss the flow in a natural state,
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the term “runoff” is in common usage
to describe the water drained from the
land through the rivers and crecks.

Not all precipitation is drained from
the land. The precipitation that wets
the soil and vegetation is dried up soon
after each rain and is never available
for runoff. Some of it is stored in the
ground, from which it serves the needs
of vegetation. Direct evaporation and
the transpiration of vegetation exert a
sort of prior claim on the precipitation.
The runoff is only a remainder over
and above the assessment levied by the
cvapotranspiration processes; as such,
it varies to a greater extent than pre-
cipitation. Thus a twofold variation in
precipitation either from one year to
another or from one place to another
may result in a fourfold variation in
the amount of runoff.

The drainage or catchment area is
the hydrologic unit used for comparing
streamflow data. The streamflow rates
usually are measured in terms of cubic
feet per second. Volumes of flow for
given periods of time generally are re-
ported in terms of acre-feet. For com-
parisons between different streams it is
convenient to express the figures in
terms of the drainage area—rates in
cubic. feet per second per square mile
or volumes in inches of depth. The
runoff in inches is the depth to which
an area would be covered if all the
water draining from it in one given
period were uniformly ‘distributed on
its surface. The term is particularly
useful for comparing runoff with rain-
fall, which also is usually expressed in
inches. Streamflow is the only part of
the hydrologic cycle in which water is
so confined as to make direct measure-
ment possible. All other measurements
in the hydrologic cycle, like rainfall
and soil moisture, at best are only
inadequate samples of the whole.

Observations of streamflow are made
regularly by the Geological Survey at
about 6,500 gaging stations located on
all principal rivers and a large number
of their tributaries. The network of
gaging stations covers all States, but
the density of coverage tends to reflect
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the value or volume of water, so that
there are broad areas (chiefly in the
West) and small streams (in all parts
of the country) where the number of
gaging stations is inadequate to give a
satisfactory description of the occur-
rence of runoff.

Because of the erratic occurrence of
floods and droughts, which are key fac-
tors in the design of water development
projects, the maintenance of continu-
ous and routine observations is essen-
tial if one is to be ready when such
extremes occur. Information collected
at the stations is published by the
Geological Survey in a series of water-
supply papers. Those papers present
annually the daily mean discharges of
the river at the measurement station
and the extreme high and low dis-
charges in each year.

STREAM GAGING is simple in principle
but the diverse details encountered and
the need for undivided attention make
it a field for specialists.

Operations at a river-measurement
station consist of two equal parts—
obtaining a record of stage, called the
gage-height record; and using the cur-
rent meter to define the relation of
stage to discharge, called the stage-
discharge relation.

A gage-height record may be ob-
tained by means of periodic (such as
twice daily or daily) readings of a gage
or by means of an automatic water-
stage recorder, which furnishes a con-
tinuous graphic record of the stage.

Gages that are read periodically by
an observer differ in their construction.
Some, known as staff gages, consist of a
graduated scale attached to a bridge
pier or along the river bank in such a
position that the height of the water
surface can be read directly on the
scale. The scale is generally graduated
in feet and tenths of a foot. Other types
of nonrecording gages consist of weights
suspended by wire or chain and low-
ered from a bridge until the bottom of
the weight touches the river surface. A
scale is provided so that the height of
the river surface can be read directly,
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corresponding to the position of the
bottom of the weight.

Recording gages are generally en-
closed within a shelter built over a
stilling well. The stilling well is built
along the riverbank or attached to a
bridge pier and is connected with the
river itself by a pipe, called the intake,
so that the water surface in the well is
the same as that outside.

The recording instrument consists of
two elements—the clockwork, designed
in most instruments to move the re-
cording paper at a constant predeter-
mined rate (commonly 2.4 inches a
day), and the float and float cable,
designed to move a pen or pencil across
the chart, in a direction perpendicular
to the paper travel produced by the
clockwork and in an amount propor-
tional to the raising or lowering of the
float produced by the fluctuations of
the water level in the well.

The translation of the record of stage
into one of discharge is done by means
of the stage-discharge relation. At some
point along a stream a given rate of
flow is closely associated with a given
stage, and at such a point a fixed
stage-discharge relation may be said
to exist. The river configuration that
fixed this relation is called the control.
The relation is defined by using the
current meter to measure the rate of
flow at a number of river stages. Gen-
erally an attempt is made to make
sufficient measurements to include the
lowest and highest stages experienced
as well as intermediate stages. The
results of the measurements are plotted
against the stage prevailing during the
measurement to define the rating curve
for the station.

ONLY IN EXCEPTIONAL locations does
the rating curve remain fixed. The
action of flowing water, particularly
during floods, and the action of ice on
the river bed and sides change the hy-
draulic properties of the river channel
and produce corresponding changes
in this relation. Consequently frequent
measurements are made at each gaging
station to detect changes in the rating
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Hydrograph of Stream Flow
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or to confirm itsconstancy if no changes
have occurred.

In most rivers the low-water part of
the rating (low-water control) is af-
fected by minor or local changes in the
bed, whereas the high-water parts re-
main relatively fixed. The high-water
controls consist of the whole channel
and flood plain over a considerable
recach or a large structurc such as a
bridge, whose: general configuration
and dimensions are not seriously af-
fected by any except thc most ex-
traordinary floods. When the discharge
measurements disclose that a change
has occurred, a new rating curve is
plotted.

Measurcments of dlschargc arc made
by the current mecter, of which the
carliest applications go back to 1790.
There arc two gencral designs—the
propeller-blade type and the cup type.
The propeller type is in gencral use in
continental Europe, but in the United
States, Canada, and Great Britain the
cup-type meter is standard. The rota-
tion of the meter is due to the differ-
cnce in pressure by the moving water
on opposite sides of the cups. The cups
rotate at a ratc proportional to the
velocity of the water.

The modern meter embodies in its
design the experience of many years
by men in the Geological Survey and
others. It will mcasure velocities from
0.2 to 20 fect a second. It is rugged and
easily dismantled for clcaning. It main-
tains its calibration under rough treat-
ment accorded it by flood. It can be
used in turbid water without damage
from silt.

The discharge of a stream is equal
to the product of its cross-sectional
arca and its mean velocity. Thus, when

.one makes a discharge measurement,

the cross-sectional area of the river is
also measured. That is done by sound-
ing the depth of the stream at measured
intervals across the stream from one
bank to the opposite bank.

Discharge measurements are made
in several ways. During low stages,
the rivers can often be waded. At flood
stages, the meter is suspended from a
cable, and the measurement is made
from a bridge or a car run on a special
cableway.

During floods, measuring conditions
are encountered that tax the ingenuity
of the engineer. Rivers are deep and
the water moves swiftly. Velocities of
20 feet a second (13.5 miles an hour)
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and depths of 50 feet or morc have
been encountered. Special equipment
is necessary to permit measuring under
such conditions. Heavy sounding
weights of 100 or 200 pounds (300
pounds on the Mississippi River at
Vicksburg) are used with specially de-
signed portable cranes for raising and
lowering them.

But evenwith this special equipment,
measurements of the discharge of rivers
in flood are not easy to get. Many of
the smaller strcams rise and fall so
rapidly that the flood may Dbe over
before the cngincer can get to the
gaging station. Then, too, only rarely
is one stream alone in flood; more like-
ly all streams in the surrounding region
are also flowing at high rates. The
floods do not continue long enough for
the engineers to mecasure them all.
Road washouts may prevent an engi-
neer from reaching a station at all.
Even if he did arrive when a flood was
at its peak, the swollen stream might
be carrying so much floating debris
that a current meter would be torn
away. Or perhaps the cableway or
bridge from which the measurements
are made has been destroyed. Despite
the brave exertions of the stream gag-
ers, conscquently, current-meter meas-
urements of all floods cannot be ob-
tained. Engineers have therefore de-
vised indirect methods of computing
the discharge of the stream at its peak.

The foremost of the indirect deter-
minations is known as the slopc-area
method. The downstream flow of a
stream is rctarded by friction. During
steady flow in a uniform channel, there
is a balance between the force of grav-
ity and the retarding force of friction;
otherwise the flow would tend to ac-
cclerate in accordance with the law of
freely falling bodies.

By cxperiments and practice, the
Manning formula has been found to be
the most practical and simplest rela-
tionship for the velocity of a stream:
Mean velocity is a product. of friction,
depth, and slope. Therefore, if soon
after a flood has passed, the engineer
can survey a suitable reach to deter-

Yearbook of Agriculture 1955

mine such things as the width, trans-
verse area, mean depth, and the slope
of the water surface, he can estimate its
mean velocity. The friction, or rough-
ness, coefficients are selected according
to the condition of the channel. Values
of the coefficients vary relatively little
compared to other hydraulic factors
and are now quitc well established as a
result of considerable experience. The
trained hydraulic engincer has little
difficulty in establishing a reasonable
roughness coefficient for each channel
condition. From the computed valuc
of the mean velocity, the discharge
follows simply as the product with the
transverse area of the stream.

ANNUAL RUNOFF in the United States
ranges from more than 8o inches in the
“rain forest” of the Olympic Moun-
tains in Washington to less than one-
fourth inch in the Arizona deserts.
Runoff is fairly uniform throughout
the humid east but is extremely diverse
in the West. A marked feature in the
countrywide distribution of runoff is
the east-west transition over the Great
Plains. These broad features generally
reflect the climatic pattern of the coun-
try. Precipitation as the source of the
streamflow sets an upper limit to its
amount. But the climatic factors asso-
ciated with temperature controls the
amount of the precipitation that is lost
by evapotranspiration. The higher the
temperature, the greater the loss. Thus
an annual precipitation of 20 inches
will result in more runoff in a region
where the annual temperature is 50°
F. than in one where the temperature
averages 70°.

FEATURES OF THE TERRAIN also affcct:
the amount and distribution of runoff.
Relief of the land cxerts prominent in-
fluence on the occurrence of runoff.
The isograms shown in the chart out-
line the western mountains. The well-
known increase in rainfall and accom-
panying decrease in temperature with
altitude produces a marked increasc in
runoff from the highermountain zones.

* The hydrologic nature of a drainagc
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Variation in Stream Flow in Basins
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basin is reflected in the behavior of
the stream-flow; the most sensitive
characteristic is its timing—that is, the
time within which the runoff from a
storm is discharged from the basin.

In some basins the soil mantle and
underlying rocks have a large capacity
for the penetration and storage of
ground water, which is released to the
sireams at a relatively steady rate.

The streamflow, in consequence,
may be well-sustained during the fair-
weather periods. But on the other
hand, the streamflow from basins with
a shallow soil mantle upon imperme-
able rocks or hardpan may recede
rapidly fromsharply concentrated flood
peaks to lowsflow or even no flow, be-
tween storms. Except under extreme
conditions, however, ground storage
and timing factors appear to influence
the total volume of runoff only slightly.

Striking effects in the runoff charac-
teristics of differences in underground
storage capacity may be noted in the
accompanying hydrographs of two
basins near each other in Indiana. The
basin of Wildcat Creek is underlain by

| arr | mar 17uwe] guLr | ave | sept |

relatively impermeable glacial drift
that has a low rate of intake and a low
storage capacity. The basin of Tippe-
canoe River contains several lakes and
is underlain by thick, permeable gla-
cial deposits capable of absorbing,
storing, and paying out water remark-
ably evenly. The flow of Tippecanoe
River is largely base runoff.

THE MAJOR EFFECT of geology on an-
nual runoff appears to be twofold.

First is the effect on evapotranspira-
tion, which is in general determined
by climate. Certain local conditions
favor the loss of water; in other places,
local physical conditions are such as to
protect the water in the ground from
loss during the delay between precipi-
tation and runoff. A permeable soil or
mantle rock may absorb rainfall so
easily and permit it to percolate to
such depths that the stored water is
effectively insulated from evaporation
and transpiration. The water then
reaches the water table and eventually
discharges into the streams. An out-
standing example of this effect is found
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in the sandhills of Nebraska. A some-
what similar situation exists on Long
Island, where, however, the ground
water flows directly to the sea. -

A different effect occurs in the

mountain streams in southern Cali~

fornia. Drainage basins that are classi-
fied on geological evidence as most
absorptive and retentive produce the
lowest annual runoff for a given depth
of annual rainfall, and vice versa.
Apparently basins that are low in ab-
sorptive qualities shed rainfall rapidly
and store little moisture in the soil for
subsequent transpiration. On the other
hand, high absorptive qualities, where
they occur with high soil-moisture ca-
pacity, make a reclatively large supply
of moisture available for transpiration,
and so act to reduce runoff.

The second major effect of geology
on runoff arises because of a disparity
in some places between topographic
and phreatic (ground-water) divides.

Runoff is ordinarily computed in
terms of inches of depth, based on the
surface area enclosed by the topo-
graphic divide. Sinks and springs in
limestone and lava-rock terranes, how-
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A—Winter
B—Early Spring
C—Late Spring
D—Midsummer
E—Fall

ever, may so modify the drainage
system that the flow in the smaller
drainage courses may bear little rela-
tionship to the local topography. The
movement of ground water in per-
meable lava rock may be controlled by
the buried prelava divides rather than
by the present surface. Piracy of
ground water may also occur in lime-
stone terrane, where a solution channel
may tap water that originates in an-
other surface drainage basin. Water
thus pirated appears in the flow of
larger, deeply incised streams, or as
springs. ‘

In a regional sense, therefore, the
limestone or lava does not necessarily
affect the total volume of runoff but
only its distribution as between one
drainage course and another. Out-
standing examples of the effect of lime-
stone terrane on the occurrence of the
runofl are to be found in Comal
County, Tex., in Missouri, and in other
places.

The east-flowing streams in the Black
Hills region of South Dakota lose a
large volume of water in passing
through the steep gorges leading from
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the intermontane valleys to the Great
Plains beyond. The water disappears
into caves and sinkholes in the massive
upturned limestone beds that border
the crystalline rocks of the Black Hills
and that are crossed by outflowing
streams. The water thus recharged to
the limestone discharges down the dip,
but not necessarily in the same basin.

An example of the effect of topog-
raphy and geology on runoff in an arid
region is found in the part of the High
Plains south of the North Platte River,
centering roughly about longitude
102° W., and stretching southward
almost to the Pecos River. The runoff
there is very low, even less than o.25
inch annually, in a region where the
climate would indicate a runoff of
nearly 1 inch. The High Plains are
remnants of a great fluviatile plain of
Tertiary age that once stretched from
the Rocky Mountains on the west to
the Central Lowland. A feature of the
relief on the High Plains is saucerlike
depressions ranging in diamecter from
a few rods to a mile and in depth from
a few inches to 30 or 40 feet. After
rains, water collects in these basins and

A—Late Summer and Fall
B—Winter and Early Spring
C—Early Summer

D—Late Fall

is dissipated by evaporation or perco-
lates downward to the water table. A
few of the deeper basins contain vary-
ing amounts of water perennially.

In the upper Brazos and Colorado
River Basins in Texas and New Mexi-
co, nearly 21,000 square miles of the
High Plainsisconsidered noncontribut-
ing as far as surface outflow is con-
cerned. Because of the flatness and
lack of a surface drainage pattern, the
High Plains give.a nearly perfect op-
portunity for almost total disposal of
precipitation by evapotranspiration.
Annual runoff and recharge of ground
water average only a fraction of an
inch each. The ground water is dis-
charged through seeps and springs at
the edges of the High Plains.

The volcanic terranes are like great
sponges, and their capacity to absorb
runoff is phenomenal. Hundreds of
square miles of the lava plains of
Idaho, Oregon, California, and New
Mexico have no runoff. In some places
runoff is lacking even though rainfall
may reach 100 inches annually or 10
inches in a single day. The flow of the
streams {rom the mountains that bor-
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der such lava plains is also absorbed,
and they are therefore often called lost
rivers. The water that percolates into
the lava reappears in the spring-fed
flow of the streams, where they have
cut below the water table. Rivers that
drain extensive lava beds are generally
characterized by their stability of flow.
For example, the flow of Deschutes
River in Oregon, which drains large
volcanic areas, is more stable than any
other stream of its size in the United
States.

Many of the streams in the desert
country are of the quick, flash-flood
type, their flow consisting almost en-
tirely of storm water. Some reach to
the higher snowfields, and the melt
water produces a more sustained flow.

In general, the flow of the mountain
streams, although perennial in their
headwater and the middle courses, de-
creases downstream as it traverses the
zones of increasing aridity. Upon
debouching from the mountains, much
of the flow is absorbed by the valley fill,
and the streams become intermittent.
Farther out on the valley, they disap-
pear entirely.

Seasonal variations between high
and low flows in the United States and
Canada are shown on the accompany-
ing maps, which are based largely on
monthly normals at representative
gaging stations. The numbers on the
maps designate the calendar months
(ranging from January as “1” to
December as “12”’) of highest and
lowest normal flow, respectively.

High flows occur from winter to sum-
mer, depending upon the region. In
southern low-altitude regions, spring
is the season of high soil moisture and
favorable conditions for runoff from
rainfall. But the time of seasonal high
water in streams draining northern
and high mountain areas is primarily
associated with the melting of the accu-
mulated snow, which reaches its climax
with the onset of thc warm season.

Although snowmelt peaks in Arizona
and New Mexico occur in April and
May, in the northern parts of British
Columbia, Alberta, and Saskatchewan,
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the late snowmelt delays the seasonal
peaks until July.

Superposed on the general south-to-
north graduations are the local varia-
tions in seasonal high water caused by
large differences in altitude, as in the
West. The valley tributaries of many
streams may reach their scasonal high
stages some months earlier than high
altitude, snow-fed tributaries.

The Sacramento River Basin in Cali-
fornia is typical. High water usually
occurs in the lower part of that basin,
including the many western tributaries
draining the comparatively low Coast
Ranges, in February, whereas the head-
water tributaries draining the Sierra
Nevada do not reach their crests until
May or June. Midwinter high flows
along the Pacific coast are the result
of high rainfall of that season with but
little accumulation of snow. Low-alti-
tude dry washes in the southern inter-
mountain region commonly flow only
during sporadic storms in summer.

The south-to-north progression of
high flow may also be noted in the
East, where high flows normally occur
in January, February, and March in
the Gulf States, and in April and May
in Quebec.

The Florida Peninsula, where Octo-
ber is the month of high streamflow, is a
noteworthy exception. The rainy season
in Florida extends from June to October
and streams reach seasonal high stages
during the late summer and early fall.

Autumn and winter are generally
seasons of low flows. In the East and
along the west coast, streams reach
their lowest stages in the late summer
and fall (after the conclusion of sum-
mer’s intensive drafts). In the North-
eastern States, winter is also a season
of low flow, but the intermittent thaws
maintain streamflow at rates generally
above those of late summer and fall.
Farther north, however, as in Quebec,
the lowest flows of the year occur in
winter, because thaws are infrequent.

Streamflow is seasonally lowest in
winter in the Great Plains because of
low rainfall. In that season it is also
lowest in the intermountain region and
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in Canada, generally because of the
accumulation of nearly all precipita-
tion in the form of snow that is retained
until released during the spring and
summer thaws with variations accord-
ing to latitude and altitude. The low
flows in Arizona in June and Novem-
ber coincide with dry months there.
The accompanying map shows the
normal distribution of runoff by months
at selected gaging stations in the Unit-
ed States and Canada. A marked fea-
ture of the chart is that flow is general-
ly greater than the mean annual flow
(represented by the 8-percent line
shown in full on the graphs) in spring
and summer, and that high flows
usually prevail for fewer months than
low flows. The most marked seasonal
concentration is noted in Roaring Fork
in Colorado and the central Rocky
Mountain region generally, where as
much as go percent of the annual run-
off occurs in June. The least seasonal
variation occurs in the Southeast, as
illustrated by the graphs for the Chat-
tahoochee and Kissimmee Rivers.

W. B. LANGBEIN has been a hydraulic
engineer in the Geological Survey since 1935.
Following a 2-year assignment on stream
gaging in New York and New Fersey, he
has been engaged in hydrologic studies. He
is on the staff of the Water Resources Divi-
sion in Washington as a consultant in hy-
drologic research.
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Water Resources Division of the Geological
Survey since his graduation from Columbia
University in 1929. Until 1946 he was en-
gaged in stream-gaging operations in New
York, Pennsylvania, and Kentucky, and he
served as district engineer in charge of sur-
face-water investigations in Kentucky for 6
years. He became chief of the Surface Water
Branch of the Water Resources Division in
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Underground
Sources of
Our Water

Harold E. Thomas

The underground reservoirs of water
contain the largest storage of fresh
water in the Nation—far more than
the capacity of all surface reservoirs
and lakes, including the Great Lakes.

A. M. Piper, in his report on sub-
surface facilities of water management
and patterns of supply, estimated that
the total usable ground water in stor-
age is of the order of .10 years’ annual
precipitation or 35 years’ runoff.

Public interest in ground water has
increased greatly in recent years be-
cause of the rapidly increasing de-
velopment and use of wells in many
regions and the problems that have
accompanied that development. The
average citizen knows very little about
ground water, and even the hydrolo-
gist has less quantitative information
than is available on other phases of the
hydrologic cycle; this lack has been
responsible for many controversies and
difficulties in development of water
resources.
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Of the several phases of the hydro-
logic cycle, ground water thus is first
in usable storage and is also of major
interest, concern, and controversy
among water users.

Aggregate withdrawals of ground
water in 1950 averaged 3o billion to
35 billion gallons a day, or 17 to 20
percent of the total withdrawal for
municipal, rural, industrial, and irri-
gation use. Ground water is unim-
portant as a direct source for non-
withdrawal uses (hydroelectric power,
navigation, waste disposal, recreation,
and conservation of fish and wildlife),
but it has considerable importance
indirectly because the minimum flow
of streams is sustained primarily by
ground water. Also, the depletion of
the ground water in some places has
resulted in depletion of streamflow and
thereby reduced the supply available
for the nonwithdrawal uses.

The rural use of water, not including
irrigation, is estimated to be about 3.5
billion gallons a day, of which perhaps
8o percent comes from wells. Wells are
widely distributed over the rural areas
in nearly all the States, and they pro-
vide the bulk of the domestic and the
stock-water requirements of farmers.

Municipalities obtain about 3.5
billion gallons a day, or 25 percent of
their total withdrawal, from wells and
springs. Generally the smaller cities
and towns depend on ground water
for their supply. Of the 100 largest
cities in the United States, only 19
depend on wells for their public
supply; 16 of them are among the 60
cities that range in population from
105,000 to 250,000. Of the 22 cities
that had 250,000 to 500,000 inhabi-
tants in 1950, only San Antonio and
Memphis obtained their municipal
supplies from ground water. Houston,
Tex., was the only one of the 18 cities
of more than 500,000 that depended
on wells for all its public supplies, and
it has looked increasingly to surface
water for industrial use.

The withdrawals by industry of
ground water amount to 5.5 billion
gallons a day, or about % percent of
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the total requircments of industry.
Only 4 percent of industry’s require-
ments in the industrial Northeast
comes from wells, but in the western
half of the country, where population,
industry, and water are all less
abundant, industries use almost as
much ground water as surface water.

Wells yield about 20 billion gallons
a day, or 25 percent of the total with-
drawal, for irrigation. California, Ari-
zona, Texas, and New Mexico pump
14 billion gallons a day for irrigation.
Irrigation accounts for more than 6o
percent of all ground water used in the
United States.

THE PUBLIC INTEREST in ground
water is paralleled by the interest in
stream regulation and development, in
weather modification, and in conver-
sion of salt water. This interest stems
from the national trend toward the
increasing use of water for all purposes,
a trend suggesting that in 25 years we
shall be wanting twice as much water
for industry, irrigation, and municipal
use as the 175 billion to 200 billion
gallons a day now used.

The selection of ground water as a
supply, rather than the surface-water
sources, has generally been on the
basis of one or more of the following
advantages:

1. Ground water may be reached
within a few hundred feet of the place
where it is to be used, and on the same
property, whereas surface water may
require pipelines and rights-of-way
over stretches of several miles.

2. Ground water may be available
for use in areas where the water in
streams and lakes has already been
appropriated by other users.

3. Yield from wells and springs gen-
erally fluctuates less than streamflow
in alternating wet and dry periods.

4. Ground water is more uniform
in temperature and soluble mineral
load than surface water, and is gener-
ally free of turbidity and bacterial
pollution.

The development of water from sur-
face sources has been a necessity in
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many places where ground water can
be obtained only at excessive depth
below the surface or where it cannot
be obtained in sufficient quantity at
any depth, where the ground water is
deemed to be fully appropriated, or
where it is of a quality that makes it
unsuitable for the use intended. Even
where good-quality ground water is
available it may be at a disadvantage
as an alternate to surface water in that
its use generally requires expenditure
of energy for pumping, whereas the
surface water may producc energy be-
sides supplying water for other uses.

THE CONTROVERSIAL FEATURES of
ground water are numerous. Many
disputes as to the effect of one well on
another or on a spring have been de-
cided in the courts. Many others un-
doubtedly have avoided the courts
only because of the high cost and the
apparent hopelessness of obtaining
proof in support of individual opinions.
Many of the controversies reflect the
general lack of understanding and un-
certainty in the public mind regarding
ground water.

Ground-water hydrologists will ad-
mit—at least to each other—that they
can see no farther underground than
other people. But by scientific meth-
ods they can gain an understanding of
the underground conditions that may
seem supernatural to a casual observer.

They have learned that the puzzling
and apparently mysterious complexity
of the occurrence of ground water re-
sults to a large extent from the complex
geologic history of the earth. Studies
of regional geology are prerequisite
therefore to an understanding of
ground water.

Scientists have done a great deal of
research to establish and verify the
physical principles that govern the
movement of water underground.
They apply that theoretical knowledge
in their analysis and interpretation of
data from wells and springs—well logs,
the water-level fluctuations, chemical
analyses, discharge data, pumping-test
data, and so on. A fullerunderstanding

Yearbook of Agriculture 1955

of the water resources of a region can
then be gained by analysis of the rela-
tion of ground water to the water in
other phases of the hydrologic cycle,
both under natural conditions and
under conditions of development by
man,

Some arguments arise from the con-
flict between the complexities of the
occurrence of ground water in specific
areas, as found by hydrologists, and
the casy genecralizations made by
some others concerning ground water
throughout a State, or river basin, or
the entire country. Some insist, for
example, that if we will hold the rain-
drop where it falls, we will thereby
increase the recharge to the Nation’s
“ground-water reservoir.”- Obviously,
if the earth’s crust were homogeneous
enough and permeable enough to ac-
cept the rain that falls at any point,
there would be no uncertainties in the
development of wells, and wells of
large yield could be drilled anywhere.

I think controversies about ground
water are a good omen. Although they
stem from incomplete knowledge of
the resource, they show that we now
have a little knowledge of it. And that
is better for the Nation’s economy
than our past failures to give any
thought to ground-water aspects of
water-development. projects. We need
to know much more, and we need
especially the detailed knowledge of
specific localities. The wvariations in
the rock materials that hold and yield
water are such that it is hazardous to
bypass the necessary specific studies
of ground water, even though they
take time and money.

THE WATER BENEATH the land sur-
face is not all ground water. A man
with his feet on the ground might
assume that by picking up a handful
of moist earth he obtains some ground
water, or that in pouring a bucketful
of water upon absorbent land he in-
creases the ground-water resources by
that amount. Those assumptions are
incorrect. :

Ground water is only the part of the
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subterranean water that occurs where
all pores in the containing rock ma-
terials are saturated. The ‘“zone of
saturation” may extend up to the land
surface in some places, notably in seep
areas and in some stream channels,
lakes, and marshes. At all other places,
above the ground-water zone, “a zonc
of aeration” exists that may range in
thickness from a few inches to hundreds
of feet. Some water is in the zone of
aeration at all times, held there by
molccular attraction—in particular,
soils may hold significant volumes of
water against the downward pull of
gravity. Wells cannot extract any of
this water; they must be drilled through
the zone of aeration and obtain their
supplies from ground water.

The normal field of operations of the
ground-water hydrologist is delimited
only approximately by such a defini-
tion of ground water. Thus the top of
the zone of saturation cannot readily
be identified from the land surface.
The hydrologist therefore measures
the water levels in shallow wells. From
the measurements he constructs a
map of the “water table,”” which is thus
a phreatic surface—that is, pertaining

to a well—where the water is at at-.

mospheric pressure. The water table
may coincide approximately with the
top of the zone of saturation in coarse
gravel but is likely to be several inches
or even several feet below it in finer
grained materials, because capillary
rise results in the saturation of a zone
above the water table (the capillary
fringe).

Often it is hard to identify or classify
subterranean water on the basis of the
definition above. There may be satu-
rated flow, at least temporarily, in
parts of the soil zone. A well driller
may encounter a saturated zone and
then continue on down into dry ma-
terials, obviously in the zone of aera-
tion. Or he may find saturated ma-
terials that yield no water to his well,
so that there is no water table. And he
may drill through materials that yield
no water, and then encounter a stratum
from which water rises in the well to a
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level high in the zone of aeration, and
the water may even overflow. All
these are typical of the wide range in
conditions of occurrence of ground
water. They reflect the great varia-
tions in porosily and permeability of
the solid components of the earth’s
crust.

ALL SUBTERRANEAN WATER OCCUTS in
open spaces within the rock materials
of the carth’s crust. There are many
kinds of rocks, and in the number, size,
and shape of their open spaces they
differ greatly. Loose materials like
sand, gravel, and rock fragments have
pore spaces that are easily seen, but
the spaccs between particles of clay
and other fine-textured materials may
be excecedingly minute. Of the’ so-
called solid rocks, some contain micro-
scopic pores; others have large cav-
erns; still others are exceedingly dense
and compact—but even they are
commonly fractured enough to form
some openings that can admit water.
All openings underground may be re-
garded as pores, for even the largest
cavern is no more than a pore in com-
parison to- the size of the earth. The
ability of rock material to hold and
yield water is determined largely by
the characteristics of those pores.

The porosity of loose rock materials
varies with the arrangement, shape,

. and degree of assortment of the par-

ticles. The size of grain is not a deter-
mining factor, because, if other con-
ditions are the same, a material will
have the same porosity whether it con-
sists of large or small grains. Silt or
clay, consisting entirely of minute
particles, may have a porosity as great
as coarse gravel, although the pores
are less casily seen. In some consoli- -
dated rocks the original porosity has
been reduced by compaction or by
deposition of cement in the pore
spaces. In others it has been increased
by development of fractures or by the
dissolving of some of the rock material.

Rocks of low porosity are necessarily
limited in their capacity to absorb,
hold, or yield water. Such rocks may
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occur very close to the carth’s surface,
although, on the average, the porosity
tends to be higher near the surface
and lower with increasing depth. The
least porous rocks are probably those
that are buried so deeply that the
weight upon them is enough to distort
the rock structure and close all pores—
a depth that is obviously greater for
strong rocks than for weak rocks.

The depth at which pressures are
great enough to force closure of pores
in all rocks—that is, the depth to the
zone of the rock flowage—must be
greater than the 4 miles that has been
penctrated in the deepest test wells for
oil; and is believed to be 10 miles or
more. The top of the zone of rock flow-
age is the theoretical lower limit to
which ground water will penetrate.

Evidence from deep wells indicates
that in most places water becomes
scarce far above that theoretical depth.
A few wells have obtained water from
rocks at depths of more than 2 miles,
but in most places deep wells find little
water below a depth of half a mile.

Rock materials of high porosity
can yield copious quantities of water,
but not necessarily. One saturated
rock may yield most of the water in
its pores to wells or springs. Another,
of equal porosity but smaller pores,
may retain practically all its water and
yield negligible amounts to wells. The
difference then is in the proportion of
the contained water that is held by
molecular attraction and the propor-
tion that can be moved by gravity.
The rock that permits water to move
through it by gravity is far more per-
meable than the one that holds water
by molecular attraction.

Molecular attraction becomes more
and more significant with declining
size of pore because of the larger sur-
face area of solid material to which
water can adhere. In a cubic foot of
well sorted gravel whose particles are
a quarter of an inch in diameter, the
combined surface area of the grains is
about 200 square feet, or about the
floor space of an average living room.
In a well sorted sediment of rounded,

67

clay-size grains 0.001 millimeter in
diameter, the porosity may be equal
to that of the gravel, but the surface
area of the grains in a cubic foot may
cxceed a million square feet, or about
23 acres, and the molecular attraction
for water is correspondingly greater.
Within the earth’s crust is one zone
of generally high porosity and water-
retaining ability that is of prime inter-
est to agriculture—the soil zone. Al-
though that zone is similar in many
respects to the underlying material,
and indeed inherits many of the char-
acteristics of the rock material from
which it was formed, it has several im-
portant differences. Situated where it
is, and acting as it does as a support
and food-and-moisture medium for
plant growth, it tends to accumulate
organic matter and may become more
proficient than its parent material,
both in the amount of water it can hold
against thc pull of gravity and in the
amount it can transmit without dam-
age to itself when precipitation exceeds
its moisture requirements. But the soil
is particularly susceptible to changes
in its water-retaining and water-trans-
mitting properties as the result of the
activities of man. Thus it is the differ-
ences between soil and the underlying

-rocks—rather than the similarities—

that are important in considering the
relation of soil to water supply. The
soil does not yield water to wells, but
through it must move a large part of
the water that does become available
for man’s use later. The underlying

- rocks doyield water to wells, but they do

so only if the soil or other surficial ma-
terial, which has first call on the water,
is able to release a part of it for down-
ward movement to the water table.
Below the depths that can be reached
by plant roots, the water dominated
by molecular forces cannot be of major
economic importance, because it is not
yielded readily to wells or to springs
where mankind can put it to use. The
force of gravity continues to operate
even upon the waters in those minute
pores, however, so that small amounts
of water may be yielded to wells in
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time. Thus there is slow drainage of
water into many wells dug into clay or
other fine-textured materials, enough
for limited domestic and stock use. In
some areas of heavy pumping, the
drainage from saturated clays has been
accompanicd by compaction and has
caused the land surface to subside.

The rate of movement of water be-
neath the surface depends a great deal
on the permeability of the rock ma-
terial, which is its capacity for trans-
mitting water. In permeable materials,
gravity is the force that moves water
downward from the land surface to the
zone where all pores are saturated,
thence laterally toward lower eleva-
tions, and ultimately to the oceans or
to places where the water is discharged
at the land surface by springs or seeps,
or by evaporation or transpiration.

In the development of ground water
by means of wells, a hole is drilled into
the zone of saturation. Water that
drains from the saturated rock materi-
als into the well is called gravity ground
water. As that water is pumped out,
other water moves toward the well.
The rate at which water moves toward
the well, and therefore the rate at
which water can be withdrawn from
the well, depends largely on the per-
meability of the materials from which
the water is drawn.

THE SCIENCE OF GEOLOGY deals in
part with the stratigraphy and struc-
ture of the rock formations that make
up the earth’s crust. Those geologic
formations are the framework through
which ground water moves or is barred
from movement. A formation that will
yield enough water to be important as
a source of supply s called an aquifer—
a water-bearing formation that con-
tains gravity ground water.

Nature provides a gradation from
highly permeable materials which, if
saturated, are very productive aqui-
fers, to impermeable materials that
yield practically no water. Thus a
classification of rock materials merely
as permeable or impermeable is in
most places an oversimplification of
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the actual conditions. Indeed, a forma-
tion classed as an aquifer in a region
nearly destitute of available water
might be viewed as unworthy of the
name in regions where very large
supplies can he obtained from wells
tapping other formations. The term
“aquifer” is sometimes used to desig-
nate individual water-bearing beds,
perhaps only a few feet thick, and
sometimes to designate thick series of
beds of varying permeability, where
the individual beds are more or less
interconnected hydraulically.

The term “ground-water reservoir”
also has rather flexible usage. Com-
monly it is used interchangeably with
aquifer. More broadly it may represent
the water-bearing materials in an
extensive area, as for example the San
Joaquin Valley ground-water reser-
voir in California, which supplies
water equal to about a quarter of all
the water pumped from wells in the
United States. Still more loosely, the
term has been used to designate all the
rock material of a continent, but such
loose usage ignores the contrasts in per-
meability and the resulting contrasts
in capabilities as to storage and de-
velopment of ground water.

Great variations in permeability of
rock materials have been chiefly re-
sponsible for the considerable variation
in occurrence of water in the ground-
water reservoirs of the continent. In
some areas the ground-water reservoir
and the materials above it are all rela- .
tively permeable, although some varia-
tion is almost inevitable. Wells dug or
drilled in those areas commonly pene-
trate first some dry strata, then ma-
terials that are increasingly moist (the
capillary fringe), and then materials
from which water enters the well—
thus they have gone through the zone
of aeration and reached the zone of
saturation. The water table rises as,
water enters the ground-water reser-
voir; it falls as water drains away to
lower parts of the reservoir or as it is
discharged by wells or other means.
That water is unconfined. A

Relatively impermeable layers-with-
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in the zone of aeration produce various
complications in this simple picture.
Such layers may be right at the surface,
so that there can be very little infiltra-
tion, and practically all the water from
precipitation must collect on the sur-
face or run off overland.

IMPERMEABLE MATERIAL may be pres-
ent at various depths below the land
surface, whether as hardpan within
the soil zone, or clay or other tight
material at greater depth. Such ma-
terial may be poorly permeable and
thus retard downward percolation, so
that there is an accumulation of water
and temporary saturation of material
immediately above it. Or it may be so
impermeable as to prevent downward
percolation, so that a ground-water
reservoir is permanently maintained
above the impermeable zone. Such
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bodies of ground water within the zone
of aeration are perched. Many are of
very small extent and may disappear
in a short time after rains. Some
perched ground-water reservoirs yield
water to wells and springs and are thus
of economic value, but they are of
very minor importance in the Nation’s
overall water economy. o
Many deep- wells penetrate far into
the zone of saturation, and go through
rock materials that range widely in
their permeability. Water may rise
markedly above the top of the aquifer
whence it comes, and may even over-
flow at the surface. Such water is con-
fined bencath less permeable material.
It is not necessary that the confining
bed be impermcable, but only that it
be less permeable than the aquifer.
Thus the Dakota sandstone in North
Dakota and South Dakota is a famous
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artesian aquifer in which water is con-
fined beneath dense shale. At the base
of the Wasatch Range in Utah there
are beds of loose sand more permeable
than the Dakota sandstone; neverthe-
less, that sand constitutes the confining
bed above coarse gravel. In both in-
stances water moves far more easily
through the aquifer tapped by wells
than through the overlying beds. If the
water in the aquifer is under sufficient
pressure to rise above the zone of
saturation, it is artesian, and the aqui-
fer is then an artesian reservoir.

An artesian reservoir does not receive
any water by downward movement
through the confining bed that overlies
it. Even in places where the confining
bed is moderately permeable the arte-
sian pressure opposes such movement.
An artesian reservoir as a rule therefore
is replenished in some area where the
confining bed does not exist and where
ground water is under water-table con-
ditions. Thus, although it is important
to differentiate between confined and
unconfined waters—because of the dif-
ferences in ground-water hydraulics—
it should be recognized that an “arte-
sian reservoir” is actually only a part
of the complete underground system
necessary for yielding perennial sup-
plies to wells or springs. For artesian
aquifers, as well as for other ground-
water reservoirs, there must be some
area in which the soil or other surficial
material and any underlying unsatu-
rated material are sufliciently permea-
ble to permit water to enter the aqui-
fer. Such areas are the recharge areas
for ground-water reservoirs—the areas
in which replenishment occurs.

CONFINED WATER has also been en-
countered in wells in many parts of the
country, particularly in oilfields, under
conditions that indicate that it has
been isolated from other waters and
(in many instances) that it"has been
trapped there for geologic ages. The
trapped waters generally are highly
mineralized and not usable, but some
contain minerals of economic value.
Trapped waters are found under con-
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ditions analogous to those requisite for
petroleum accumulation, and they are
similar to the petroleum resources in
another respect: Being isolated from
the natural circulating system of the
hydrologic cycle, they are not renewa-
ble or replenishable as are most water
resources.

THE AMOUNT OF STORAGE in a ground-
water reservoir is no indication of the
capabilities of the reservoir for sus-
tained yield of water to the wells and
springs. The limit of perennial yield is
set by the average annual recharge to
the reservoir, just as the useful yield of
a surface reservoir is set by the inflow
to it. Some small ground-water reser-
voirs along streams are capable of a
large sustained yield because they are
readily recharged from the stream.
Otbhers, notably in desert areas, may be
far larger and hold vast quantities of
water in storage, but yet have very low
capabilities for perennial yield because
of meager recharge. As an example,
the ground-water reservoir under a
6,700-square-mile area in the Southern
High Plains of Texas is estimated to
hold more than 5 times as much water
as Lake Mead (formed by Hoover
Dam), but its annual recharge is less -
than o.5 percent of the annual inflow
to Lake Mead.

Characteristically there is natural
movement of water through ground-
water reservoirs, but that movement is
at snail’s pace. Whereas stream veloci-
ties are commonly quoted in terms of
feet per second, ground-water veloci-
ties are measured in feet per day or
even feet per year. The ground water
moves from recharge areas to areas of
natural discharge, and through the
years the average natural discharge
from the reservoir is equivalent to the
average recharge. Wells intercept some
of the water along its route, and if their
yield is sustained year after year, it is
because the water drawn by them is
replaced by increased recharge, or is
diverted from its course toward ulti-
mate natural discharge.

As a rule, water will not remain un-
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der a piece of property until the owner
is ready to use it: Eventually it will be
discharged from the ground-water
reservoir whether he takes it out or not.
In other words, conservation of ground
water is not necessarily achieved by
not using it.

The velocity of ground-water move-
ment is an important factor determin-
ing the sustained yield of wells, for that
yield is limited to the quantity of water
that moves to the well from the places
where the water entered the ground.
Wells remote from a source of replen-
ishment cannot yield water perennially
at rates greater than the rate at which
water moves through the aquifer, even
though the quantity available at the
source is many times as great.

Artesian supplies in particular are
limited by this factor of transmissivity
of the aquifer, and many of the Na-
tion’s problems of ““failing water sup-
plies” stem from this limitation. The
problems are analogous to those of a
town that has an adequate overall
water supply but has distribution lines
too small to carry the water needed in
some parts of the town.

Some guides may be offered for the
effective development of underground
storage for perennial use. The sus-
tained yield of a ground-water reser-
voir (using the term to describe an
underground unit of the hydrologic
cycle, with its areas of recharge and
discharge) cannot be greater than the
average recharge, whether that re-
charge occurs by natural or artificial
means, or both. Generally the quan-
tity recovered from the entire reservoir
for use will be appreciably less than that
inflow, because of the practical limita-
tions of the recovery techniques. In
any part of the reservoir—even at any
particular well—a further limitation is
imposed by the rate at which water
can be transmitted through the aqui-
fer. This limitation applies least to
wells within the recharge area, where
they can reap the benefit of any inflow
in short order. The limitations are an
oversimplification of a complex prob-
lem and are only the hydrologic limita-
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tions. In many regions economic, so-
cial, or legal factors limit the yield of
ground-water reservoirs to a rate far
below their hydrologic capabilities.

The relation between recharge and
sustained yield of ground-water reser-
voirs is so closely analogous to that be-
tween inflow and yield of surface reser-
voirs that one might wonder why
ground-water development programs
are not based on a knowledge of the
recharge comparable to the knowledge
of streamflow that we consider to be
prerequisite to development of rivers,
Part of the answer may lie in the fact
that the developed surface storage is a
product of man’s ingenuity and does
not exist until he has made a substan-
tial investment in labor and materials;
whereas the ground-water reservoir is
developed and filled by Nature and lies
ready to yield water for a small invest-
ment in well drilling. At any rate,
“ground-water shortages” have been
reported in areas in nearly every State,
and most of the difficulties could have
been mitigated if the hydrology of the
ground-water reservoirs had been
known.

In extensive areas the surficial ma-
terials are permeable but unsaturated.
In some places such materials may ex-
tend to depths of several hundred feet.
They do not come within the definition
of “aquifers” or ‘“ground-water reser-
voirs,”” which are limited to saturated
rocks. But they can be classed as po-
tential underground-reservoir sites,
which may be placed in service if suit-
able methods can be found for saturat-
ing them. Indeed, there are already
ground-water reservoirs in the irrigat-
ed areas of the West that once were
composed of unsaturated rocks but
that now receive the excess water from
irrigation, store it, and subsequently
release it to wells and springs. There
also are unsaturated rocks that will
probably never provide satisfactory
reservoirs, even though they are ex-
ceedingly permeable, because the ma-
terials are in places where water would
drain out as fast as it could be added
practically.
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THE GROUND-WATER PHASE of the
hydrologic cycle may now be de-
scribed with reference to the frame-
work of rock materials that hold or
transmit subterranean water. Practi-
cally all ground water, like soil mois-
ture, is derived ultimately from pre-
cipitation. There are other sources of
ground water: Juvenile water rising
from the carth’s interior, as in some
volcanic areas; connatc water trapped
in sediments at the time of their dep-
osition perhaps hundreds of millions
of years ago; water contained in cer-
tain minerals and released when those
minerals decompose. The quantity
from those sources may be large in the
aggregate, but the water is commonly
too mineralized for most uses and is
therefore avoided when encountered in
wells. Essentially all usable ground
water is part of the circulatory pattern
of the hydrologic cycle.

Permeability is a major factor in all
aspects of subterranean water move-
ment. It is important at the land sur-
face in determining the proportions of
infiltration and overland flow from
precipitation. This proportion may be
modified by climatic factors, and the
permeability also may be modified by
various factors. Variations in permea-
bility below the surface are responsible
for perched ground-water zones and
for artesian conditions, as well as for
the marked contrasts in yield of water-
bearing formations and for the failure
of some rock materials to yield water.

Probably no part of the earth’s crust
is absolutely impermeable. It follows
that in most places some water may
move down from the land surface and

that there should .be at least small-

amounts of ground water under prac-
tically every point of the land surface.
The wide distribution of wells at farm-
houses and populated places supports
this contention. But the specifications
set by mankind for water supply from
a well are such as to disqualify many
regions. Most clays and fine-textured
materials are scorned because a. well
cannot pull out the water stored in
them. The needs of some users arc so
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great that they cannot be met even
from  moderately permeable material.
Many aquifers are not used because
their water fails to meet desired stand-
ards as to chemical quality. And others
may be so deep that drilling wells
or pumping water from them cannot
be justified economically.

Particularly for the large wells re-
quired for industry, irrigation, and
municipal use, only the best aquifers
suffice. It is estimated that nearly 8o
percent of all water obtained from
wells comes from loose or only slightly
consolidated gravel and sand. Lime-
stone yiclds about 5 .percent of the
total water pumped from wells, chiefly
in Florida, Georgia, New Mexico, and
Texas. About g percent comes from
sandstone in various parts of the coun-
try, and 2 percent from basalt, chicfly
in the Pacific Northwest.

An accompanying map (page 66)
shows the areas in which moderate to
large supplies of usable water may be
obtained from wells. The depth of the
aquifer below the land surface was
not taken as an essential criterion in
the compilation of the map. In some
areas the depth may be too great for
drilling under present economic con-
ditions, but the water remains avail-
able whenever it is needed. In some
areas, furthermore, water may bc
encountered at several depths, perhaps
in more than one geologic formation.

Thus the map includes all areas in
which moderate to large quantities of
usable water can pass through per-
meable materials. The scale of the
map and the extent of knowledge are
too.small to show this-information in
great detail. Successful large wells
have been drilled in many small areas
that could not be shown, and on the
other hand satisfactory wells cannot
be obtained at every single place within
the outlined ‘“‘ground-water areas.”

Three types of ground-water areas
are distinguished on the map:- ‘

1. Watercourses, consisting of a
channel occupied by a perennial
stream, together with the enclosing
and underlying alluvial matcrial satu-
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rated with water that comes from the
stream, from infiltration at the sur-
face, or from adjacent water-bearing
materials.

2. Loose water-bearing materials,
chiefly gravel and sand, including the
productive aquifers of the Coastal
Plains, Great Plains, glacial drift and
outwash, and western valleys. Buried
glacial valleys not now occupied by
perennial streams are included in this
group. The areas shown include known
and potential areas of well develop-
ment as well as the recharge areas.

3. Consolidated water-bearing rocks,
of which limestone, basalt, and sand-
stone are the most important. The
areas include the recharge localities,
which generally coincide with the
areas of outcroping of the permeable
rocks, as well as areas where the rocks
are buried beneath less permeable ma-
terials but yield usable water to wells.

The blank areas of the map are
significant because they indicate that
about half of the country is not known
to be underlain at any depth by rock
materials that can yield as much as
50 g. p. m. (gallons per minute) to a
well. Apparently the rocks underlying
these blank areas are generally in-
capable of receiving or transmitting
large quantities of water, either by
infiltration from the land surface or
from streams or by underflow from
adjacent areas underlain by permeable
rocks. These areas of course are not
devoid of ground water, and many
will yield adequate supplies for domes-
tic or stock use. Because of the overall
low permeability of the rocks or over-
lying mantle in these localities, the
ground-water phase of the hydro-
logic cycle carries a smaller than
average proportion of the total water,
and, on the average, probably for
shorter distances.

Recharge to practically all ground-
water reservoirs—whether large or
small, important or negligible—moves
downward from the surface. The
amount of recharge depends partly on
the permeability of the soil or mantle
rock and partly on the available water
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from precipitation or streams or other
sources. Many of the best recharge
areas are underlain by materials so
permeable that they would not be
classed as soils at all, because water
moves down through them so rapidly
that they support little vegetation: The
talus on mountain slopes, the bouldery
beds of streams at the mouths of can-
yons, barren lavas, sand dunes, and
arcas of outcrop of cavernous lime-
stone.

In most ground-water reservoirs only
apart—and perhapsa verysmall part—
of the infiltration in the recharge
area becomes ground water. Near the
land surface water may be pulled up-
ward by solar energy—evaporation or
transpiration—and returned to the at-
mosphere. In desert basins most of the
water from the scant precipitation is
dissipated in this way, and the ground-
water reservoirs may be recharged only
a few times a century, during excep-
tional “wet” years.

Even in the humid eastern half of
the country, many ground-water reser-
voirs receive negligible recharge dur-
ing the summer, suggesting that vege-
tation may consume most, if not all,
of the water made available to it by
rains during the growing season.

The water that descends below the
root zone is beyond the influence of the
sun’s energy, and its movements there-
after are impelled by gravity alone.
It obv1ously moves in response to
gravity as it goes down to the zone of
saturation, but it no less truly moves in
response to gravity as it rises in spring
orifices or flowing wells or seeps up-
ward through so-called confining lay-
ers. Most of the movement in the
ground-water phase is lateral—down
gradient—rather than in a vertical
plane. In this respect it is similar to
movement in the surface-water phase.

Basic DATA that are essential for an
understanding of our ground-water re-
sources (and similarly for surface-water
resources) have been collected by nu-
merous Federal, State, and municipal
agencies, by irrigation districts and
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other groups of water users, industrial
firms, consulting specialists on water,
and individuals who have become in-
terested in some aspects of water supply.

Some examples: Well drillers de-
velop a fund of valuable information
concerning the position and character-
istics of aquifers in a region and how to
develop water from them. On the basis
of their information, many drilling
companies can contract to drill wells
of guaranteed yield and quality. Pump
manufacturers and power companies
may rate the discharge and efficiency
of installed pumping equipment. Mu-
nicipalities and many industrics have a
permanent staff of water-supply spe-
cialists; some of them are concerncd
mostly with distribution and treat-
ment, but some keep records of quan-
tities pumped from wells and of fluc-
tuations of static level and pumping
lift. Irrigation districts and reclama-
tion projects in the West may have
data on water levels in wells, particu-
larly if some of their supply is from
ground water or if they are troubled
by a high water table. Technical ad-
viscrs to many soil conservation dis-
tricts accumulate considerable data on
various aspects of ground water within
the district. County agents, State agri-
cultural colleges, and others related
directly or indirectly to the Depart-
ment of Agriculture have also been re-
sponsible for collecting various records
from wells. Operators of mines, tun-
nels, oil or brinc wells, levee systems,
and other flood-protection structures
also collect some data concerning spe-
cial aspects of ground water.

So we have a formidable list of indi-
viduals, companics, and governmental
agencies who collect ground-water data
at specific installations or for specific
types of use: The bureaus in the De-
partment of the Interior concerned
with reclamation or with administra-
tion of Indian lands, national parks, or
other public lands; several agencies in
the Department of Agriculture; some
agencies in the Department of Defense,
including the Corps of Engineers; nu-
merous State agencies having respon-
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sibilities parallel to the Federal agen- -
cies; municipalitics and industries; wa-
ter-users’ groups; universities and other
scientific or technical groups; and in-
dividuals. For a comprehensive evalua-
tion of the ground-water resources and
their development, each is likely to
have a jigsaw puzzle, most of whose
pieces are missing.

I cite several reasons. The data may
be collected sporadically, when water-
supply difficulties are present or immi-
nent or during the tenure of an em-
ployee whose scientific interest impels
him to go beyond his routine assign-
ments. The data may be limited as to
scope or area, and (although they pre-
sumably mect the special needs of the
collector) they do not explain the oc-
currence and movement of the ground
water in the region. Finally, the data
collected by special-interest groups
generally are not available for public
usc. Some are disseminated among
groups who will make it available to
all upon request, but some are held by
people in regions of keen competition
for water supplies, who have collected
the data for competitive advantage.

A few agencies have responsibility
for collecting data leading to compre-
hensive evaluation of water resources
and the effects of development. In the
important field of public health in re-
lation to the water supply, the Public
Health Service of the Department of
Health, Education, and Welfare main-
tains standards in close coordination
with the responsible State agencies.

The collection and interpretation of
basic data pertaining to all aspects of
ground-water resources is the respon-
sibility of the Geological Survey of the
Department of the Interior, working in
coordination with the State agencies
responsible for appraisal of water re-
sources and the eflects of development.
These agencies may receive substantial
cooperation and assistance from the
numerous special-interest groups who
collect water data for their own necds.
Also, several States have statutes re-
quiring submission of certain data—
such as drillers’ logs, data as to depth,
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discharge, use of a well, and so on—
to the State engineer, State geologist,
State land commissioner, or other offi-
cials responsible for data on water
resources.

Wherever the ground-water develop-
ment is controlled by statute, the State
engineer or other administrator may
issue permits or approve applications
for new wells or adjudicate water rights
in a ground-water basin. He may be
designated as referee in cases before
the courts and provide the hydrologic
basis for a decision. Thus he has quasi-
judicial functions, subject to review by
the courts. The Geological Survey
commonly collects and interprets basic
data in cooperation with the State
agency. It qualifies {or this task on the
basis of the competence, impartiality,
and freedom from special interest of
its ground-water hydrologists.

But all the available ground-water
data and the analytical studies give us
much less than a complete picture of
the resource throughout the country.
Americans tend to give attention to
the ground-water resources when trou-
bles appear. We know most about the
regions where crises have developed,
therefore, and far less about other re-
gions. So it might be until the well runs
dry; then—to paraphrase Benjamin
Franklin—we shall know the worth of
water.

THE PROBLEMS of ground-water de-
velopment have been discussed in some
detail in my book, The Conservation of
Ground Water. A summary of the prob-
lems, adapted from that volume, is
given:

The ground-water problems of one
locality are rarely unique, for other lo-
calities have encountered similar prob-
lems and in many instances have found
satisfactory solutions. Most of the prob-
lems of ground-water ‘“‘shortage” are
in areas where significant quantities of
water are withdrawn from wells.

Ground-water storage has also been
changed by other activities of man,
sometimes to his benefit, but morc of-
ten to his disadvantage. Very common-
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ly the changes, incidental to the settle-
ment of the country, have been unin-
tentional and unforeseen.

The difficulties created by pumping
from wells are of several types. Some
problems pertain to entire ground-
water reservoirs, where the rate of
replenishment is inadequate to meet
the continuing demand. Pipeline prob-
lems (problems arising from inade-
quate capacity of aquifers to transmit
needed quantities of water to points of
use) arise because of the inability of
water to move rapidly enough through
carth materials 1o supply the demand
of wells, even though the ground-water
reservoir as a whole may have an ade-
quate supply of water. The third type
occurs along watercourses, where an
intimate relation exists between the
water in the stream and that pumped
from wells.

The serious problems of ground-
water shortage occur in areas where
water is pumped out faster than the
entire ground-water reservoir is re-
plenished. Under those conditions the
reservoir is being emptied of water that
may have taken decades or centuries
to accumulate, and there is no possi-
bility of a continuous perennial supply
unless present conditions are changed.
Even more serious is the condition
where salty or otherwise unusable
water flows into a ground-water reser-
voir as the good water is pumped out,
for those reservoirs may be ruined
before they are emptied. Most of the
excessively pumped reservoirs are in
the arid regions, where precipitation
is generally inadequate for the needs
of man. Some have an area of a hun-
dred square miles or less; others may
ecmbrace several counties or extend
across State or international bound-
aries. Users of ground water gener-
ally are aware that they are using more
than the perennial supply and that the
supply will be exhausted unless action
is taken. Corrective measurcs already
applied in some areas include preven-
tion of waste, a pro rata reduction of
pumping from all wells, prohibition
of further development, reclaiming of
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used water, artificial ground-water re-
plenishment by surplus stream walter,
and importation of water from other
areas.

Pumping from closcly spaced weclls
has caused significant declines of water
level in parts of nearly every State,
chiefly in municipal or industrial areas
that use large quantitiecs of ground
water. The water levels have reached
approximate cquilibrium in some of
those areas, indicating that the pumped
water is now being rcplaced by the
water transmitted through the aquifer.
In other areas the water levels are still
declining each year. Concentrated
draft has induced an inflow of ocean
water or other unusable water to some
wells.

The watercourse problems result
from the pumping wells along rivers,
where the ground water is so closely
related to the water in the strcam that
pumping fromwellsdepletes the stream-
flow. Diversions from the stream for
various purposes may increase the
amount of ground watcr at one place
and reduce it at another. The intimate
relation between surface and ground
water is also shown at some river cities
where protection from floods requires
not only protection from a rise in the
river but also protection from the
simultaneous rise of ground-watcr
levels under the city.

Many activities unrclated to pump-
ing of ground water have modified
the storage of water below the land
surface. Drainage projects and irri-
gation projects have proved that it is
possible to manipulate the storage in
ground-water reservoirs. Unfortunatcly
ground-watcr storage has been in-
creased by irrigation in some places
until good agricultural lands have
been waterlogged and abandoned; and
it has been decreased in other locali-
ties by drainage to the detriment of
agricultural use of the land or munici-
pal use of the water. Man has changed
the quantity of water stored under-
ground by his structures for storage of
surface water or for protection against
floods, by improving the channels for
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navigation, and by building cities and
providing them with storm sewers. He
has damaged some water supplies
by discharging contaminated water
into the ground or into streams from
which it enters ground-water reser-
voirs, and also by puncturing protec-
tive layers, thus permitting entry of
sca water or other mineralized water
into aquifers.

For the country as a whole, the
greatest change wrought by man has
been the change from the original
forest and grassland to cultivated or
barren areas.

In the absence of actual records of
ground-water levels in wells since the
beginning of settlement, there is a
broad field for argument as to the ef-
fects of the changes in vegetative cover
upon ground-water storage. It is cer-
tain, however, that where the earth
materials were saturated to within a
few feet of the surface, the cutting of
deep gullies has lowered the water
table as cffectively as ditches have
done for numerous drainage projects.

Harorp E. THoMAS has been geologist
and ground-water hydrologist in the Ground
Water Branch, Water Resources Division,
the United States Geological Survey, since
1931, except during a period of overseas
service as an officer during the Second
World War. He has a doctor’s degree in
geology from the Unuversity of Chicago. He
made a survey of the national ground-water
situation under the sponsorship of the Con-
servation Foundation. He is now staff geolo-
gist of the Ground Water Branch at Salt
Lake City, Utah. He is the author of the
book, The Conscrvation of Ground
Water, published by McGraw-Hill in
1951.  The illustrations in this chapter were
redrawn from maps in the book.
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How We Measure
the Variations in
Precipitation

William E. Hiatt and Robert W. Schloemer

We talk a lot about normal rainfall,
but it would be hard to find a month or
a year'in which the precipitation could
be called normal.

Unusual as the normal is, however,
we need it as a yardstick, just as we

need standard measurements in agri-
culture and industry so we can deter-

mine, for instance, whether production
is good or bad.

We need also to know the variations
that we add up to make the normal—
which is an average of wide differ-
ences over a long time. Floods and
droughts are the direct result of de-
partures from the normal, but minor
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fluctuations in the amount, time, and
place of rains are of concern also to
each of us.

Precipitationismeasured asitfallsand
also after it has accumulated as snow.

The falling precipitation is caught in
various kinds of gages, suited to the
different situations where the rain and
snow are to be measured.

There are about 10 thousand non-
recording gages in the United States—
an average of three to a county. With
them, observations are made daily by
public-spirited citizens, who perform
this important service without pay.
In the nonrecording gage the rainfall
is funneled into a small-diameter
measuring tube, where its depth is
amplified so that hundredths of an
inch can be measured accurately with
a simple calibrated stick.

During the snowfall season, the fun-
nel and measuring tube are taken out
of the gage, and snow is caught in the
8-inch-diameter overflow can, or the
can is used to cut a core of new-fallen
snow. The snow is then weighed or
melted and measured in the measuring
tube to obtain the water equivalent.

There also are about §,000 recording
gages, which have weighing or tipping
bucket mechanisms that produce a
continuous record of precipitation as it
falls into the gage.

Storage gages are placed at remote
sites, which usually can be visited only
a few times a year. This type of gage
has a large capacity, is charged with
antifreeze, and has an oil film to mini-
mize evaporation between readings.
There are about 300 of these gages—
most of them in the western mountains.
Many of them are on towers so they
will not be covered by snow. Most of
them are equipped with flexible,
slatted shields to reduce the effects of
wind. Recent efforts to perfect un-
attended gages, which report auto-
matically by radio, have had consider-
able success. Such gages are too ex-
pensive for widespread use, however,
and precipitation wsually is observed
only in places where people can con-
veniently read the gage.
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fluctuations in the amount, time, and
place of rains are of concern also to
each of us.

Precipitationismeasured asitfallsand
also after it has accumulated as snow.

The falling precipitation is caught in
various kinds of gages, suited to the
different situations where the rain and
snow are to be measured.

There are about 10 thousand non-
recording gages in the United States—
an average of three to a county. With
them, observations are made daily by
public-spirited citizens, who perform
this important service without pay.
In the nonrecording gage the rainfall
is funneled into a small-diameter
measuring tube, where its depth is
amplified so that hundredths of an
inch can be measured accurately with
a simple calibrated stick.

During the snowfall season, the fun-
nel and measuring tube are taken out
of the gage, and snow is caught in the
8-inch-diameter overflow can, or the
can is used to cut a core of new-fallen
snow. The snow is then weighed or
melted and measured in the measuring
tube to obtain the water equivalent.

There also are about §,000 recording
gages, which have weighing or tipping
bucket mechanisms that produce a
continuous record of precipitation as it
falls into the gage.

Storage gages are placed at remote
sites, which usually can be visited only
a few times a year. This type of gage
has a large capacity, is charged with
antifreeze, and has an oil film to mini-
mize evaporation between readings.
There are about 300 of these gages—
most of them in the western mountains.
Many of them are on towers so they
will not be covered by snow. Most of
them are equipped with flexible,
slatted shields to reduce the effects of
wind. Recent efforts to perfect un-
attended gages, which report auto-
matically by radio, have had consider-
able success. Such gages are too ex-
pensive for widespread use, however,
and precipitation wsually is observed
only in places where people can con-
veniently read the gage.
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Besides the network of the national
weather service, special networks of
gages have been established, notably
in Ohio and in Los Angeles County,
for flood-control operations, studies of
rainfall during thunderstorms, investi-
gation of soil erosion, and for other
purposes.

BuckET SURVEYS often are made after
unusual storms by various agencies to
supplement the official but sparse net-
work of rain gages: These readings are
obtained from buckets, troughs, cans,
barrels, homemade gages, and other
containers. Citizens have rendered a
valuable service by noting and report-
ing to the Weather Bureau rainfall in
excess of about g inches an hour or 6
inches a day, times of beginning and
ending, exposure conditions, and na-
ture of the container.

Precipitation that has accumulated
as snow on the ground is measured
daily as to depth and water equivalent
at each of 300 stations of the Weather
Bureau, which are in large cities. At
more than a thousand other places,

mostly in the mountains in the West, -

the snow depth and water . équivalent
-are measured at intervals of approxi-
mately a month in the late winter
and early spring by snow surveys.
Radar is coming into use for tracking
storms and for indicating precipitation
rates and duration within a storm.
Radar is particularly effective in locali-
ties where there are too few gages to
give an indication of the areal distri-
bution of precipitation (the average

distance from gage to gage is 15 miles -

in the United States) but where there
are enough gages to calibrate the in-
tensity pattern indicated by radar.
The variation in precipitation catch
because of differences in commonly
used gages seldom exceeds 5 percent.
The variation because of differences in
the local site may exceed 50 percent
when wind speeds are greater than 20
miles per hour at the gage. The gage
is an obstruction to the moving air,
part of which rises in passing the gage.
The upward movement of air over the

gage reduces the fall of precipitation,
particularly snowflakes, into the gage.
Shields attached to the gage help some
in reducing the wind effect; but the
best solution is to avoid windy sites.

The best sites are surrounded with
good natural shelter, such as low trees
or shrubs, or small buildings. A single
large obstruction too near the gage is
harmful because it may intercept pre-
cipitation when the wind is from its
side. Because wind turbulence increases
with height above the ground, a gage
should be no higher above the ground
than necessary to avoid spatter, runoff,
or envelopment by snow.

Efforts are being made continually
to improve the design of gages and
standards for choosing their sites so as
to achieve more nearly the ideal of
true catch. In the meantime, gage
catch on the average is deficient by a
few percentage points, rather than ex-.
cessive. By means of standard types of
gages and standard rules for exposing
them, however, gage catch has a re-
liable and practical index relation to
true catch.

INTERPRETATION of the data involves

estimating the time, space, and fre-
quency of distributions of precipitation
from observations at a few points.
- The distribution of precipitation in
time requires the use.of all available
data, plus knowledge of the meteorol-
ogy of storms. For example, rainfall
that is spotty in its distribution is likely
to have variable rates at points within
the area. A storm with low, steady
rates of rainfall is likely to have a
fairly uniform distribution over an
area. The time distribution of precipi-
tation at a gage observed only once a
day can be inferred by the time distri-
bution observed at nearby recording
stations or by interpretation of- the
sequence of meteorological events.

The variation in rainfall over an
area—on a storm, seasonal, or other
basis—requires knowledge of storm
movements, storm processes, and the
physiographic influences on those proc-
esses. It is not enough in rugged loca-
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tions merely to interpolate linearly
among the station data available. Nor
is it correct to assume that each station
represents a large area surrounding
it—say halfway to the closest stations
in all directions. The record from each
station represents the complex of the
rainfall-influencing factors that exist at
that station site. To interpolate, it is
necessary to know what those factors
are and how they are distributed over
the area.

In mean annual rainfall, the varia-
tions in storm dynamics are usually
averaged out over fairly large areas
during a period of record of several
years.

In some regions the areal distribu-
tion of total annual or seasonal pre-
cipitation shows remarkable consist-
ency from year to year. In those re-
gions the average seasonal precipita-
tion over an area is a fairly reliable
function (not necessarily a simple
mean) of the precipitation observed at
certain well chosen index stations.

In general, rainfall diminishes with
distance from seacoast and increases
with elevation above sea level. More
precipitation is received on windward
than on lee slopes, the variation being
greatest with the steepest slopes.

Those and other parameters may be
objectively defined. They operate dif-
ferently in different regions, but within
a region they are functionally related
to mean annual or seasonal precipita-
tion at sites having precipitation rec-
ords. By means of those functions, the
mean annual precipitation is estimated
at intervening places where it is not
observed but where the physiographic
parameters can be measured. This
technique has been used for refining
the mean annual precipitation map
for about a quarter of the area of the
United States.

The longtime average rainfall for a
station having a short record may be
estimated by comparison with the
average observed at a few nearby sta-
tions having long records and noting
how the averages compare during the
short record common to all the stations.
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Records occasionally require adjust-
ment because of nonstandard exposure
or nonstandard methods of observa-
tion. A consistent bias can be discov-
ered and evaluated by a method known
as double-mass analysis. Yearly values
of precipitation at the station are ac-
cumulated, and the accumulated totals
are plotted against the corresponding
successive accumulations of average
precipitation at nearby stations known
to have reliable records. Changes in
the slope of the plotted line show thc
time and amount of change in the ob-
servational regime at the station being
tested.

Tue MECHANICS of storm precipita-
tion determines the kind, rate, and
duration of precipitation at the ground.
Intense rains lead to serious erosion
problems. Freezing rain and hail do
direct damage to plants. Rain from
light showers evaporates without ma-
terial gain to crops. Long rainy periods
frequently are as damaging as drought.

Precipitation is the end product in
the form of rain, snow, hail, or sleet,
which results from reduction of the
temperature of a mass of air below its
capacity to hold moisture. The excess
moisture is released, and the form in
which it reaches the surface of the
earth depends on its initial tempera-
ture, the temperature of the air through
which it falls, and the temperature at
the ground surface. The intensity of
precipitation at a point on the ground
depends on the amount of cooling of
air taking place overhead and the
volume and moisture content of the air.

Most of the cool-season precipitation
in the United States is associated with
cyclonic storms, which develop as a
result of interaction between cold and
warm air masses. The classical model—
with steady, light-to-moderate rain to
the north and east of the center and
with showery weather to the south and
west—has been little modified in the
past years, except for greater detail
obtained from concurrent surface and
upper air charts, which establish better
understanding and explanation of de-
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viations from the model. Some of our
heaviest rains may occur in the east or
northeast portions of the storm if the
warm air riding up over the cold air
is unstable. Also, it is now easier to
delineate the expected areas of intense
storminess in the southern semicircle
by examination of temperature, mois-
ture, and winds in depth.

Light-to-moderate, steady rain indi-
cates rather uniform upglide of warm
moist air over a large area. Such up-
glide may be associated with the warm-
front rainfall in the northeastern
quadrant of cyclonic storms or may be
induced by the forced rise of moist,
stable air up the windward slopes of
mountain ranges.

Interspersed with the steady rain
may be short bursts of rain of higher
intensity, which result from local ver-
tical conditions of temperature and
moisture distribution suitable for the
development of convective cells. Rain-
fall of a somewhat more intermittent
character and greater intensity is as-
sociated with tropical storms or hurri-
canes. Except in the very center and at
the outer edge of the storm, conditions
are more or less uniform over large
areas, so that the precipitation record
represents a rather regular succession
of hourly accumulations.

Rain of sudden beginning and rather
sharp ending in a few hours or less is
characteristic of thunderstorm or show-
ery conditions. Generally the degree of
instability and vertical speeds of proc-
essed air, as shown by the turbulent
cloud masses, indicate the intensity of
rainfall.

Violent overturning and successive
trips of a water droplet past the freez-
ing level result in hail.

Freezing rain, forming glaze, is the
result of rainfall originating in relative-
ly warm air aloft but freezing on con-
tact with the ground and exposed sur-
faces that are at a temperature below
freezing.

Sleet results from the same general
conditions, except that the water drop-
lets freeze before striking the surface.

Seasonal characteristics of storms
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reflect the basic relationships between
rainfall mechanism and temperature
changes. The intensity, frequency, and
areal coverage of cyclonic storms are at
a maximum during the winter, when
major storms frequently invade the
lower California coast and are not un-
usual in the Gulf States. As the warm
season approaches, the intensity and
frequency of cyclonic storms decrease,
and the normal paths shift more and
more to the north, so that by midsum-
mer such storms are frequent only
along the northern border of the
United States.

In summer the invasions of cold air
from the north decrease in frequency
and intensity; higher surface tempera-
tures, due to solar radiation, increase
the instability of air passing over the
land; and the characteristic dominance
of thunderstorms begins to be reflected
in the rainfall patterns. The bigher tem-
peratures during the summer months
also raise the moisture-holding capac-
ity of the air, so that when precipita-
tion-releasing mechanisms do operate,
the potential for total volume of rain-
fall per unit volume of air is greatly
increased.

Tropical storms in their active stages
and decadent tropical storms influence
the southern tier of States and much of
the eastern part of the United States.
On the average, hurricane rainfall in-
creases in volume during the fall. But it
is not unusual for a year or several
years in succession to go by without
evidence of a tropical storm in a par-
ticular locality. In other years a single
point may experience several such
storms. As tropical storms move in-
land and northward, their intensity
generally declines, cold air is incor-
porated into the storms, and charac-
teristics become almost indistinguish-
able from the ordinary middle-latitude
cyclones.

Snow cover is important to agricul-
ture in several ways (for example,
seasonal runoff for irrigation and win-
ter crop cover). The amount of snow
cover at a particular time is related to
the frequency and intensity of snow-
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storms and the temperatures prevailing
before and after it begins. The colder
temperature and greater precipitation
at higher altitudes encourage the ac-
cumulation throughout the winter; the
occasional warm spells characteristic
of most of the Eastern States tend to
discourage the accumulation of great
depths of snow.

Some areas (the Great Lakes and the
cast coast, for example) exhibit strong
local effects on the weather. When
very cold air moves across the Great
Lakes in the fall and early winter the
lower layers of air are warmed rapidly
and pick up considerable moisture by
evaporation from the lake surface. On
the downwind shore, particularly if
there is a little rise in the ground, in-
stability showers may occur for several
days.

The deep snows of winter along the
south shore of Lake Erie and Lake On-
tario are noteworthy. There is the re-
verse tendency, inhibiting precipita-
tion in the spring, although not so
marked as the winter influences. The
high water temperatures off the east
coast during the cool season and the
southeastward-moving cold air from
the continental interior provide a large
temperature contrast and source of
potential energy. Frequent cyclonic
development or redevelopment takes
place just off the coast, and the influ-
ence of such storms is felt along the
seaboard States.

THE APPLICATION of observations of
precipitation to the.many facets of the
development of our water resources re-
quires considerable processing and in-
terpretation of available data before a
practical use can be made of them.

Normals of precipitation are a basic
requirement for planning, because
early indications of success or failure
of a planned project can often be ob-
tained from a study of them. The
Weather Bureau has completed the
determination of monthly and annual
normals for regular stations.

Applications of data on rain and
snow to decisions on day-to-day farm-
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ing operations are well known. Also
well known is the use of weatherdata—
averages and frequencies—in longer
range and largerscale planning. Studies
of past records provide a basis for esti-
mating the probability of adequate
rainfall for crops and pastures in areas
where chances of drought must be
reckoned with.

Coordination of the varied aspects
of the water resources of the large river
basins requires climatological investi-
gations of a much more complicated
pattern. We give some examples of
special interpretations and uses of data
to illustrate the wide varicty of appli-
cations.

Comprehensive studies of depth-
duration-area relationships in major
flood-producing storms and their rela-
tion to concurrent meteorological con-
ditions have been in progress since
about 1935. The studies are used in
conjunction with planning and design
of flood-control structures, storage res-
ervoirs, and multiple-purpose projects.

For the very large multiple-purpose
structures, whose failure would cause
great property damage and loss of life,
meteorologists estimate the probable
maximum rainfall and snow-melting
rates. For smaller structures, such as
erosion-control spillways or culverts,
where it would be uneconomical to
design for the maximum since occa-
sional overtopping would do little
harm, the design is intended to accom-
modate a fairly infrequent flow like
that occurring once in 5 years or so.
Precipitation data are often necessary
for estimating streamflow probabilities
and extremes.

An important use of precipitation
data is in streamflow forecasting. Flood
forecasting, particularly in headwater
reaches, is based on reports of prior
rainfall, more recent rainfall, and
snow cover. A different type of forecast
is the forecast of water supplies. The
Soil Conservation Service and Weather
Bureau cooperate in preparing and
issuing forecasts of volume of stream-
flow for several months in advance for
irrigation and other purposes. The
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forecasts are based largely on observa-
tions of autumn rainfall and winter
gage catch or snowpack or both.

The rainfall-runoff relations, derived
initially for forecasting, have other
applications. By means of such rela-
tions, based on relatively short records
of streamflow, a synthetic streamflow
“record” can be extended as many
years as available rainfall records per-
mit—often longer than 5o vyears.
Rainfall-runoff relations are necessary
in appraising the effects of changed
land-use or water-management prac-
tices. So-called natural-flow forecasts,
based on prestructure relations, are
made currently in several places to
evaluate the effects of the operation of
reservoirs.

The incidence of the short-duration
rainfall (the hourly amount, say, that
would be equaled or exceeded once in
10 years) can be estimated for localities
where there are no short-duration
rainfall data by proper interpretation
of the available data. Relations may
be derived for stations having recorder
data, relating hourly intensities to
daily intensities, mean annual rainfall,
mean annual number of days of rain,
and other parameters. Those relations
are then applied where only the com-
mon climatological parameters are
observed.

Between the specialized estimates at
one extreme of the use of rainfall data,
and the other extreme of simple day-
to-day decisions that are so taken for
granted we seldom reflect on them,
there is a large area of application
available to untrained persons if they
know what facts are available.

Every week the Weather Bureau
publishes the Weather and Crop Bul-
letin, which summarizes recent weath-
er and crop developments for States
and the country. Monthly summaries
of climatological data contain precipi-
tation and other data for all United
States stations, by States. Each regular
weather station prepares an annual lo-
cal climatological summary, which con-
tains averages, totals, and extremes of
the important weather elements for

the year and for the period of record
of the station.

Each month from January through
May the Weather Bureau publishes
water-supply forecasts for about 500
stations in the Western States. In
Climate and Man, the Yearbook of
Agriculture for 1941, are many tables
and maps that represent probably the
most complete weather summaries
generally available. The Weather
Bureau (which was a part of the De-
partment of Agriculture when Climate
and Man was published) is extending
them and bringing them up to date.
All those publications and other data
are available for public use at any
Weather Bureau office.

PeERHAPS no other single item deter-
mines a profitable or unprofitable crop
year (except under irrigation) morc
than the timing and amounts of pre-
cipitation as related to the planting,
growing, fruiting, and harvesting of
each crop. But the dependability of
precipitation has been investigated in
a rather hit-or-miss fashion according
to its relation to characteristics of
specific crops.

Knowledge of observed intensities
of point rainfall, of particular value in
evaluating problems in connection
with local drainage, have been tabu-
lated for 24-hour amounts (Weather
Bureau Technical Paper No. 16) for
all Weather Bureau and cooperative
stations. Maximum observed 1-, 2-, 3-,
6-, 12-, and 24-hour amounts at re-
cording stations have been tabulated
(Weather Bureau Technical Paper
No. 15) for several Western Statcs and
almost all of the east-coast area. Most
data on distributions and frequencies
of point rainfall have been published
as miscellaneous papers in scientific
periodicals (many of which are listed
in American Meteorological Society
Bibliography). A good example of sta-
tion analysis is The Climatic Handbook
for Washington, D. C. It is expected that
the use of punchcards will expedite the
program of analysis of climatic data
of this sort.
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Although most precipitation falls as
rain and rain is usually of chief interest,
other phases of precipitation have great
importance at times. Examples are
damage caused by hail and by freezing
rain. Early winter snow cover helps
insulate the underlying soil, but late
melting of the snow retards spring
plowing and planting. The Coopcra-
tive Snow Investigations of the Corps
of Engincers and the Weather Bureau
has improved our understanding of
the physical properties of snow—how
fast it melts under various weather
conditions and how rain or snow is re-
tained or transmitted. Studies of rec-
ords of snowfall and accumulation
have given builders and others yard-
sticks for measuring snow loads that
buildings can carry and for designing
and using equipment for melting and
removing snow.

WiLriam E. HIATT is chief of the Hy-
drologic Services Division, Weather Bureau,
and is active in the American Society of Civil
Engineers and the American Geophysical
Union. Mr. Hiatt, a native of Indiana, re-
cetved his academic training in civil engi-
neering at Purdue University. He has special-
1zed in hydraulic and hydrologic work as
an employee of the Geological Survey, Fed-
eral Power Commission, a firm of consulting
engineers, and, since 1940, of the Weather
Bureau.

RoBERT W. SCHLOEMER 15 chief of the
Domestic Information Section, Climatic Ad-
visory Branch of the Weather Bureau Cli-
matological Services Division. As a meteor-
ologist in the Air Force during the Second
World War, he worked mainly as climatolo-
gist for the Weather Squadron serving the
European theater. A graduate of the Uni-
versity of Wisconsin and Oberlin College, he
has done graduate study at the Ohio State
University and completed the graduate mete-
orology course at Massachusetts Institute of
Technology.

The history of every nation is eventually
written in the way in which it cares for its
50i[—FRANKLIN D. ROOSEVELT
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Is Weather
Subject to
Cycles?

Ivan R. Tannehill

Droughts and floods often cause us
to think about possible cycles, rhythms,
and trends in the weather.

Daily and yearly changes in rainfall
are obvious and were recognized long
ago as caused by the motion of the sun
and the consequent variations in tem-
perature and wind. The first world
travelers learned that in some places
rain falls at about the same time almost
every day. Then, too, in many regions
dry and wet seasons or other variations
in the rainfall are more or less regular
every year. The knowledge of some of
those phenomena has encouraged a
search for cycles.

In most land areas the daily and
seasonal variations in the rains are not
very regular or dependable. (In this
discussion rainfall includes snow and
other forms of precipitation.) The dry
and wet spells come at irregular inter-
vals. In many regions a succession of
years or seasons drier than normal fol-
lowed by an extended period of wetter
weather is common. Rainfall in the
amounts adequate for agriculture usu-
ally is more dependable on the lands
near the sea. As we go inland it be-
comes less regularly so, until we reach
the deserts and arid regions. There are
exceptions, however, for which the
causes are obvious. The deserts of Peru,
for instance, are close to the ocean, but
the moist sea winds are relatively cool
and stable and acquire no upward mo-
tion. Little or no rain results, for atmos-
pheric processes are such that rain
must come from air that is being cooled
in one way or another. Mountainsides
facing the sea, with moist winds blow-
ing upward and becoming cooled, have
plenty of rain, while on opposite slopes
the air is warmed in descent and be-
comes dry even if it is not far from the
ocean.
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Thus for many reasons the daily and
seasonal rhythms in rainfall are im-
perfect. At times they cease altogether.
In this respect rainfall is more difficult
to predict than temperature. Dailyand
yearly variations in temperature are
fairlyregular, althoughmarked changes
result occasionally from large hori-
zontal motions of the atmosphere. As
a rule, the temperature is high in the
afternoons and low in the early morn-
ings, lagging after the sun, but in mid-
dle and higher latitudes the tempera-
ture on any one night often is warmer
than during the preceding or following
day. Summers range from cool to hot
and winters from mild to very cold, de-
pending on broad-scale motions in the
atmosphere. In more complicated ways
and in greater frequency than tem-
perature, rainfall departs widely from
normal or average daily and seasonal
patterns.

The great economic importance of
variations in rainfall in some parts of
the world has induced many investi-
gators to look into cycles for an answer
to long-term forecasting.

In a review of many claims, one
British meteorologist counted more
than 130 different cycles of which one
or more investigators had found evi-
dence in the weather records. Many
more have becn indicated by tree-ring
measurements and other data. It is
probable that no matter what happens
in the rainfall it can be made to fit one
or morc of the numerous cycles.

Aside from the daily and annual
periodicities, cycles can be divided into
two classes. First are those derived
from the records without any explana-
tion of their causes. In this group are
many that run for so long a term of
years that no acceptable verification is
possible at present. Others, derived
from analyses of shorter periods, per-
sist for a time and then fail altogether
or are reversed in phase.

One of the most notable was the
g5-year cycle named after its author,
Eduard Briickner, a climatologist in
Vicnna. The cycle, based on rainfall
records from 1815 to 1890, averaged
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35 years but was quite variable within
the limits of 20 to 50 years. He also
showed evidence of such a cycle in the
years 1020 to 1420, based mostly on
records of severc European winters.
Briickner’s cycle became well known
in later years, but the variation in rain-
fall is small and too irregular to be of
definite value in prediction.

Nearly all persons who engage for a
year or morc in predicting weather
from maps find now and then that the
current map looks a good deal like
some preceding map. If the forecaster
has a file of back maps or an index to
them he can refresh his memory.
Sometimes, but not very often, the
resemblance is good, and the develop-
ment of the weather seems to have
bcen much like that in the current
case. The back map is called an analog.

For this purpose the maps over a
long period must be cataloged so that
the forecaster can classify the current
map—much as a fingerprint is classi-
fied—and find similar maps at the
same season in other years. In tests
covering 40 years of maps, many ana-
logs have been found, but only a few
can be called excellent. The advan-
tages of the method seldom justify the
time required, and it has not been
used as standard practice in many
forecasting offices.

That points to the probability that
there are mno clear-cut cycles or
rhythms in the weather. Neverthelcss,
at intervals, a surprisingly good fore-
cast is made of an unusual develop-
ment in the weather because of the
forecaster’s recollection of a similar
case, sometimes many years before.

In the second group of cyclical
variations are those for which a moti-
vating force has been suggested but
the processes in the atmosphere that
lead from cause to effect cannot he
explained. The moon, for example,
appears to influence weather, but no
one can explain how. Other forces of
the same kind have been suggested
(and some of them may possibly be
real), but doubt centers around the
lack of a satisfactory explanation.
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warm' dry
cold wet

Eduard Briickner's weather cycle for the years
from ro20 A. D. to 1420 A. D. It is based mostly
on records of the severity of European winters.
(After Gregory.)

Another group of variations in the
second class is attributed to solar
changes. Attempts are made to show
how the varying energy from the sun
causcs the changes in the temperature
and the circulation of the atmosphere
that seem to account for certain
cyclical patterns in rainfall. While the
solar hypothesis is more acceptable on
a physical basis than many others, it
suffers in two ways. For one, the cir-
culation of the atmosphere and its
variations are complex, and the effects
of solar changes are extremely difficult
to trace. In fact, no acceptable theory
explains fully how solar effects are
converted to changes in the weather.

In another respect, the usefulness of
conclusions derived from the solar
hypothesis has been questioned, for the
changes in the sun are not regular.

THE SUNSPOT CYGLE, which averages
approximately 11.8 years, has been as
short as 7 years and as long as 17 years.
We have yet no generally accepted
method of predicting solar variations
so that the resultant weather changes
can be foreseen in any detail.

Through millions of years of geo-
logical time, unquestioned evidence
appears of great oscillations in world
climate, and several hypotheses have
attempted to explain them. In the
case of oscillations within historical
times, however, the evidence points
to two probable causes—the effect
of dust thrown into the atmosphere
by volcanic eruptions and the effect of
the sun’s radiation. Only the latter
is cyclical in nature.

Weather has other rhythmic or re-
current features. The atmosphere over
a hemisphere or a large part of it may
exhibit a certain resonance. The change
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in temperature that comes with a single
rotation of the earth on its axis may
not be sufficient to start a large-scale
motion in the atmosphere, but the ac-
cumulated effect of heating and cool-
ing in a number of successive rotations
may find a resonance in the atmos-
phere over a region and a periodic
change may set in. That can result in
rain every fifth day or every seventh
day, or at some other interval, con-
tinue that way for a month, more or
less, and then cease.

In large areas of the United States an
interval of 4 or 5 days is the most com-
mon and persistent between rain-bear-
ing disturbances. That fact is not very
useful, however, unless the associated
motions of the weather systems are
watched on a map of the hemisphere
or a large part of it.

Research in the upper air has shown
a vast wavelike motion in the hori-
zontal circulation of the atmosphere
above the earth. Large-scale features
of this circulation around the hemi-
sphere change occasionally, but any
given pattern tends to persist for a
time, bringing a characteristic disturb-
ance of rainfall to the lands below.
The high-level winds over the United
States in recent dry years, for instance,
have some of the same characteristics
as those in the dry years of the 1930’s.

Some scientists believe there are vast
oscillations between distant parts of the
atmosphere whereby one may say, for
example, that unusual weather in one
world region in December may indi-
cate or foreshadow dry weather some-
where else in the world the following
month. Tremendous tasks in correla-
tion of pressure, temperature, and
rainfall for selected places around the
world for succeeding months or sea-
sons have been carried out, but they
have not yielded much that is defi-
nitely useful. There has been more
“cause-and-effect’” weather forecasting
by this type of foreshadowing, how-
ever, than by any other method.
Nevertheless, the reasons advanced: for
the existence of the correlations are
rather vague.
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Other weather phenomena of the
recurrent type are known as singulari-
ties. They are the spells of warmer or
colder or wetter or drier weather than
normal for the season that develop at
certain times each year. The North-
eastern States, for example, have their
January thaw and Indian summer.
Similar spells of weather are known in
Europe. Winter storms in some parts
of Europe tend to recur at the same
time each year. Such spells and recur-
rences undoubtedly have a physical
basis. Hurricanes occur mostly in the
same months each year; therefore it
must be true that the ocean heat, lag-
ging behind the more rapid changes of
temperature on the continents, is a
major cause of hurricanes. But to the
extent that that is true, hurricanes are
merely a part of the annual cycle.

As we look through the literature at
the amazing amount of work that has
been done on so many phases of this
question, we come to one definite con-
clusion—the problem is complex and
any apparent cycles or rhythms that
appear for a time in the rainfall records
must be looked upon with suspicion.

Evenifthe so-called cycles or rhythms
arc demonstrated on a sound physical
basis we are nevertheless, for another
reason, forced to exercise a great deal
of caution. There are long swings or
trends in the weather, such as the rise
of temperature in some parts of the
world in the present century, recently
so noticeable in winter in eastern and
northern parts of this country and
most pronounced in some Arctic re-
gions. As this trend becomes dominant,
a local rhythm or periodicity that
depends in part on the recurrence of
cold winters may gradually diminish
and finally fade away or shift to higher
latitudes. On the other hand, accurate
weather records are generally too short
to determine the nature and cause of
the so-called trend or judge its future
course. It is quite possible that long-
term progressive changes in rainfall
climates are cyclical or rhythmic, but
of such long periods that our records
do not reveal the facts.
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As world populations increase, some
parts of the problem assume tremen-
dous importance. In the United States
the rainfall climates range from the
superhumid in some Eastern and
Southern States to the dry climates of
large regions in the West and South-
west. We deal with the problems in
various regions by irrigation, drainage,
flood control, soil conservation, and
similar practices. In a vast region, how-
ever, where rainfall normally is ade-
quate for agriculture (though barely
so in some marginal areas) it is so vari-
able that frequently extremes cause
minor or major disasters. In some
degree, the situations are made more
dangerous by man’s actions, such as
cultivation and denudation, which
eliminate a part of Nature’s stabilizing
controls and contribute to disaster, at
lcast in local areas.

THE METEOROLOGIST struggling with
these questions adopts one or two gen-
eral lines of attack, depending on his
ability to understand what is going on
or to extrapolate from the tendencies,
trends, or rhythms apparent in the
records. In neither case is he on very
solid ground, but two phases of the
work are definitely promising.

First, the broad-scalc patterns of the
atmospheric circulation tend to persist
or to change slowly and to afford useful
correlations with the main features of
weather at the surface of the earth. In
this work the meteorologist endeavors
to extend his view more than go days
into the future. He must have an inti-
mate knowledge of the impact of
change in one region on remote re-
gions. For example, at certain critical
times in the year, the patterns are apt
to change, and a constant watchfulness
sometimes yiclds deductions very useful
for planning in agriculture and indus-
try. Here the meteorologist has some
background of experience because his
predecessors, beginning in the latter
part of the 1gth century, originated
the concept of “centers of action” as
applied to surface weather conditions
around the earth. They watched the
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centers (for example, the continental
highs, the Aleutian and Icelandic lows,
the oceanic high pressure cells) for
hints as to future weather beyond the
day-to-day predictions in certain re-
gions. More recently the metcorologist
has learned why the centers of action
behave as they do in relating them
to the upper planetary waves.

About 15 years ago meteorologists in
the United States introduced the idea
of the zonal index, a measure of the
speed of the westerly winds in middle
latitudes as a part of the general cir-
culation. When the pressure increases
from north to south in this belt, the
index is ‘‘high”; when it diminishes
from north to south in the same belt,
the index is “low.” More recently it
has been shown that there is a varia-
tion in the index that is not regular;
it is called the index cycle. The time
interval is 4 to 6 weeks. The zonal
index is related to the form of the gen-
eral circulation of the atmosphere and
especially to the position and develop-
ment of the centers of action. In turn,
the weather, including rainfall, is re-
lated to the changes in the index, but
the cycle is irregular and, as in the
case of most other so-called cycles in
weather, the meteorologist has been
unable to predict the changes in the
index with satisfactory accuracy.

In the second phase, the meteorolo-
gist attempts to associate the weather
with solar activity, to find an adequate
measure of the variations in the latter,
to trace their effects through the atmos-
phere, and to explain the results in
terms of weather changes, including
anomalies in rainfall. Here there is
hope of further progress as man’s un-
derstanding of solar changes increases
and information regarding the atmos-
phere is improved through balloon
soundings and rocket research.

There is some evidence of important
effects, such as long-term, large-scale
migrations of rainfall toward the inte-
rior of the United States thatresultfrom
high solar radiation and migrations to
coastal areas when radiation is low.
Theresultsare similar to the annual mi-
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grations that attend seasonal changes
in insolation. Then, too, there are
indications of shifts of rainfall from
warmer months to colder and back
again as radiation increases and de-
creases. The total evidence accumu-
lated in the past 100 years to show
important solar effects cannot be dis-
regarded. Combinations of these
rhythmic variations provide an index
to long-term changes in rainfall, but at
present it seems reasonable to conclude
that the practical results in the imme-
diate future will be limited to a very
general indication for the few years
ahead, useful for planning but not yet
applicable in any detail to the pros-
pects for a single season or even a
single year. In this phase the work of
the meteorologist will depend in a
large degree on the ability of the astro-
physicist to predict long-term and
short-term changes in solar activity.

For the reasons given, it has not yet
been possible to bridge the large gap
between the projection of current at-
mospheric patterns into the future for
30 days, possibly more, and, on the
other hand, the detail which can be
derived from the analyses of the long-
term effects of solar changes. But there
is much hope that the meteorologist
will be able to make more rapid prog-
ress as we accumulate more informa-
tion about the upper air.

An enormous amount of work on
cycles in rainfall and related problems
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has been done, but in an unorganized
fashion by men who were depending
on some other activity for a livelihood.

The main reason is that years ago
scientists reached a rather definite con-
clusion that there are no true cycles in
rainfall. It is believed that there are
only certain rhythmic variations which
can and must be dealt with on a physi-
cal basis as soon as there is a much
improved understanding of the com-
plex changes that take place in the
earth’s atmosphere as a result of its
own internal reactions and the impact
of extraterrestrial forces. Some useful
progress has been made toward an un-
derstanding of the physical processes
involved rather than dependence on
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Examples of variations in weekly values of the
zonal index—pressure differences between 35° and
55° latitude—in millibars, scale at left. The
hagher the value the stronger the westerly winds in
maddle latitudes.

cycles or rhythms as such. And, in any
case, whether the investigator depends
on one or the other of these methods,
it has become certain that he must use
weather maps to get g-dimensional
views of the atmosphere for the time
involved, whether they represent
means for a week, a month, or for one
or more years. On this basis the mete-
orologist is making slow but definite
headway.

Ivan R. TANNEHILL, a graduate of
Denison University, was head of the Divi-
sion of Synoptic Reporis and Forecasts of
the Weather Bureau from 1940 to 1954. He
was Assistant Chief of Bureau for Opera-
tions from February 1954 until he retired in
October 1954.

For further reference:

C. G. Abbot: Weather Governed by Changes in
Sun’s Radiation, Annual Report of the Smith-
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H. W. Abhlmann: 7he Present Climatic Fluc-
tuation, ‘The Geographical Journal, volume
112, Nos. 4-6, pages 165-195, October-
December 1948.

Clyde J. Bollinger: T#e 22-Year Solar Patiern
of Rainfall in Oklahoma and Kansas, Bulletin of
the American Meteorological Society, volume
26, pages 376-383, November 1945.
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Hauling Down
More Water
From the Sky

Chas. Gardner, Jr.

There is a river in the sky—a com-
plex, swirling, tumultuous river of air
and water.

Sometimes we cannot see the water,
whenitisin the form of vapor. At other
times, airborne droplets of water gather
in clouds, which, of course, can be seen.
We should not assume that clouds con-
tain water and the surrounding air
does not, because the surrounding air
carries vapor, which often flows into
the cloud. And, also, clouds dissolve
into vapor and fade away. But the
clouds we see with our eyes contain
water brought along a step in the
process of becoming rain.

With clouds we can have rain. With-
out clouds we cannot.

But with clouds we do not necessarily
have rain. The droplets of water often
fail to take the further step of becoming
raindrops, accretions of water heavy
enough to fall to the ground.

This exasperates the farmer—when
lush clouds, apparently containing a
great deal of moisture, float over his
dry fields and fail to precipitate out
even one small part of the moisture
carried by and flowing into these
clouds. Cloud census studies have
shown that seasons with considerable
cloud cover can also be dry seasons.

Why? Can we coerce the droplets
into becoming drops heavy enough to
fall onto the ground? Can we haul
down needed moisture from the sky?

A FEW YEARS AGO many of us thought
we had the answer. For some time it
had been theorized that minute par-
ticles of dust, present throughout the
atmosphere, were a necessary ingredi-
ent of rain, something for the droplets
to cluster on and grow. In 1946 Dr.
Vincent J. Schaefer, of the General
Electric Co., sprinkled particles of dry
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ice from an airplane and produced
precipitation. A little later Dr. Bernard
Vonnegut of General Electric ran onto
silver iodide as the ideal particle or
crystal. A few experiments produced
seemingly awe-inspiring results.

And so, ““scientific rainmaking’’ came
into being. The scientific basis of it was
“artificial nucleation”—that is, the
supplying of artificial nuclei or parti-
cles to clouds thought to lack sufficient
natural nuclei.

A comment on terminology should
be inserted at this point. The word
“rainmaking” seems to imply the crea-
tion of water, whereas so-called rain-
makers cannot produce water that does
not alrecady exist in the air. Perhaps
“rain increasing’’ should be used. Fur-
ther, the phrase ‘“weather control”
implies a management of the elements
beyond present conception. Perhaps
“weather modification’ states more
accurately what we can now visualize.
The terms “rainmaking” and ““weather
control,” however, have become com-
mon and are more casily recognized.

Artificial nucleation is tied in with
the ice crystal theory. According to
the theory, natural ice crystal forma-
tion occurs at quite low temperatures
(—40° F.). Presumably the crystals
grow by attracting other moisture par-
ticles until they become heavy enough
to fall out of the clouds as snow, which
melts on the way down and becomes
rain.

Dropping dry ice (carbon dioxide)
on clouds cools areas of those clouds
and starts the process of crystal forma-
tion. The effect can be substantial if
the clouds are near the temperature at
which ice crystals form naturally.

Supplying nuclei to clouds does not
cool them, but with nuclei the ice
crystal formation occurs at higher
temperatures—that is, below freezing
but closer to the freezing level. Some
natural nuclei or dust particles start
the process at temperatures between
—40° and 5°. But crystals of silver
iodide (artificial nuclei) start it be-
tween 5° and 25°.

Therefore, silver iodide not only can
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start rainfall in clouds too warm for
natural rainfall production but can
increase rainfall in clouds already pro-
ducing small amounts by nucleating
the warmer lower sections.

Another method of producing rain-
fall is of interest, although not of com-
mercial importance. In warm regions,
nonfreezing clouds release rain, obvi-
ously by some other process than the
formation of ice crystals.

It is commonly believed that precipi-
tation results when larger than normal
water droplets fall relative to other
droplets, collecting cnough smaller
ones to grow to raindrop size large
enough to fall out of the cloud. The
answer lies in providing the larger
droplets.

Such clouds, found in the Southern
States and farther north in the sum-
mer, have been successfully seeded by
water sprayed from airplanes.

But airplanes cost money to operate
and flying them into storm clouds can
be dangerous. The large commercial
“cloud-seeders” thercfore do not use
dry ice or water but rely on silver
iodide, which can be released from
ground generators. The minute crys-
tals drift away from the generators
and presumably get sucked into the
updrafts of storm clouds.

ARTIFICIAL NUCLEATION has had a
big impact on the Nation, particu-
larly, but not exclusively, in the West,
where more water is almost always
desirable. To those who have studicd
the economic aspects, it scems elemen-
tary that the Eastern and Southern
States can reap more benefits dollar-
wise from rainmaking—if it works as
some experiments suggest it may—
than the dry areas of thc Scuthwest.

During a recent ycar the ‘‘target
areas’ of scientific rainmakers in this
country comprised 19 times as many
acres as those under irrigation. One
study showed that 20 percent of the
Nation’s area was covered with rain-
making efforts.

The estimates are rather haphazard
and perhaps misleading, but they do
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suggest that rainmaking isa pretty big
business, even with its uncertainties.

A recent survey of the Advisory
Committce on Weather Control, a
temporary Federal agency set up to
“find out who is doing what, and with
what results,” revealed that 1g States
had already passed legislation having
to do with rainmaking. Eight States
had legislation pending.

Most of this legislation has assumed
that the rainmakers really have modi-
fied the weather significantly—an as-
sumption that a majority of scientists
familiar with the subject do not go
along with wholeheartedly. Most of
them seem to agree that nucleating
agents can modify weather in certain
circumstances. Some think these cir-
cumstances occur frequently enough
so that man can change the whole pat-
tern of water distribution in the United
States, with a tremendous impact on
the economy. Others are skeptical of
large-scale effects. Most of them say:
“A lot more has to be learned about
the rainmaking process before we can
tell.”

Anyway, it is of interest that five
legislatures, composed mostly of prac-
tical laymen, have proclaimed their
States’ sovereignty over the atmos-
pheric moisture floating above their
States. Those legislative bodies have
shown concern over the possibility that
the other Statcs might somehow steal
moisture that rightfully was theirs.

Tins 1S THE ROBBING-Peter-to-pay-
Paul argument that has loomed large
in the minds of many people in the
West. They believe that rain increasing
in upwind arcas must necessarily mean
rain lessening in the downwind arcas.
People in the Southwest who have
suffered from droughts these past years
have taken this argument to heart.

The rainmakers answer the argu-
ment by saying that Nature is an in-
cfficient rainmaker, with only about 1
percent of a cloud’s moisture falling to
the ground in an ordinary storm. By
supplying more nuclei they may in-
crease this efficiency up to 2 percent.
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Such amounts are insignificant, they
say, and the vast streams of moisture
floating in the sky will replenish the
clouds almost immediately.

Whatever the merits of this, rain-
making, viewed on a grander scale,
may indeed increase substantially the
amount of mineral-free water available
for man’s use.

For onNE THING, it seems perfectly
obvious that many airborne streams of
moisture escape the land and give
much of their water back to the seas.
Rainmaking might make it possible
for us to take better advantage of the
rain potential of these airborne streams
before they get away. For another
thing, it has been suggested that pre-
cipitating moisture out of clouds at
earlier stages of storm development
might speed up the hydrologic cycle
and establish a new rainfall regime.
This would mean more use and reuse
of airborne moisture.

But even if rainmaking could not in-
crease the net amount of moisture on
the ground, it might yet affect the
distribution of this moisture in such a
way as to produce tremendous eco-
nomic benefits.

Dogs 1T REALLY work? That is the
question farmers ask. Scientists reply
that it does in certain circumstances.

Seeding with dry ice and water ad-
mittedly has modified clouds and has
produced precipitation. Silver iodide
can do the same.

But scientists disagree as to whether
the more economic method of seeding
clouds by means of ground genera-
tors has produced, or can produce, the
substantial increases in rain and snow-
fall claimed by the private ‘“cloud-
seeders.”

The problem of evaluation is inher-
ent in the ground-generator method.
Seeding with dry ice or water, the
operator can usually turn around and
see the results. The seeded clouds often
change form and precipitation falls
before his eyes. But when he releases
silver iodide from a generator he can-
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not see the material. Does the genera-
tor produce the right-sized crystals?
Do they get into the storm clouds in
the right quantities at the right alti-
tude? Does the silver iodide retain its
effectiveness or does it decay because
of temperature, pressure, or exposurc
to ultraviolet rays. There can be many
a slip twixt the cup and the lip.

The fact that he seeds during storm
situations, usually when at least some
rain falls naturally, makes visual ob-
servation impossible in most cases and
makes measurement of any manmade
increase extremely complicated.

And so, instead of seeing the cause
and eflect, he has to guess. And he has
to attempt a measurement of the man-
made increase by means of statistical
evaluation. He has to compare the
“target area” rainfall with rainfall of
past years or, morc commonly, with
rainfall received in adjacent areas.

Statistical analyses—usually pro-
vided by the cloud-seeder himself and
imperfectly understood by the lay-
man—can often show spectacular and
convincing results. But somctimes
other persons can work over the same
figures and get different results. And
sometimes the statistical people can
bury good results in a pile of figures.
Thus the controversy.

The analyses themselves get compli-
cated, but the problem of analysis can
be stated quite simply.

When the target area gets more rain
than outside areas, say three control
areas labeled “A,” “B,” and “C,” the
cloud-seeder usually satisfies his cli-
ents. Yet the center of a storm may
have passed over the target area to
produce the result naturally and the
cloud-seeder may have done nothing.

When the target area gets more rain
than A and B, but less than C, the
clients may nurse a small doubt or two.
And when the target area gets less than
A, B, and C—then they become skep-
tics. Yet in both cases the cloud-seeder
may have increased rainfall on the
target area over the amount which
would have fallen naturally.

Rainfall results in the target areas
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usually fall within the realm of histori-
cal variation. We can always suspect,
therefore, that increases are only acci-
dental. If we only knew how much rain
would have fallen naturally, we could
evaluate perfectly. This we can never
know and we have to satisfy ourselves
with a statistical substitute.

Failure to understand this problem
leads to confusion. Many farmers be-
come enthusiastic believers; others,
confirmed skeptics. The experimental
work financed by farmers and ranchers
proceeds, therefore, on an uneven and
haphazard basis and does not provide
a great deal of data of value in deter-
mining the actual, overall results. To
avoid dealing with large groups with
some conflicting interests and opinions,
some cloud-seeders perform work only
for corporations, particularly public
utilities that produce hydroelectric
power. But farmers continue to sup-
port projects, principally because cloud
seeding costs only pennies (5 to 10
cents an acre usually)—while added
rainfall means dollars.

A sTupy of an entire river basin in
the United States, based on physical
assumptions considerably more modest
than some cloud-seeders have asserted,
showed a benefit-cost ratio of 20 to 1.
Obviously experiments in certain
areas—possibly mountain areas where
air movements should naturally lift the
silver iodide smoke into the clouds and
where temperatures should be more
favorable—these should show a higher
benefit-cost ratio. Experiments in some
areas should prove to be more nearly
marginal.

Experiments in the United States
have attracted a great deal of interest
in foreign countries. At least 26
countries, on every continent except
Antarctica, have carried out experl-
ments in recent years.

Farmers in South Africa have used
rockets to disperse silver iodide at
high altitudes, the purpose being to
reduce hail damage. Farmers in the
Bayonne region of France have used
ground generators for the same pur-
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pose. The theory of hail prevention is
that, by precipitating out moisture at
earlier stages, cloud seeding can pre-
vent large hail-producing storms {from
developing. The same theory applies
to lightning prevention and thus has
interest for those who have responsi-
bility for fighting forest fires. Some
cloud-seeders in the United States like
hail-prevention projects because while
farmers do not always want more rain
they almost always want to prevent hail
if they can. Thus such projects some-
times get a steadier financial support.

Formosa and Sweden have under-
taken projects to increase hydroelec-
tric power. Owners of sugar planta-
tions in Cuba have financed rain-
increasing projects despite an average
of more than 60 inches of rainfall a
year. Additional rainfall means addi-
tional sugarcane for them.

Much of the work in foreign coun-
tries has been of high caliber. But it
still has not supplied the answers.

RECOGNIZING THE PROBLEM of evalu-
ation, the Congress created an Advi-
sory Committee on Weather Control,
which began work on July 1, 1954.
Senator Francis Case of South Dakota
and Senator Clinton P. Anderson of
New Mexico, a former Secretary of
Agriculture, the principal authors of
the bill, started pushing for legisla-
tion in 1950.

The Advisory Committee, a tem-
porary Federal agency, was directed
to “study and evaluate public and
private experiments in weather con-
trol” and to recommend the extent to
which the United States should ‘“‘en-
gage in, experiment with or regulate”
weather control activities. The Con-
gress set June 30, 1956, as the date for
submission of a final report.

Why a Federal committee? For one
thing, the Congress felt it could make
an independent and impartial evalua-
tion, free from any bias which could
be alleged, rightly or wrongly, against
the evaluation of the cloud seeders.
For another, it could survey the whole
field of experiments, not just one or a
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few. The law provided authority to
demand reports from the seeders.

Analysis of experiments will produce
some answers helpful to farmers and
other water users in deciding whether
weather control activities are a good
bet or not. But the real and positive
answers will come from further re-
search into rainfall processes. The sky
is a wild, unpredictable laboratory;
research in weather is difficult and
often frustrating. All the same, science
moves inexorably onward, learning
more and more about the possibilities
for modifying or controlling weather.

Perhaps these possibilities will nar-
row down to certain limited applica-
tions. It is conceivable, though, that
weather control can become a regular
feature of crop production.

CHAS. GARDNER, JR., became executive
secretary of the Advisory Committee on
Weather Control in 1954. He previously
served as executive secretary to the South
Dakota Natural Resources Commassion. He
is a graduate of Yankton College, the Uni-
versity of Missouri, and McGill University,
and has studied at the University of London.

Measuring Snow
To Forecast
Water Supplies

R. A. Work

A large part of the annual flow of
the rivers in our Western States is
delivered in spring and summer. That
is because precipitation on the high,
mountainous watersheds falls mainly
as snow, and as snow it is held through
the winter until springtime warmth
melts it and releases it to the val-
leys below.

Elsewhere in the West the ratio of
seasonal flow to total annual flow is
always high, but it varies from stream
to stream or from year to year on the
same stream. That makes essential

the forecasting of the seasonal flow,
which usually occurs in April-Sep-
tember, the period of least—or no—
rainfall and the season of greatest
need for water for crops. It also is the
time when snowmelt may cause wide-
spread destructive floods.
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This graph shows the relationship of the
seasonal flow (April-September) to the total annual
flow (stream year of October-September) for a
typical western snowfed stream—the South Fork of
Ogden River, measured near Huntsville, Utah.
The stream is used extensively for the irrigation of
small farm units. In 50 percent of the years, more
than 75 percent of the total runoff occurs during the
irrigation season—April-September. The recorded
seasonal delivery historically ranges from 45 to 88
percent of the total annual runoff.

To MEASURE THE AMOUNT of snow on
the watersheds and thereby foretell
the flow of rivers months later, snow
surveys arc undertaken in the western
mountains. The surveys were de-
veloped originally to forecast the
seasonal supply of water for irrigation.
They have become tools for better
water management by industry, power
companies, municipalities, flood con-
trol agencies, conservation agencies,
fisheries, wildlife organizations, and
others.

Records, history, and the growth of
the West give other reasons for this
important work.

Our records show that precipitation
(and runoff) may depart markedly
from the mean in any year or by
smaller amounts for a connected series
of years. For periods of 20 to 30 years
or more, the general pattern of pre-
cipitation for a locality or a basin
might remain nearly continuously
above or below the recorded mean.

The accompanying graphs of annual
precipitation for the stream year
(October-September) and of the an-
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secretary of the Advisory Committee on
Weather Control in 1954. He previously
served as executive secretary to the South
Dakota Natural Resources Commassion. He
is a graduate of Yankton College, the Uni-
versity of Missouri, and McGill University,
and has studied at the University of London.

Measuring Snow
To Forecast
Water Supplies

R. A. Work

A large part of the annual flow of
the rivers in our Western States is
delivered in spring and summer. That
is because precipitation on the high,
mountainous watersheds falls mainly
as snow, and as snow it is held through
the winter until springtime warmth
melts it and releases it to the val-
leys below.

Elsewhere in the West the ratio of
seasonal flow to total annual flow is
always high, but it varies from stream
to stream or from year to year on the
same stream. That makes essential

the forecasting of the seasonal flow,
which usually occurs in April-Sep-
tember, the period of least—or no—
rainfall and the season of greatest
need for water for crops. It also is the
time when snowmelt may cause wide-
spread destructive floods.
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This graph shows the relationship of the
seasonal flow (April-September) to the total annual
flow (stream year of October-September) for a
typical western snowfed stream—the South Fork of
Ogden River, measured near Huntsville, Utah.
The stream is used extensively for the irrigation of
small farm units. In 50 percent of the years, more
than 75 percent of the total runoff occurs during the
irrigation season—April-September. The recorded
seasonal delivery historically ranges from 45 to 88
percent of the total annual runoff.

To MEASURE THE AMOUNT of snow on
the watersheds and thereby foretell
the flow of rivers months later, snow
surveys arc undertaken in the western
mountains. The surveys were de-
veloped originally to forecast the
seasonal supply of water for irrigation.
They have become tools for better
water management by industry, power
companies, municipalities, flood con-
trol agencies, conservation agencies,
fisheries, wildlife organizations, and
others.

Records, history, and the growth of
the West give other reasons for this
important work.

Our records show that precipitation
(and runoff) may depart markedly
from the mean in any year or by
smaller amounts for a connected series
of years. For periods of 20 to 30 years
or more, the general pattern of pre-
cipitation for a locality or a basin
might remain nearly continuously
above or below the recorded mean.

The accompanying graphs of annual
precipitation for the stream year
(October-September) and of the an-
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The annual precipitation for the stream year (October-September) recorded at Boise, Idaho, by the
United States Weather Bureau is plotted here as a 10 year running average.
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Annual runoff for the Columbia River at The Dalles, Oregon (the longest continuous runoff record west
of the Mississippr), plotted here as a ro0-year running average, corrected by the United States Geological
Survey for upstream consumptive use, is shown here for the record period.
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The yearly value used for the snow-water equivalent is the maximum water content accumulated in the
snow pack for the entire winter. The resulting line of best fit becomes more reliable with the entry of new
records each year,
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nual runoff for the Columbia River at
The Dalles, Oregon, indicate that dur-
ing the past 75 years there has been a
trend toward lower precipitation and
lower runoff in this sprawling river
system, although in recent years there
has been a recovery in both precipita-
tion and streamflow.

Increased use of water upstream
accounts for a minor part of the lower
annual flow of the Columbia from
1900 to the early 1940’s. The greater
part of the reduction seems related
to a climatic differential from the mean.

River basins in the West in 1916
or so entered a period of precipitation
far below that of previous years. The
period lasted nearly 25 years. Eco-
nomic losses were serious, and some
arcas were retarded in growth. Years
from now we shall know whether a
recent upward trend of precipitation
and runoff in many (but not all)
western river basins is a temporary or
a long-lived recovery. Conversely, a
prediction now of an extension or
worsening of the 1952-1955 drought
in New Mexico and other parts of the
Southwest would be of doubtful au-
thority, because predictions heretofore
of long-term precipitation cycles have
not been worth very much.

In fact, the most valid conclusion
we can draw from such studics of
precipitation fluctuations seems to be
that each succeeding dry year or a
sequence of dry years brings us closer
to a wet year or a connected seriesof
wet years. But such forecasting does
not satisfy the economic needs of the
hundreds of thousands of users of
water in the West, who are concerned
with immediate planning for the best
utilization of seasonal water supplics.

Therefore, beginning near the climax
of the severe drought of the 1930’s, the
users of water began to develop the
systems of snow surveying as a basis for
dependable prediction of the seasonal
flow of the western rivers.

Snow SURVEYS determine accurately
and quickly the amount of water ac-
cumulated in the mountain snow pack.

325862°—55——S8

A slotted aluminum sample tybe,
having a circular saw-edge cutter point,
is thrust vertically from the snow sur-
face to the earth beneath. After the
tube is withdrawn, an earth plug or
ground litter in the cutter proves that
the entire depth of snow was sampled.

Usually 10 to 15 samples, or enough
to provide a dependable average, are
taken at each snow course. The points
on the cdurses are separated by meas-
ured spacings, usually 50 to 100 feet
apart, along a permanently marked
and mapped route. The samples are
taken at the same locations every year.

The independent snow survey net-
works of the West were coordinated in
about 1935 by the Burcau of Agricul-
tural Engineering. The Bureau was
conducting snow surveys for the pur-
pose of forecasting supplies of irriga-
tion water. This activity was later
transferred to the Soil Conservation
Service. More than 1,200 snow survey
courses were in operation in the West
in 1955.

The work is done by men trained in
mountaineering and in travel of all
kinds over snow through the wilderness
areas. The men come mostly from
ranks of the Forest Service and Soil
Conscrvation Service. In 13 consecu-
tive seasons, up to 1954, they com-
pleted their appointed rounds, travel-
ling by ski and snowshoe more than
300,000 miles, without fatality, and
obtained about 545,000 samples of
snow. The men travel in pairs for
safety’s sake, because their routes lie
through the most rugged terrain in the
West.

The use of aircraft has cut the costs
of the surveys. The pilots of light-
weight, ski-equipped planes land in
meadows or in clearings and take
samples. Markers of unique design are
erected on the snow courses in some
places. The snow depth is read directly
by pilot or observer in a low-flying
aircraft, and the reading is converted
to water equivalent of snow. The
method is used mainly for the pre-
liminary winter surveys and we do not
rely on it widely for the more precise
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Measurements of deep snow are made by coupling together sections of the lightweight tubing, calibrated
into Ye-inch divisions along its entire outer length. Thus the depth of snow can be read after the sampler

has been driven to the soil beneath.

results necessary to the final spring
forecasts of runoff.

The snow surveys do not attempt to
measure the total volume of water
stored within a basin. They measure
instead the water content of the snow
along the related snow courses. The

information from a few snow courses
in a large drainage basin provides an
index to the snow-water accumulation
over that watershed. Snow courses at
high elevations better reflect the ac-
cumulated winter’s precipitation than
courses at low levels, since little melt-
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ing occurs in winter at high elevations.
But snow courses at intermediate or
low elevations are used to confirm the
presence or absence of snow at those
levels and provide correction factors
to the snow survey data from high
elevations. Snow courses at low eleva-
tions sometimes are useful as indicators
of a potential hazard of floods from
snowmelt.

FORECASTS OF WATER SUPPLIES based
on snow surveys rest on the fact that
measurements of water accumulated
in mountain snow at a few locations
on the headwaters of a stream are re-
lated directly to the streamflow from
that watershed.

The forecast in the accompanying
chart is for a snow- and rain-fed river,
North Fork of Rogue River above
Prospect, Oreg. To forecast the sea-
sonal runoff from that watershed, once
the water content of the snow cover is
known, the measured water content as
obtained from the snow survey is lo-
cated on the water-content (vertical)
scale of the graph. A line is projected
horizontally from this point to ‘the
snow-cover runoff curve, and is there
dropped to the runoff (horizontal)
scale. Direct reading of the forecast
value from the runoff scale thus is pos-
sible. The runoff value may require
adjustment to allow for other variables
in the snow areas, such as the status of
watershed soil moisture.

Storage of water on mountains oc-
curs in two main forms. The first and
most obvious is the enormous water
storage in snow. Appreciable, although
usually less important, storage is found
below the ground surface, either in the
soil mantle or within caverns or inter-
stices of the underlying formations.

Watersheds differ greatly in this
respect. Parts of the granitic Sierra
Nevada in California have a shallow
soil mantle, and the parent material
underneath is lacking in voids; rela-
tively little water storage occurs there-
fore other than in the form of snow. In
the lava formations in parts of Oregon
and Washington, an immense amount

of water is stored beneath the ground
surface. That subsurface storage often
affects later streamflow. The relation-
ship of snow cover and runoff in any
season is influenced by the status of
watershed soil moisture at the time of
spring snowmelt. Snow on dry soil is
less effective in creating streamflow
than the same amount of snow on wet
soil.

Water stored in soil on a watershed
does not of itself contribute to stream-
flow, because water so held is removed
only by evaporation or by plant tran-
spiration. Once watershed soils are
filled with water to field capacity, how-
ever, additional water added to the
surface will find its way to the ground
water, later to reappear in streamflow,
or will flow directly over the ground
surface into collecting channels to con-
tribute at once to surface runoff. So
the capacity of watershed soils to store
water is important in determining
what percentage of the annual snow
cover will be required to ‘“prime” a
soil before sizable volumes of water
can be produced to sustain streamflow.

What percentage of the seasonal
snowpack i3 required to restore the
watershed soil moisture deficiency to
“normal” in differing watersheds in
different years?

You have to have a dependable
answer to that question in order to
make an acceptable forecast of runoff.
In seeking the answer, the Department
of ‘Agriculture has installed Colman
fiberglass electrode units at different
depths in soils of watersheds. Some 50
such pilot installations in watersheds
of widely different types are being
observed to determine if the equipment
and the procedures will give useful and
correct answers. In the meantime, fore-
casts rely on indirect indices to the
““soil priming” factor, such as base flow
values for rivers during autumn or pre-
cipitation values recorded for autumn
at gages located mostly in foothills or
valleys. :

A further problem in forecasting the
seasonal runoff is that of climatic de-
partures from the mean during the
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runoff season. Cold or warm and wet
or dry spring weather affects the rapid-
ity and volume of snowmelt and so
affect the accuracy of the forecast.
Such climatic departures for 30 to go
days in advance cannot be foretold yet
with dependable accuracy, although
progress in long-range weather fore-
casting has been reported. Snow sur-
vey forecasters in the Upper Columbia
RiverBasin have been using the go-day
outlook prognostic of the Weather
Burcau to qualify runoff forecasts.

RUNOFF FORECASTS available for con-
sideration and use by managers and
water users of the western rivers are of
four types:

(1) Forecasts of volume for the an-
nual runoff. These are based largely
upon analysis of rainfall records mostly
at lower elevations and are issued in
monthly publications by the Weather
Bureau from January 1 to May 1.

(2) Forecasts of volume for the sea-
sonal runoff. These forccasts for the
Western States are based chiefly on
snow surveys and partly on related
weather data. Forecasts for California
are presented in monthly reports of
snow surveys, January through May,
issued by the California State Division
of Water Resources, the agency re-
sponsible for snow surveys in Califor-
nia. Forecasts for British Columbia are
included in similar bulletins for that
Province, issued monthly by the Water
Rights Branch of the Department of
Lands and Forests, the agency respon-
sible for the snow surveys in British
Columbia.

Forecasts for other western river
basins are included in the numerous
cooperative State-Federal snow survey
bulletins, mostly issued monthly by the
Department of Agriculture in cooper-
ation with State and private agencies
in Arizona, Colorado, Idaho, Mon-
tana, Nevada, New Mexico, Oregon,
Utah, Washington, and Wyoming.
The Federal-State-private cooperative
snow survey forecasts for the West as a
whole encompassed forecasts for 313
river gaging stations in 1954.
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The volume forecasts are usually for
April-September, but some are f[or
April-July or April-August, and some
are for July-September, depending on
the most critical period of need for the
seasonal flow.

(3) Forecasts of approximate dates
of streamflow recession to any given
rate of flow. Such forecasts are useful
in estimating water supplies to be avail-
able for users whose water rights are
of low priority. Research on the fore-
cast of actual daily distribution of the
volume amount has seemed promising
for highly complex commercial opera-
tions in which water supplies are
critical.

(4) Forecasts of potentially high
peaks of flow. These forecasts are useful
in advance planning for control of
possibly dangerous flood peaks.

THE HIGHEST ACCURACY of forecasts
from snow surveys is noted in the
watersheds where the greater part of
the seasonal runoff derives from snow-
melt and the least part of that runoff
results from direct rainfall during the
seasonal runoff period. In the North
Pacific Coastal Drainage, for example,
annual accuracy ranges from 8o to go
percent, with an average of about 86
percent in recent years.

Substantial contributions to stream-
flow in the Upper Missouri Basin often
result from rainfall on the watershed
during April and May and after the
main forecast is issued on April 1.
The average accuracy of the forecasts
in this basin is 8o percent. In the
Columbia River Basin, where a pro-
portionately lesser part of the seasonal
runoff is due to rainfall during the
period of seasonal runoff, the average
accuracy has been 84 percent.

Entirely accurate forecasts are hard-
est to make in basins of the Arkansas
and Rio Grande Rivers, largely be-
cause the departures from the average
of precipitation and temperature dur-
ing the runoff period are wide.

On many individual streams in the
West the forecasts are of a fairly high
order of accuracy. On Squaw Creek,
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one of the smaller streams used for
farm irrigation near Bend, Oreg., the
minimum accuracy in 12 years of fore-
casting was 88 percent, the maximum
was 100 percent, and thc average 94
percent.

Usually the smaller the seasonal
flow volume of a stream, the greater
the possible error of forecasting, be-
cause even one rather heavy and un-
expected summer storm can easily
double the runoff that was expected
for the entire irrigation scason.

I believe the seasonal forecasts based
on snow surveys will become more and
more accurate, as historical records
increase in length and as our search
for improved forecasting techniques
bears fruit. It is unlikely, however,
that accuracy much above 88 percent
for the whole West can be had until
entirely dependablelong-rangeweather
forecasts become available.

ON A GIVEN SOIL TYPE In a specific
area, the water requirements of irri-
gated crops can be stated precisely.
Should too small a seasonal supply of
water to serve the usual cropped
acreage be forecast, farmers could
choose between lower production with
higher unit costs on the usual acreage
and (preferably) seeding only the
acreage for which there will be enough
water. Time, seed, crops, and money
are saved by such planning. When
severe shortages of water are fore-
seen far enough in advance, somc
opportunity is given for developing
supplemental supplies, usually from
ground water.

AN ExaMpPLE of applying the infor-
mation from snow surveys was given
in 1934, a year of critical water
shortage. George D. Clyde, formerly
an employee of the Department of
Agriculture and later director of the
Utah Water and Power Board, wrotc
about it thus:

“As early as February it was known
from midwinter snow surveys that
Utah was facing a serious drought.
There was an extremely light accu-
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mulation of snow on the high water-
sheds and the soil under the snow was
dry, the lower watersheds were com-
pletely devoid of snow, and the valleys
had experienced only light precipita-
tion. These drought conditions con-
tinued unabated until April 1, when
the snow surveys clearly indicated
that Utah faced the worst drought in
her history. At that time the potential
water supply did not exceed 35
percent of the normal. These condi-
tions werc immediately brought to the
attention of the Governor. He called
the first drought conference in history
to be held before the drought occurred.
At this conference two lines of action
were developed: First, to put into
effect at once a water conservation
program, and second, to begin im-

‘mediately the development of supple-

mentary water supplies so that they
might be available by the time the
crops needed water. As soon as the
water users were convinced that a real
shortage of water existed, they began
planning and executing a program to
combat the drought. They did not
wait until the drought was upon them
before beginning operations.

“As a result, they matured most of
the crops they planted; they saved
their orchards and perennial plantings;
they moved their livestock off the
ranges and out of the State before they
starved; and they developed supple-
mentary water supplies for irrigation
and culinary purposes before the ordi-
nary sources dried up or became so
low as to be unable to meet the mini-
mum demands.

“The water dcvelopment program
cnabled the State to develop about
400,000 acre-feet of water to forestall
crop failures. Estimates bascd on meas-
urements made during the season of
1934 indicate the saving in crops alone
was over $5 million in Utah.

“The water supply forecasts enabled
municipalities to early inaugurate a
water conservation and supplementary
development program which gave
them sufficient water in most instances
to carry them through the drought. It
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enabled power companies to provide
supplemental steam power in advance
of its needs. Early warning enabled
Salt Lake City to develop a supple-
mental water supply of 40 to 50 second-
feet from ground water. These latter
benefits cannot be evaluated in dollars
and cents, but they rank high in pre-
vention of human suffering and eco-
nomic loss. The experience of Utah in
1934 was duplicated that year in many
of the other Western States.”

IN YEARS OF ABUNDANT snowfall,
emphasis in the forecasts may be
placed on the abundance of water to be
expected, rather than on any possible
shortages. Crops that need a great deal
of water can be sown, or increased
acreage can be brought into produc-
tion. As a further result, many water-
storage reservoirs may be used as
flood-control structures to regulate
streamflow to reduce flood crests and
yet insure safe and maximum storage
contents for later irrigation.

In 1950, following snow survey re-
ports of unusually heavy snow packs
on tributaries of the Columbia River,
action taken by Federal and private
agencies along that river were respon-
sible for the following report, which
appeared in the October 1950 issue of
Reclamation Era:

“Thirteen Reclamation reservoirs
saved $5,600,000 in flood damages
during the June 18 through July 15
flood crest on the Columbia River and
its tributaries. This estimate of the po-
tential damages which were averted
by control of floodwaters at Reclama-
tion reservoirs does not include dam-
ages averted by levees, for which
figures were not available at the
time.”’

Snow surveys are proving of value to
flood control and levee districts and to
some industrial plants on the streams
where high flood flows may occur from
melting snow, because the advance
warning allows preparations to guard
against loss of crops.

Data from snow surveys provided the
basis for a forecast of a potential flood
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which would affect the Bonners Ferry
locality in Idaho. The forecast was
issued April 9, 1954. A second forecast
on May 10, 1954, contained a specific
prediction that a 35.5-foot river crest
could be expected at Bonners Ferry at
the time of the spring snowmelt rise of
the Kootenai River. With such warn-
ing, Federal troops and heavy equip-
ment were rushed to Bonners Ferry.

The town was largely evacuated.
The dikes were reinforced. The river
reached a peak at 35.55 on May 21,
1954. Only about 6,000 acres of good
farms were flooded as a result of dike
failure. The town was spared.

R. A. WoRrk became head of the Snow
Survey and Water Supply Forecasting Sec-
teon of the Soil Conservation Service in 1953.
He has been directly concerned with runoff
Sforecasting since inception of the Depart-
ment’s snow survey program in 1935. He
was graduated from the Unzversity of Cali-
Sornia in 1927, and joined the Department
of Agriculture in 1929.

Soil and water are the very foundation of
our agriculture and of our whole Nation.
It is therefore the responsibility of every
American — every individual and every
group — to work together to see that these
resources are used wisely and protected for
the use of generations that will follow.

—CLINTON P. ANDERSON

In addition to the flood prevention or con-
trol we are likely to think of first when
considering watershed problems, there is
another problem, and one of particular
interest in this part of the country. Some-
one has termed it “‘drought control.”> The
watershed job doesn’t consist solely of hold-
ing back stormwaters and keeping them from
doing damage to the land and property.
Making the fullest use of water always has
been an important part of soil and water
conservation. An important part of the
watershed job accordingly is to provide for
making beneficial use of the water on the
land close to where it falls.

—D. A. WILLIAMS
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Fog., Mist, Dew,
and Other Sources
of Waler

F. W. Went

The main sources of water for crops
in most agricultural areas are rain or
irrigation. In many parts of the world,
however, neither rain nor ground wa-
ter scems to be enough to account for
the development of the naturally oc-
curring vegetation. In those places we
have to look for other sources of wa-
ter—fog, mist, and dew—and their
possible contribution to plant growth.

On many days and in many locali-
ties, plants are covered with dew in
the early morning. Because dew dis-
appears soon after sunrise, people often
overlooked it as a possible source of
water, which they consider to be most
necessary in midday. The question,
however, is not whether water droplets
stay on the leaves for a long time but
whether the water can contribute in
any way to the growth of plants. In
other words, does enough of the dew
water reach the soil or is a sufficient
amount absorbed by the plant itself
to improve the whole water supply?

The question has been investigated
by S. Duvdevani, who compared two
field plots of plants that were treated
identically except for the possibility
of dew formation at night. By placing
a canopy over one plot between sunset
and sunrise, he prevented formation of
dew on the plot without interfering
with the temperature or the movement
of air over the plants. He conducted
the experiments in the coastal plain of
Israel, where dew occurs frequently
and sometimes is rather heavy. The
tests showed that most plants, such as
squash and corn, grew -about twice as
much when they received dew during
the night. Therefore it would seem
that in a semiarid area, dew has con-
siderable importance in the growth of
plants. Three possible reasons come to
mind.
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In the first place, the dew water
could run off the leaves and collect in
the soil on which it drips. The amount
of dew, however, is too small to wet
more than a few millimeters of the soil.

In the second place, it is possible
that the dew water is absorbed by the
leaf surface, on which it condenses, and
thus is used directly by the plant. That
was found to be the case; young leaves
especially can absorb the dew as rapid-
ly as it forms. One can often observe
that after a night of heavy dew the
young leaves of shrubs and herbs are
quite dry and the older ones are cov-
cred with dew. This absorbed water
can be moved to other parts of the
plant and can even be excreted by the
roots into the soil. Such water would
be available again the next day. It was
actually found that the soil around root
systems of plants is more moist when
they are subjected to dew than around
roots of plants that do not receive dew,
despite the fact that the dew-covered
plants are larger and must take more
water from the soil.

In the third place, water saturation
of a plant is essential for its growth. As
growth in most plants occurs during
night, a water supply would be most
cffective at night. These observations
therefore make it very likely that dew
can contribute to the better develop-
ment of plants, at least in semiarid
regions.

Experiments with the yellow pine by
E. C. Stone and H. A. Fowells have
shown that when yellow pines are
grown in very dry soil, which is unable
to supply water to plants like sun-
flower, they will survive for a limited
number of weeks (on the average, 3);
however, when such plants are sprayed
every night with a fine mist simulating
dew, they can survive for 7 weeks with-
out any further water supply through
their roots. That is another indication
of the possible importance of dew in the
life of plants.

Field observations also tend to indi-
cate that there must be another source
of water for plants in semiarid regions
where rainfall is insufficient for normal
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growth of plants. As an example, the
growth of a number of annual plants
during the dry season in southern Cali-
fornia can be mentioned. Some plants,
among them the wild buckwheat
(Eriogonum fasciculatum), some gilias,
and Siephanomeria, manage to continue
development many months after they
have received the last rain.

If they had an extensive root system,
they might be able to extract enough
water from the drying soil, but these
plants and others have only restricted
root systems and few active rootlets.
They certainly must have exhausted in
a short time the small amount of soil
with which they are in contact. When
such plants still manage to keep green
and even grow, it means that there
must be another source of water than
what is stored in the soil around their
small root system. Because their water
requirement cannot be satisfied from
below, it must come as atmospheric
condensation.

Is dew a frequent enough phenome-
non and is it of sufficient intensity to
account for its apparent role in plant
growth as demonstrated in the exam-
ples I mentioned?

To get an answer to that question,
many investigators have devised meth-
ods to measure dew under natural con-
ditions. They have used various gages.
The one most extensively used and ac-
cepted is that of Dr. Duvdevani. Itisa
wooden block with a standardized
painted surface, which is exposed to
dew at night and on which the occur-
rence and quantity of dew can be read

Yearbook of Agriculture 1955

in the morning according to the pat-
tern of dew droplets deposited. The
heavier the dew, the more the droplets
have coalesced. By comparing the dew
patterns with photographs, one can
standardize the observations. With the
gages Dr. Duvdevani studied the dis-
tribution of dew in Israel and found
four interesting relationships.

FirsT, THE AMOUNT of dew is higher
in the dry summers than in the wet
winters.

Second, even in the dry and hot Jor-
dan Valley dew is a common phenom-
enon and occurs on nearly half the
nights. In the Southern Desert (Negev)
it is even more frequent.

Third, considerable differences exist
in dew deposition according to the
topography of the land.

Fourth, deposition of dew in summer
increases with distance from the
ground, but in winter the opposite dew
gradient is found—proof that the water
deposited as dew did not originate from
the ground but was of atmospheric ori-
gin. The total amount of dew precipi-
tation in Israel amounted to approxi-
mately 1 inch a year.

Other investigators found a similar
figure in other parts of the world and
therefore concluded generally that dew
could not account for more than 1.5
inches of precipitation. That amount
undoubtedly is too small to explain the
considerable increase in growth that
observers have attributed to dew.

Instead of measuring dew deposition
with gages, we can also calculate how
much dew could be produced theoreti-
cally. Dew is produced when leaf and
other surfaces are cooled to a tempera-
ture below the dewpoint of the air.
This cooling is accomplished by radia-
tion of heat toward the sky.

A large amount of heat is radiated by
the sun during the day. The radiation
amounts to approximately 1.2 calories
per square centimeter a minute. It is
transformed partly into long wave-
lengths and partly into heat of evapo-
ration.

Some of the radiation heats the soil.
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Because, on the average, the earth does
not become warmer, all radiation ab-
sorbed by the ground has to be reradi-
ated by the ground at night in the form
of long-wave heat radiation. That ra-
diation is partly absorbed by water
vapor in the atmosphere. The drier the
atmosphere, therefore, the greater the
amount of outgoing heat radiation and
the stronger the cooling of the surface
will be. On clear nights this radiation
amounts to o.16 calorie per square
centimeter a minute at a relative hu-
midity of 100 percent; 0.20 at 40 per-
cent; and o.25 at 15 percent. As leaves
and other surfaces lose heat through
the radiation, they are cooled and ulti-
mately may reach the dewpoint of the
air. As soon as that happens, dew is
deposited and no further drop occurs
in the temperature of the leaves.

FroM THE AMOUNT of heat exchange
we can calculate the amount of dew
that can be deposited. At a relative
humidity of 40 percent, it takes about
500 calories to lower a sufficient air
volume to the dewpoint to deposit a
gram of water, which also required
about 570 calories of heat of condensa-
tion. About half of the radiation, or
o.1 calorie per square centimeter a
minute, is therefore available during
clear nights for dew deposition. For a
whole night that amounts to 1 milli-
meter of dew. For a whole year of
365 cloudless nights it is equivalent to
15 inches of rain. That amount is
rather independent of the relative hu-
midity of the air, because in dry re-
gions the radiation is greater but the
amount of dew deposited per calorie
is less, whereas in most climates the
radiation is less, but it is more effective
in producing dew.

These 15 inches of potential conden-
sation from the air is in sharp contrast
to the 1.5 inches measured with dew
gages. We should try to find the actual
amounts of dew that are deposited on
a natural cover of vegctation. That
has been done in several ways. In the
first place, we have a set of measure-
ments by C. W. Thornthwaite and
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Benjamin Holzman, who measured the
water vapor gradient from soil toward
the air. By taking into account the rate
of air movement, they could calculate
how much water vapor was lost or
condensed on the basis of this water
vapor gradient, and they calculated
that a total of 1.81 inches was con-
densed on a meadow surface for a 10-
month period in 1939 in Arlington,
Va. During that time, a total of 26.3
inches was received in the form of rain
and snow, which would indicate that
not more than % percent of the total
water supply to this meadow had come
in the form of dew.

By actual weighings of an area of
soil covered with grass, corn, wheat,
or other crop plants, the amount of
nightly condensation can be measured.

That was done in lysimeter experi-
ments at Coshocton, Ohio, by L. L.
Harrold and F. R. Dreibelbis. Hourly
weighings would indicate the increase
or decrease in weight of the blocks of
soil. Their increase in weight was due
to rain or to dew, but they lost weight
through transpiration and evaporation.

In a series of measurements over a
6-year period, it was found that an
average equivalent of 9.1 inches of rain
was deposited throughout the year in
the form of dew—approximately 20
percent of the total water supply came
in the form of dew. When we compare
this figure with the 15 inches that
could theoretically be deposited during
1 year of clear nights, we find that the
actual observations agree quite closely
with the measured condensation in the
lysimeters. We have to take into con-
sideration that on many cloudy nights
dew cannot be formed.

CaLcuLATIONs and actual observa-
tions apparently agree that dew is a po-
tentially important source of water for
plants. As it may amount to about 10
inches of precipitation a year—in line
with field experiments such as those
of Duvdevani—more work should be
carried out to establish the exact con-
ditionsunder which the greatest amount
of dew can be deposited.
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As I mentioned earlier, dew can be
deposited only when the sky is clear.
There is no dew on cloudy nights;
semiarid regions therefore are more
favorable for dew deposition than most
other climates. Not only do clouds
prevent the nightly radiation toward
the sky; dust and haze also will pre-
vent it. Dusty areas, such as the Sa-
hara, and regions with much haze,
like the Los Angeles arca, therefore,
have very much less dew than areas
with clear night skies, such as the
southwestern desert areas and Israel.

Considerable differences in the for-
mation of dew can be expected accord-
ing to the nature of the terrain and
velocity of air movement past the con-
densing surfaces. In completely still
air, only the amount of water vapor
that can diffuse toward the leaves will
be condensed, and that amounts to less
than 1 percent of the greatest possible
dew deposition. When, on the other
hand, strong winds move the air too
fast past the leaves, their temperature
will not reach the dewpoint, and there-
fore no dew will be deposited at all.
Optimal dew formation can be ex-
pected when an intermediate amount
of air comes in contact with the leaves.

IN THE FUTURE we should investigate
all conditions that affect dew deposi-
tion so that it might be possible to in-
crease the effectiveness of dew and in-
crease the amount condensed. It is
quite possible, for instance, that by the
judicious spacing of trees and shrubs
through natural air drainage the op-
timal amount of air movement can be
achieved so that the greatest possible
amount of dew will be formed.

Dew seems to be particularly effec-
tivein anumber of coastal areas around
the world. In several such places that
have too little rainfall, very heavy dew
apparently can carry the crops to ma-
turity without the help of irrigation.

An example is the coast of southern
California. Immediately adjoining the
ocean is a zone one-half to a few miles
wide where tomatoes, peppers, beans,
and other vegetables can be grown in
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summer. Those crops develop well
even without irrigation, although no
rain falls during the growing season
from May to October. The soil in the
region may contain enough moisture
for the first few months of growth but
definitely not enough for the last few
months. If growth and production are
good nevertheless, that means there
must be some other source of moisture.
The source can hardly be anything
else but dew or coastal fog.

Foces AND MisTs are really low-hang-
ing clouds in which the water droplets
are so small that they do not settle on
horizontal surfaces and thus do not
register in a rain gage. Consequently
they usually are not considered impor-
tant as sources of water. Yet fogs may
be important to plants.

Vegetation in many places where
fogs are frequent differs from the vege-
tation in nearby localities where fogs
do not occur. One of the best examples
of this is the northern coast of Cali-
fornia. Redwoods occur there predom-
inantly in a narrow belt and never
range inland beyond the influence of
sea fogs. In places where more water
is available, redwoods grow very well
outside the fog belt—an indication that
fog is important in their water econ-
omy. In this belt, fogs occur almost
daily. Anyone who walks in a redwood
forest during a fog finds that the trees
are dripping, although in nonforested
spots nearby not a drop falls. That
means that the redwoods are able to
condense the fog droplets to larger
drops.

THIS SAME DRIPPING of trees in fog
one can observe in pine forests in the
mountains or under live oaks in the
California foothills during autumn
fogs. In the latter instance it can be
seen that this fog-drip water is effective
for the vegetation. Rain would wet
equally the ground under and around
the trees and therefore would not ac-
count for the greener color of the grass
or the extensive germination of wild
plants under the trees. But during fogs,



Fog, Mist, Dew, and Other Sources of Water

water drips under the trees and actu-
ally moistens the soil within the perim-
eter of their crowns. If it were merely
shade that enables the secdlings to be-
come started or encourages the growth
of grass, the green area would extend
north beyond the tree. That it does
not do.

LET Us QUESTION for a moment how
trees can condense moisture from fogs.
A fog consists of very small (0.01-0.1
millimeter) water droplets, which are
far enough apart that they do not
fuse, are suspended in .saturated air
so that they do not evaporate, and are
light enough not to settle. Further-
more in a fog there is usually enough
air movement to stir up droplets about
to settle. When such a fog moves past
solid surfaces, it is deflected, and the
water droplets flow with the air
around the surface and prevent con-
tact with it. If the surface is small or
narrow enough, the air is hardly de-
flected, and the inertia of the water
droplets is sufficient to carry them
against the surface, where they fuse
with it. That means that small or nar-
row surfaces will act as strainers for
the fog droplets. It is an interesting
fact that the diameter of pine or red-
wood needles is such that they con-
dense fog droplets very efficiently at
the normal rate of fog movement.
That can best be seen in hoarfrost or
rime, which develops when a fog
touches surfaces, where the condensed
fog droplets freeze immediately upon
contact if the temperature is below
freezing. Under such conditions a
ribbon of ice extends from. telephone
and other wires in the direction from
which the wind came. But we also sce
that hoarfrost covers all pine needles,
although the larger leaves of broad-
leaved trees have hoarfrost only along
their edges and not over their surfaces.
That shows how much more effective
the needle form is for condensing fog
droplets.

We can now return to the effective-
ness of fog as a source of water in
nature. Stagnant mists cannot serve as
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a source of water because the conden-
sation occurs only when a sufficient
volume of air with fog droplets is
carried over the condensing surface.

Therefore the ground mist developed
through rapid cooling at night of the
air nearest the soil is ineffective for
condensation of the fog particles. But
coastal fogs formed by moisture-laden
air rising against coastal ranges, or
clouds forming against the mountain
ranges by lateral air movement which
forces air up against the mountain
slopes, are ideal for fog condensation.

In regions where such fogs occur
rather regularly, a tree or shrub vege-
tation grows that is rich beyond what
the actual precipitation records would
make one expect. Along the California
coast, the redwood growth is phe-
nomenal against the western slopes,
but against the ecastern slopes, with
approximately equal amounts of rain,
tree growth is much poorer. The
difference indicates the degree to
which water precipitation from fogs
is effective.

In the drier areas in the West, there
are series of high mountain ranges in
areas with insufficient precipitation
for tree growth. On the mountains we
find a lower timberline, below which
trees do not grow. If the timberline
were due to reaching the threshold
value of precipitation where tree growth
was barely possible, one would expect
a ragged and irregular timberline,
with the trees gradually thinning out.

But along the eastern slopes of the
Sierra Nevada, for example, one secs
a sharp horizontal line of demarcation,
below which no trees occur and above
which a normal pine forest is found.
The line coincides with the level at
which clouds are formed by eastern
winds.

IN MANY DRY REGIONS, such as the
areas covered with chaparral in Cali-
fornia, many of the most characteristic
plants, such as chamise (Adenostoma
fasciculatum) or wild buckwheat (Erio-
gonum  fasciculatum) have developed
very small leaf surfaces in the form of
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needlelike leaves. They are not an
adaptation to reduce transpiration,
as 1s often suggested, but probably
are effective in condensing water
from the occasional fogs.

In dry regions bordering a coast,
we may find so-called fog deserts,
areas with very little precipitation but
with frequent fogs. Typical of such
arcas are southwestern Africa and the
coast of Peru. In both, mountains rise
immediately behind the coast and
cause the formation of fog as the air
rises against them. In each,also, a cold
occan current (the Benguela and the
Humboldt Currents) limits the total
amount of moisture present in the air,
so that the total precipitation is about
1 inch a year. The lowlands near the
coast, where no fog occurs, are prac-
tically without vegetation, but at 1,000
feet a shrub vegetation beyond expec-
tation occurs where fogs hang most of
the year. Indicating the high humidity
during most of the day is the richness
of the epiphyte vegetation. Even on
cacti, like Trichocereus, grow many
lichens and several tillandsias, which
ordinarily are found in moist rain for-
csts. And on the trees (Caesalpinia and
LZizyphus) mosses and peperomias cover
the branches, which consequently seem
several times thicker than they are.

The importance of the actual con-
densation of fog droplets in fog areas
can be seem in several places. Just
north of San Diego there is a small area
where the Torrey pine occurs. The
trees are limited to the upper parts of
the slopes facing the ocean—that is,
where the fog comes in closest contact
with the vegetation. On the lower parts
of the slopes and a few hundred feet
inland, the pines disappear. It is an
otherwise very dry area, as indicated
by the much poorer shrub vegetation
anywhere except on the ridges border-
ing the ocean. A similar phenomenon
can be observed along the Mediter-
rancan coast. Just behind Oran in
Algeria rises a plateau with a rainfall
of about 15 inches—enough for some
pines but not enough for the holly oak
(Quercus ilex). However, this oak is
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found only along a strip 10 fcet wide
that follows the ridge of the tableland,
again the place where fog will hit most
and where (through droplet conden-
sation) the water supply is more abun-
dant.

One can get an idea of the total
amount of liquid that can be precipi-
tated by such fogs by using a rain gage,
over which a set of fine wires or
branches is placed. The wires or the
branches will condense the fog drop-
lets, which then drip into the rain gage.
Such an arrangement disclosed that
during a particularly heavy storm,
when clouds were swept over the Table
Mountain in South Africa, only o.2
inch of precipitation fell in a regular
rain meter, but in a similar rain gage,
in which branches had been placed,
6 inches of precipitation was collected.
It secms a worthwhile project to inves-
tigate this fog condensation in greater
detail.

THE RELATIVE HUMIDITY of the air
may be important in the conservation
of water by plants. Under otherwise
identical conditions, water loss by
transpiration will be proportional to
the saturation deficit of the air. As the
saturation deficit increases beyond a
certain point, however, phenomena
(such as incipient drying) stop a further
increase in transpiration. Plants that
themselves have a saturation deficit
will lose water toward the atmosphere
only if the saturation deficit of the air
is greater than that of the plants. At a
diffusion pressure deficit, or suction
force, of 100 atmospheres, such as can
be found in arid regions, plants will be
in equilibrium with air having a rela-
tive humidity of 93 percent. That is to
say that they will lose water by tran-
spiration only when the air is drier than
93-percent relative humidity but will
take up water vapor from the air when
this is more moist than 93 percent. In
a number of experiments, E. C. Stone,
C. L. Young, and I found that several
chaparral plants can take up water
vapor from air with a relative humid-
ity of 85 percent or more.
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Therefore we should consider the
possibility that absorption of water
vapor can be a source of water for cer-
tain plants. This I found to be true of
several tropical orchids, which hang
from the branches of jungle trees and
obtain liquid water only during actual
rainstorms. When the relative humid-
ity in the forest was 95 percent or more;
the orchids took up water vapor and
increased in weight. Since the relative
humidity inside such forests remains
above 95 percent more than 12 hours
a day, water vapor was a significant
source of water for the plants.

F. W. WeNT is professor of plant
physiology and in charge of the Earhart
Plant Research Laboratory in the California
Institute of Technology. After he received his
doctor’s degree - from the Unwersity of
Utrecht, he spent 5 years in Java with the
Botanical Garden in Buitenzorg. He joined
the institute in 1933.
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Conversion
of Saline
Waters

David S. Jenkins, R. J. McNiesh, and
Sidney Gottley

Reclaiming water from otherwise un-
usable sources, by removing dissolved
salts from saline water, is coming to be
regarded as a probable way to supple-
ment our traditional water supplies.

The process is known as conversion
or the demineralization of saline or sca
water. One of the sources is the rela-
tively static and indispensable water
of the oceans, which contain most of
the world’s water. Its use would sup-
plement the short supplies along coast-
al areas. Another source is the brackish
water now found inland—much of
which is becoming increasingly saline
to a point where it can no longer be
used for some purposes without harm-
ful effects.

In either case, the salts held tena-
ciously in solution must be removed
before the water becomes suitable for
agriculture, industry, or domestic use.

Although sand, sediment, and other
foreign particles can be removed
simply by filtration, salt cannot be
removed so ecasily.

Saline water is a relatively simple
system of inorganic salts dissolved in
water. It has certain physical and
chemical properties that determine the
various methods by which the salts
may be separated from the water. The
system, although not complex, is com-
paratively stable; because of the sta-
bility, separation of saline solutions
requires relatively large quantities of
energy.

Theoretical calculations show that
at least 2.8 kilowatt-hours (3.8 horse-
power-hours) of electrical energy is re-
quired to separate 1,000 gallons of pure
water from sea water. Thus, more than
goo kilowatt-hours (more than 1,200
horsepower-hours) must be used to ob-
tain 1 acre-foot of fresh water from sea
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water. If electric power costs 1 cent a
kilowatt-hour, the cost of theoretical
separation is 2.8 cents for 1,000 gallons
or more than g dollars for 1 acre-foot
of fresh water from sea water. The
figures are independent of the type of
separation process and represent only
the energy necessary to separate pure
water from an infinitely large body of
sea water.

Those figures represent complete
theoretical perfection—something nei-
ther man nor his machines can achieve.
The minimum costs must be expected
to multiply several times in translating
them into practice. Just how many
times is not known—or may never be
known—but continued research should
bring improvement of processes and
a consequent reduction in costs.

Studies undertaken by the United
States Department of the Interior,
through a contract with Dr. George W.
Murphy and his associates of the Re-
search Foundation of the State Uni-
versity of New York, show what prac-
tical minimum energy rates are attain-
able for less-than-ideal conditions. For
compression distillation and electric
membrane processes, a minimum of
about 12 killowatt-hours for 1,000 gal-
lons was found. That is about four
times the absolute minimum attain-
able under ideal conditions. Of course,
it is still theoretically possible that
other methods now under investiga-
tion, or yet to be devised, could oper-
ate with a lower practical minimum:.

The question then comes up as to
whether we must abandon the possi-
bility of extracting fresh water from
sea water at costs attractive for general
consumption, such as irrigation. The
answer 1s, of course, no. What is theo-
retically possible is still a challenge to
man’s ingenuity. Besides, vast sources
of energy are available to us, like sun-
light, the thermal difference between
surface water and subsurface water in
the oceans, windpower, and geothermal
cnergy; any of them may be essentially
free to us if effectively harnessed.

In addition to the energy cost, the
capital investment and the operation
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charges determine the total economy
of any process. All three must be in-
cluded, although all too often invest-
ment cost is either omitted from cal-
culations or is inadequately treated.
Processes by which fresh water can
be produced from sea water, at a to-
tal cost competitive with the other
sources of water in the continental
United States, have not yet been de-
veloped, but continuing research and
development work in this field are
bringing us closer and closer to such
areality. In fact, there are now many
installations over the world where
salt water is being converted to fresh
in substantial quantities, permitting
the profitable functioning of indus-
tries which, without such conversion,

probably could not exist. ‘

It has been suggested frequently that
the yield of marketable byproducts by
separation processes might provide
revenue to offset other costs for the
production of fresh water in large
quantities. Although large-scale con-
version of salinc water could supply
large tonnages of many elements, the
byproduct credit per unit of water
processed would probably be insuffi-
cient to make conventional conversion
systems economically suitable for gen-
eral use, such as irrigation. Coupling
byproduct credit with new deminerali-
zation processes offers considerably
more promise. If processes can be de-
veloped by which several minerals can
be extracted at one time, their value in
some market areas might be such as to
reduce the cost of the water by that
small amount necessary to attain eco-
nomic feasibility.

Suggestions that the atomic energy
might be used in some way in de-
mineralizing saline water have been
analyzed, and the following conclu-
sions have been reached, in coopera-
tion with representatives of the Atomic
Energy Commission: (1) Direct use of
nuclear fission for separation of salt
from water cannot be foreseen at this
time; (2) Direct heat from reactor
plants could be used in the various
demineralization processes. However,



Conversion of Saline Waters

such heat must be less costly than other
forms of heat, and there appears to
be some possibility of its use for this
purpose. ,

Future developments in the use of
nuclear energy and improvements in
demineralization processes could has-
ten this use of this heat substantially.
Low-cost energy plus new deminerali-
zation processes may provide one
answer.

SEVERAL METHODS are in general use
for demineralizing highly saline waters

on a substantial scale. Three involve -

evaporation of some of the saline water
and the condensation of the resulting
vapor. Each employs some means of
economizing on the fuel that is burned
to generate steam. The processes are
termed multiple-effect evaporation,
flash evaporation, and the vapor-com-
pression distillation.

Multiple-effect evaporation is the
method most commonly used on board
ship for refining sea water and is also
the only method that has been em-
ployed for large, permanent, shore
installations. Steam is generated in-a
fuel-fired boiler or evaporator. The
vapor produced in this first-effect
evaporator is condensed in the heating
coils of an adjacent or second-effect
evaporator, operating at a slightly
lower pressure, thus furnishing heat
for evaporating more sea water. By
employing several (up to 6 or 7) such
evaporators in series, the amount of
heat that is ultimately wasted as cool-
ing water in the last condenser is de-
creased as the number of effects is
increased. The resulting fuel economy
is achieved partly at the expense of
increased installation costs.

A second process employs flash evap-
oration, wherein water at a particular
pressure and temperature is released
into a chamber of slightly lower pres-
sure, where the liquid. flashes into
vapor and is subsequently condensed.
This principle has been applied to the
production of potable water from sea
water in several stages at subatmos-
pheric pressures. The process has been
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found to have advantages in reducing
the weight and space requirements of
shipboard sea-water distilling plants
and in reducing the formation of scale
in such plants. In comparison. with
submerged-tube evaporators, where
heat-transfer coefficient is a function of
temperature difference, this type of
plant has no comparable losses in heat-
transfer coefficients with reduced tem-
perature difference per stage and no
losses of temperature difference due to
hydrostatic head. The optimum num-
ber of stages therefore is usually greater
than the optimum number of effects in
a submerged-tube plant, and the cor-
responding fuel consumption is less.
Vapor-compression distillation is a
third method in current use. Portable
units of this type were used by military
forces for supplying purified water to
land-based troops. Such equipment
has also made possible some coastal oil
developments where fresh water is
virtually nonexistent. Energy economy.
is increased in the evaporative process
by recompressing the vapor produced
in the unit and condensing this vapor
in the heating section of the evaporator
itself, thereby producing more steam.
The major portion of energy required
is thus consumed in driving the com-
pressor, with relatively little additional

energy being supplied to generate

steam in the evaporator.

Another process now employed has
some advantages for certain applica-
tions but is quite costly for large-scale,
general use. This process operates on
the ion-exchange principle and usually
incorporates resins, which substitute -
one kind of ion for another in the
water. By a process of regeneration,
the resins can be used repeatedly. This
type of process is particularly well
adapted for water softening and is used
most commonly for that purpose. Since
chemical compounds - exhibit varying
degrees of ionization and ionic size,
different ion-exchange resins vary in
function. Particular resins are designed
for specific groups of tasks and new
resins are continually being prepared
and evaluated to extend their possible
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use to demineralizing waters of vary-
ing composition. Present costs for con-
verting sea water to a potable liquid
by these methods prohibit general and
large-scale use.

Present minimum costs of obtaining
fresh water from either brackish or sea
water by the conventional methods de-
scribed above exceed 3 dollars for 1,000
gallons. It has been estimated that a
reduction to about half that cost is pos-
sible by enlarging and improving va-
por-compression, multiple-effect evap-
oration, or flash-evaporation appara-
tus.

The estimated ultimate cost of de-
mineralized water by conventional sys-
tems of evaporation and distillation is
more than 10 times the highest pre-
vailing charges for undistributed irri-
gation water in the United States. It is
about 4 times the cost of municipal
water in 400 American cities. Presum-
ably, only a relatively few industries
can afford these costs for their water
supply. Whether or not domestic con-
sumers could afford such prices is tan-
tamount to asking if people would buy
. food at quadrupled prices. They will if
they must, but not if there is any way
to avoid it.

It is clear, then, that methods and
devices now in use for removing salt
from saline water are too costly to be of
general benefit for industrial, munici-
pal, and irrigation consumption. In
many circles, efforts are continuing to
improve the performance of orthodox
equipment, particularly by the Depart-
ment of Defense for military use. How-
ever, for the latter applications, mo-
bility, simplicity of operation, and
sheer necessity must frequently take
precedence over costs for manufactur-
ing and operating. Even rather drastic
redesign of equipment used for conven-
tional processes offers little promise of
sufficiently reducing costs of deminer-
alizing water to interest the general
public.

BEcAUSE OF THE constantly expand-
ing need for fresh water and the
increase in salinity of many waters
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already being used in the country, the
Congress in July 1952 authorized the
Federal Government to participate in
research and development in this field
for an initial period of 5 years. It

provided that the Department of the
JInterior find practical means for the

economical production, from sea or
other saline water, of water suitable
for agricultural, industrial, municipal,
and other beneficial consumptive uses
(66 Stat. 328, 482 U. S. C. Sec. 1951).

Under this authorization, the De-
partment of the Interior, through the
saline water conversion program, is
devoting its efforts to improving the
many inland saline surface and under-
ground waters and to converting sea
water to useful purposes. This is done
by conducting research and develop-
ment under contract with outside
organizations, by exchange of infor-
mation, and by coordinating private
and public research.

Discussion of research efforts in this
article reflects their status as of the
beginning of 1955.

The scientific research program that
is supported by the Department of the
Interior is continuously coordinated
with the Department of Defense and
the National Science Foundation.

Cooperation also exists between
the Department of the Interior and
the Atomic Energy Commission, the
Smithsonian Institution, the Federal
Civil Defense Administration, the
Department of Agriculture, the De-
partment of State, the Foreign Opera-
tions Administration, and the Depart-
ment of Commerce.

Early studies under the saline water
conversion program made it clear
that no one process would be likely to
meet all the requirements for demin-
eralized water. Indeed, several differ-
ent processes are needed, each provid-
ing an optimum performance under
different combinations of location,
quality of the existing saline waters,
and the character and magnitude of
the water demands. Varying condi-
tions that might make one process
more desirable than another are:
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Salinity of the original water (sea
water or brackish water), magnitude
and types of industrial needs, extent
and size of each municipal need, irri-
gation requirements of various soils,
climates, availability of other water
supplies for total or partial blending
with totally or partly treated waters,
‘and many other factors that vary from
place to place.

For those reasons and because the
cost of existing treatment processes so
far exceeds the maximum cost con-
sidered practicable for many uses, all
processes and energy sources that
might conceivably be developed into
a worthwhile process, must be con-
sidered. Clearly impractical processes
are being eliminated; others are being
investigated and developed. In addi-
tion to the extensive efforts being
made to improve performance charac-
teristics of the conventional equipment
now in use, numerous rather new
concepts are being studied.

One process for one major purpose—
that of improving brackish water to
render it useful for irrigation—is now
‘being tested to determine the durabil-
ity of operating components and other
operating characteristics and to obtain
firmer estimates of the overall cost of
large-scale water treatment by this
means. The Department of the In-
terior has been investigating the
process variables of an ion-transfer
membrane demineralizer through a
contract with Ionics, Inc., of Cam-
bridge, Mass. This process uses a com-
bination of plastic, perm-sclective
membranes and electrolysis to remove
the salt from salt water. Tests thus far
‘indicate that, since power consump-
tion increases rapidly with the quan-
tity of salts removed, such a unit
.appears to be most valuable for con-
verting brackish water rather than
sea water; the former contains only
a fraction of the salts in the latter.

Through a contract with the Badg-
er Manufacturing Co., the Depart-
ment of the Interior is developing
-a process conceived by Dr. K. C. D.
Hickman, which is a variation of va-
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por-compression distillation. This new
process involves conditioning of the
water mechanically to encourage rapid
boiling by overcoming a possible ob-
structive “skin’® on the surface of the
water. By this means the heat-transfer
coefficients are being increased 5 to 10
times those now obtainable by con-
ventional equipment. The cost of dis-
tilling water by this method should
thus be a fraction of present costs by
conventional methods. Initial tests on
a laboratory-size unit fairly well con-
firm the theoretical expectations of the
device. Although units incorporating
this principle are not now commer-
cially available, no doubt they will be
manufactured before long—when fur-
ther tests prove their possibilities.

Utilization of phenomena at critical
pressures and temperature provides
another potential separation process.
At very high pressure and tempera-
tures, in the order of 3,000 pounds per
square inch and 700° F., water reaches
a critical condition in which there is no
distinction between the gaseous and
liquid states. Salt solutions differ from
pure water in that saline water retains
both the liquid and vapor phases above
the critical point of pure water. The
higher concentration of salt rcmains
with the liquid phase and, at increas-
ing temperatures and pressures, a
larger and larger proportion of the salt
collects in the liquid phase. These pe-
cularities of water are essential to this
method of demineralization. They
permit recovery of process heat for re-
use by means of simple heat exchangers
because, by maintaining the pressure
above the critical point, little or no
latent heat of evaporation need be
added during the cycle.

Under a contract between the De-
partment of the Interior and Nuclear
Development Associates, Inc., suitable
conditions for the extraction of fresh
water from sea water in this supercriti-
cal state are being studied. Work thus
far indicates that such extraction of
fresh water from sea water is theoreti-
cally feasible, although some technical
difficulties are recognized. Means of
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overcoming the technical difficulties
are not now considered insurmount-
able.

Still another process in this category
is termed ““the low-temperature differ-
ence method.” It is a process in which
distillation is achieved, not by heating,
but by cooling. That may be accom-
plished through existing temperature
differences, such as those between
waste cooling water from existing in-
dustrial plants and the sea and rivers
into which this water is discharged.
Other differences are those encount-
ered between the warm surface water
of the ocean and the cooler water at a
greater depth in the ocean. The most
recent work on a plan utilizing the
temperature differences in the ocean
has been conducted under French aus-
pices with a proposed plant at Abidjan
in French West Africa. Work along
this same line is continuing at the Uni-
versity of California, where it is hoped
to obtain valuable information, which,
added to that gained by the French
experiment, will indicate some of the
technical problems involved in plants
of the large size required.

Two other processes of related nature
involve the use of superheated steam
or combustion of natural gaseous fuels
under water. Both need considerable
research and exploratory work before
their practicability can possibly be
demonstrated.

The use of solar energy for evapora-
tion also involves vaporization in one
form or another. Possible application
of solar energy, particularly in arid
regions where solar intensities are high,
usually creates considerable public
interest—primarily because the energy
consumed is considered free and in-
exhaustible. Consideration of other
cost factors makes the economics of
this system somewhat less attractive
than would be apparent at first glance.
Although the energy may be free, the
capital investment is substantial. Pres-
ently conceived designs, however,
indicate such a system may be better
than compctitive with conventional
processes such as vapor compression
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distillation and multiple-effect evapo-
ration.

Several studies, including those by
Dean Everett D. Howe, University of
California; Dr. George O. G. Lof, of
Denver, Colo.; the Bjorksten Research
Laboratories, Madison, Wis.; Battelle
Memorial Institute, Columbus, Ohio
(the last three under Department of
the Interior contracts), indicate that
future improvements in simple solar
distillation units and improvement in
evaporation plant load factor stand a
good chance of reducing production
costs to a level where such units would
be very attractive in some particular
locations.

Crystallization, another physical sep-
aration process, involves the formation
of a solid crystalline phase from a
liquid solution. It is well known as an
industrial separation process; the con-
densation of fruit juices is a familiar
one. The formation of ice crystals also
is commonly known. Applied to saline
water, the procedure would consist of
crystallizing either salts or pure water
from the solution. It has been found
that partial freezing and remelting of
salt water tends to separate salt com-
ponents from pure water.

To understand better the phenom-
ena occurring during the formation of
ice crystals in saline water and to dis-
cover possible methods of excluding
the salts from the pure water upon
melting, a contract has been entered
into between the Department of the
Interior and Applied Science Labora-
tories, Inc., for some basic research.
The apparent advantage of a freezing
process over a vaporization process
lies in the fact that the latent heat of
crystallization of water is about one-
seventh that of vaporization. It ap-
pears entirely possible that a low-cost
process for demineralization by crys-
tallization through refrigeration might
be developed.

Sublimation, involving the transition
from solid to gas, and vice versa, offers
still another opportunity. It depends
on the existence of a definite vapor
pressure for each different solid. The
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vapor pressure for such a material as
salt in a water solution might be in-
creased enough at very high tempera-
tures so that a mechanism for separa-
tion might be achieved.

Changes in molecular structure and
other properties can be induced by a
sufficient acceleration of the molecules
of a substance. An illustration is the
use of vibratory motion of high fre-
quency as a means of keeping mater-
ials in suspension. Vibratory motion of
frequencics exceeding the limit of hear-
ing (ultrasonics) may be applicable
directly to the separation of salts from
water or as a means of accelerating or
facilitating separation by other proc-
esses.

The Department of the Interior has
studies progressing at the University of
Florida under a contract to determine
the physical possibilities of using ultra-
sonic vibrations in the demineraliza-
tion of saline water. The research is of
an exploratory nature on a laboratory
scale.

AN IMPORTANT PROPERTY of solu-
tions is that of osmosis—the spontane-
ous flow from a more dilute to a more
concentrated solution through a per-
meable membrane. The flow can be
prevented by a certain pressure, known
as the osmotic pressure, exerted on the
more concentrated solution, or it can
be reversed by a higher pressure.

Two possible solutions to the demin-
eralization problem, utilizing osmosis,
are being studied under the Saline
Water Conversion Program of the
Department of the Interior. In both
instances it is the reverse flow that is of
interest, and the membranes are de-
signed to pass pure water only, while
repelling ionized material.

One scheme being devised by Dr.
Gerald L. Hassler at the University of
California involves selective action of
an osmotic oil membrane, using the
same principle by which body organs
and individual cells are believed able
to separate fluid constituents. The
membrane would be an extremely thin
oil layer, which would be supported
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by capillary action. Water molecules
would diffuse through it, while other
molecules would be blocked.

Another method is being investi-
gated at the University of Florida,
where the possibilities of various syn-
thetic membranes are being tested.
Here it has been found that with one
such membrane at least go percent of
the salts can be removed in one
pass under pressure. The quantities
of demineralized water that can be thus
produced are very small, but further
work may demonstrate considerable
improvement.

The separation of salts from saline
water based on their differential
solubility in liquids immiscible with
water provides another possibility.

It is theoretically possible to add
enough organic solvent to sea water to
dissolve part of the total water, thereby
concentrating the salts in the remain-
ing brinc and subsequently separate
the water from the organic solvent.
Identification of a suitable solvent with
the proper affinity for water is the
principal task. Separation and recov-
ery problems for both water and
solvent should not be insurmountable.
Under a contract with the Department
of the Interior, the Agricultural and
Mechanical College of Texas is con-
ducting exploratory research on the
application of this process to the eco-
nomical demineralization of saline
water.

Other physical processes and phe-
nomena might assist in the conversion
of saline water to fresh. Among them
are adsorption, the retention on solid
surface of a portion of a liquid or gas;
the rates of passage of gases through
porous membranes as influenced by
the molecular weights of the gases;
magnus effect; and many others. These
possibilities, although known theoret-
ically, need considerable exploratory
and physical research before their
practical limitations become known.

Among the chemical processes and
phenomena offering possible solutions
to the problem, there arc three princi-
palones. Oneisknown asion-exchange.
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As applied to demineralization of
water, it involves the removal of both
the cation and anion of the dissolved
salt by exchange for a less objection-
able ion in the exchange material.

The cations are replaced usually
by the hydrogen ions, producing acids
with the anions remaining in solution.
The acids are in turn exchanged by
the anion exchange material, resulting
in the formation of an amount of
water equivalent to the salts removed.
The process differs from the softening
of water, in which only the cations of
calcium and magnesium are exchanged
for sodium with no nct decrease in the
total dissolved materials.

In the process, for every equivalent
amount of salt removed, a correspond-
ing amount of regenerating chemical
must be supplied. Consequently, this
might be best adapted to the demin-
eralization of waters of low saline
concentration or to partial demineral-
ization where only the most harmful
salts are removed. The use of clay or
other natural beds of inexpensive ion
exchange material is being explored
as a possibility for the reduction of
costs of operation of this process.

Chemical precipitation of mineral
materials in saline water is used exten-
sively in water-treatment plants for
industrial or potable use. The quanti-
ties of chemicals required for precipi-
tation, however, are approximately
equal to the quantities of salts re-
moved. Thus, for large-scale demin-
eralization of saline water, the quanti-
ties of treatment chemicals would be
very large and prohibitively expensive.
Recent advances in chemical precipi-
tation have improved existing proc-
esses for such uses as emergency life-
raft equipment. The greatest promise
here is in the removal of some specific
components only.

The formation of insoluble hydrates
by the addition of chemical substances
to saline water is another chemical
possibility. Withdrawal of water from
saline solutions by hydration of chemi-
cal compounds, and its later release as
pure water by dehydration is possible.
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Water may be recovered by changing
the process variables, such as temper-
ature or pressure.

SALINE WATER is itself an electrolyte.
This suggests the possibility of demin-
eralization by electrolysis—a method
that has been used to soften water.

When an electric current is trans-
mitted through a saline solution, the
cations of the salt molecules in the
solution migrate towards the cathode
and the anions toward the anode. Sev-
eral quite dissimilar devices have been
introduced to provide means of causing
the moving ions to collect with other
ions within the cell and be washed
aside in a reject stream, while an ion-
depleted stream is drained off sepa-
rately. Several such devices are already
in laboratory use. Two firms conduct-
ing research on devices using this prin-
ciple, with some promise for an ulti-
mate commercial unit, are Rohm &
Haas and Ionics, Inc. The latter has
assembled a unit now being tested on
typical brackish waters in the western
part of the United States.

Electrolysis of a saline solution gen-
erally results in evolution of hydrogen
at the cathode and either oxygen or
chlorine at the anode. The catholyte
becomes basic by removal of the hy-
drogen ions, and the anolyte becomes
acid. Hydroxides of elements, such as
calcium and magnesium, precipitate
in the cathode chamber, the precipita-
tion being the basis for a water-soften-
ing process when the anode and cath-
ode are separated by a porous dia-
phragm. A similar cell, divided into
three compartments, provides a means
of demineralizing salt water entering
the central compartment, the dissolved
salts being progressively removed to
the adjacent compartments.

The combination of selective ion-
transfer membranes with eclectrolysis
provides a rather new demineraliza-
tion process. During the formation of
any quantity of product in an electro-
lytic process, equivalent amounts of
ionic constituents are transported into
the electrode regions. This same quan-
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tity of material must pass through any
plane parallel to the electrodes. In an
electrolytic cell, the space between
electrodes may be divided by a num-
ber of membranes, which possess the
property of permitting the passage of a
cation or anion, but not both. If the
anion-permeable and cation-perme-
able membranes are arranged alter-
nately, one method of demineralization
is obtained. By such an arrangement,
salts will be removed from alternate
compartments and transfcrred, through
one membrane, to adjacent compart-
ments from which they cannot migrate
electrically, but may be removed hy-
draulically. Hence, the water passing
between alternate membrane pairs is
depleted of salt, while that between the
intervening pairs is enriched. The
quantity of electric power required for
removing a given quantity of salts is a
function of the number of compart-
ments, the resistance of the unit, and
the rate of hydraulic flow.

Some additional electrical phenom-
ena have been suggested as being sus-
ceptible to use for demineralization.
They encompass the electrostatic and
electromagnetic effects, ultra-high fre-
quency currents, and others. Of these,
only the latter has been reported as
being observed actually to reduce the
salt concentration of saline water.
That remains to be proved on a more
scientific basis, however.

Until recently many of the processes
and phenomena we have mentioned
were primarily something of interest
in the classroom, laboratory, and text
books. Urged on by the increasing
demand for more fresh water, they are
becoming recognized as useful ideas.
Those that are developed for practical
use will provide means of compensat-
ing for the adjustments man has made
in the patterns established by nature.

It would be presumptuous to fore-
tell a degree of success in this endeavor.
Exactly when practical use can be
made of the fruits of today’s research
in this field is almost as difficult to
predict. Some processes will probably
require several years to perfect; others
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may reach a reasonable degree of use-
fulness earlier. It does appear, how-
ever, that no one process by itself will
be likely to provide water to meet the
needs of the Nation. Several will be
required to fulfill the variety of de-
mands dictated by local conditions.

But development of a technically
and economically feasible process will
be a help cure for one of mankind’s
greatest and growing ills—insufficient
fresh water.

Davip S. JENKINS became director of the
Saline Water Conversion Program, Depart-
ment of the Interior, in 1952, when it was
authorized by the Congress. The Saline
Water Conversion Program is conducted by
grant and contract under the direction of a
staff in the Office of the Assistant Secretary
of the Interior for Waler and Power. Pre-
viously Dr. Fenkins was successively with
the United States Geological Survey, Soil
Conservation  Service, Civil Aeronautics
Administration, and the Bureau of Recla-
matton.

R. J. McNIEsH was formerly a general
engineer, Saline Water Conversion Pro-
gram, United States Department of the In-
terior. He joined a construction firm in St.
Paul, Minn., in 1955.

SIDNEY GOTTLEY is executive assistant
to the assistant director for programs, Bu-
reau of Mines, Department of the Interior.
He is a representative of the Bureau of
Mines on the Saline Water Conversion
Committee.

In further recognition of the growing water
shortages throughout the United States and
abroad, the Congress has, subsequent to the
preparation of this chapter, enacted amenda-
tory legislation to the Saline Water Act of
1952 extending the activity until 1966 and
increasing the total authorization from 2
million to 10 million dollars. In doing so, it
provided that a limited amount of work may
be conducted in existing Government labora-
tories and a considerably smaller amount
may be expended on research abroad where
that research clearly contributes to the solu-
tion of problems in the United States.
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The Age-0ld Debate
About a
Forked Stick

Arthur M. Sowder

Few subjects are more hotly debated
than water dowsing. Few activities are
more stoutly supported by their prac-
titioners (of whom I am one in my
spare time) or more roundly ridiculed
by others. On the one hand are the
words and experiences of those who
have used a forked stick themselves to
locate underground water. On the
other hand is a large body of scientific
investigation and writings, which say
flatly that water dowsing is pure non-
sense and without any valid basis.

The purpose of this essay is to tell
both sides without trying to convince
the reader one way or the other. No
discussion of water can be considered
complete without a mention of this
ancient debate.

At various times I have had oppor-
tunity to experiment and discuss dows-
ing with people, some of whom were
dowsers. I learned that not many can
dowse and that those who can, dosoin
varying degrees. Those who cannot
generally assert scoffingly that dowsing
is faked by hand manipulations.

I have tried forked twigs of many
species of woods, and each seems to
work, but twigs of peach, apple, and
maple seem to be best. I grasp the
ends of the twig firmly with palms up-
ward. As I start, I have the butt of the
stick pointed up. As I near moving
water, I can feel the pull as the butt
end begins to dip downward. When 1
am over the water, it is straight down,
having turned through an arc of 180
degrees. A stick of brittle wood will
brcak under my grip as the butt dips
downward. Pliable twigswill twistdown
despite efforts to hold them straight.

Now, SOME EXCERPTs from published
works to indicate the pros and cons.
Interested persons will do well to
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read Water-Supply Paper 416, The
Divining Rod, A History of Water Witch-
ing, by Arthur J. Ellis. It was published
in 1938 by the United States Geologi-
cal Survey.

In an introductory note, Dr. O. E.
Meinzer wrote: “The outline of the
history of the subject presented in the
following pages will probably enable
most honest inquirers to appreciate
the practical uselessness of ‘water
witching’ and other applications of the
divining rod, but those who wish to
delve further into the mysteries of the
subject are referred to the literature
cited in the bibliography, in which
they will find reports in painful detail
of exhaustive investigations and
pseudo-investigations of every phase of
the subject and every imaginable ex-
planation of the supposed phenomena.

It is doubtful whether so much in-
vestigation and discussion have been
bestowed on any other subject with
such absolute lack of positive results.
It is difficult to see how for practical
purposes the entire matter could be
more thoroughly discredited, and it
should be obvious to everyone that
further tests by the United States Geo-
logical Survey of this so-called ‘witch-
ing’ for water, oil, or other minerals
would be a misuse of public funds.”

Nearly half of the booklet is devoted
to a bibliography arranged in chrono-
logical order back to the early 16th
century.

Mr. Ellis wrote:

“The origin of the divining rod is
lost in antiquity. Students of the sub-
ject have discovered in ancient litera-
ture many more or less vague refer-
ences to it, and though it is certain
that rods or wands of some kind were
in use among ancient peoples for fore-
casting events and searching for lost
objects, and in occult practices gen-
erally, little is known of the manner in
which such rods were used or what
relation, if any, they may have to the
modern device. The ‘rod’ is mentioned
many times in the Bible in connection
with miraculous performances, espe-
cially in the books of Moses. . . .
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In an article in Arizona Highways
for June 1954, Gaston Burridge wrote:

“I have been intercsted in the
dowsing phenomenon for nearly 40
years, not as a participant, for I have
none of the dowser’s powers, but as an
observer. I think I have scen every
kind of locating device there is, from a
common willow fork, up through and
including a $10,000 ‘electronic’ ma-
chine! 1 belicve I’ve listened to as
many methods, heard as many theo-
ries, as many explanations, as many
experiments as any man in the South-
west. I have witnessed ‘map dows-
ings,’ ‘long-distance dowsings,” havce
been on actual locating jaunts for
water, oil, minerals and buried treas-
ure. ’ve heard of all sorts of ‘mistakes’
dowsers have made. I have taken the
trouble to do some investigating and
now I can match those tales with
‘mistakes’ both well drillers
geologists have made!

“Most dowsers I have met believe
the dowsing instinct, ability, power,
‘atunement,” or whatever it is, comes
to a person with birth. But they also
believe this innate ability can be de-
veloped, its use expanded, by study
and practice. Many people have the
ability but don’t know it, never having
had reason or opportunity to try it.
Some students of the matter believe
about 1 person in every 1,000 has
some dowsing ability, that 1 person in
about 10,000 has enough of the ability
to become a good dowser. And I would
like to point out right here, there is
a vast difference between a dowser and

a good dowser!”

KenneTH RoOBERTS in his book,
Henry Gross and His Dowsing Rod
(Doubleday, 1951), wrote:

“Not all the derision of all the geolo-
gists in the world can in any way alter
the unfailing accuracy of the dowsing rod
in Henry Gross’s hands. Not all the
cries of ‘hokum,’ ‘curious superstition,’
‘fanciful delusion,” ‘hoax,” ‘witchery,’
‘pseudo-science,” can destroy or even
lessen the value of Henry’s dowsing, to
whose unvarying success Horace Levin-

and -
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son and I have attested by the pub-
lication of this book.

“The man who sneers at the dowsmg
rod today would have scoffed, 50 years
ago, at radio, television, and jetplanes
that travel at supersonic speeds.”

MRr. RoBERTS’ Book was reviewed
by Thomas M. Riddick in an article,
“Dowsing Is Nonsense,” in Harper’s
Magazine for July 1951. Mr. Riddick,
a member of the American Water
Works Association, wrote: “If this
book on dowsing indicated that Henry
Gross possessed unusual powers, ex-
plainable or not, which enabled him
to locate extractable underground
waters, I would be a most ardent sup-
porter of his cause. But this indication,
much less this proof, is lacking. And
to accept Mr. Roberts’ beliefs necessi-
tates a complete disregard of the basic
principles of hydraulics, hydrology,
meteorology, physics, thermodynam-
ics, and geology, and even the funda-
mental laws of gravitation.”

AND SO IT GOES.

Space does not permit a complete
listing of the references on the subject
of dowsing. Some titles, though, indi-
cate the way the subject has been
treated: That Dowsing Hokum; Water
Witching: An Interpretation of a Rit-
ual Pattern in a Rural American Com-
munity; A Dowser Talks Back; The
Problem of the Divining Rod; All-
Purpose Dowsing; Can a Water Witch
Really Find Water?; and Witching
Wands and Doodlebugs.

The controversy will continue until
someone can ecxplain and prove the
action of the dowsing stick.

ARTHUR M. SOWDER is exiension for-
ester in the Depariment of Agriculture. He
has degrees in the science of forestry from
the University of Idaho and the master of
Sorestry degree from Yale. He was the first
State extension forester in Idaho and was
assistant professor of forestry in the Univer-
sity of Idaho before joining the Department
in 1936. Since 1953 he has found dowsing
to be an interesting off-the-job hobby.
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Typical Water-Holding Characteristics
of Dufferent-T extured Soils
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Water and Our Soil

How Water Shaped
the Face of
the Land

Guy D. Smith and Robert V. Ruhe

Before men began to use the soil of
this country it did not matter at all
how much or how little water the land
got. It matters now, though, for the
water or the lack of water did produce
characteristics in the soils that still
persist and must be considered when
we farm them today.

In the natural landscape, before the
soils were used, water influenced the
soil directly by erosion. As a weather-
ing agent, water attacks and dissolves
minerals, moves soluble materials in
solution and insoluble materials in sus-
pension from one part of the soil to
another, and removes materials en-
tirely in the ground water. Indirectly
water affected the kinds of plants that
grew, the rate at which they grew, and
the micro-organisms that decomposed
the leaves, stems, and roots of the dead
plants. Water therefore had an impor-
tant part in determining the kind and
amount of organic matter in the soil
and all of the physical and chemical
properties that are affected by organic
matter. The amount of water a soil
received was influenced in turn by the
rainfall, humidity, wind, and the other
factors of climate, as well as by the
shape of the land surface and by the

underground features that affected the
movement of water. ‘

Water, wind, ice, and gravity can
detach and transport earth materials.
Of the four, running water is the most
important in modifying the earth’s
landscapes.

Rain begins the work of running
water in that the impact of raindrops
alone on unprotected soil can dislodge
soil particles and commence the wear-
ing away of the land.

Rainfall is dispersed in two ways: By
infiltration—soakage into the ground—
or runoff at the surface. The relative
amounts of infiltration and runoff are
determined by the nature of the rain-
fall, the slope of the land, the character
of the local soils and rocks, and the
nature and amount of vegetation.

Hard, severe rains producc high run-
off. The steep slopes are conducive to
runoff. Permeable soils and rocks give
rise to greater infiltration than do less
porous materials. A sparse cover of
vegetation favors runoff.

Runoff in unconfined channels is
sheetwash, which can remove large
amounts of material on slopes that are
barren or have a sparse vegetation,

Runoff that is confined, whether in
rills or streams, has a concentrated
erosive effect, cutting channels that
may increase in length and depth at a
rapid rate. Such stream erosion may
give rise to spectacular landforms,
such as gullies, badlands, or even large
canyons.

The cutting and intrenchment of a
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stream immediately develops three
clements of the landscape: The chan-
nel bottom, the valley slope, and the
upland. The fourth element, the pedi-
ment, develops later and is the gently
sloping surface that lies between the
stream and the valley slope after the
valley slope recedes from the stream.

Of these four elements, the valley
slope, because of its steeper gradient,
is most susceptible to erosion by com-
plex processes.

The channel bottom may undergo
a further but continually decreasing
modification as the stream adjusts
itself toward the base level of erosion,
the level at which water can no longer
flow and transport any material. The
channel bottom affords a major con-
trol within its watershed in that it is a
general base level of erosion for all
tributary streams. Because the valley
slope leading down to a watercourse
cannot be eroded below the level of the
streambed, the general base level of
erosion for the valley slopes is the level
of the main stream.

The fundamental mechanism in the
evolution of a landscape by water
erosion is the recession of the valley
slope into the upland, regardless of
climate, but the process is most obvious
in the desert. Valley slopes along the
main stream, tributaries, and the side
streams are subjected to an intensive
attack by various processes, such as
gullying, sheetwash, slumping, and
sliding. The dominance of any process
depends on the nature and intensity of
rainfall, the character of the wvalley
slopes, the character of the local soils
and rocks, and the nature and amount
of vegetation.

The major control of erosion is the
main stream, whose streambed tends
to become increasingly flatter toward
its mouth. Such gradients are char-
acteristic also of the tributary and side
streams. Valley slopes recede so that
the pediments, the land surface be-
tween the valley slopes and the streams,
have lesser slopes nearer the streams.

Thus the general base level below
which erosion cannot progress is a
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curved surface, which is controlled by
the main stream and rises upward
with increasing gradient toward the
edges of the watershed. This curvate
landscape, scooplike in form, is char-
acteristic of most watersheds, regard-
less of size, and can be considered the

“normal” landscape unit developed by
water erosion.

If hard rocks are present, a layer
of transported gravel, called the stone
line, develops on the pediment as it is
formed. The stone line usually is cov-
ered by variable thicknesses of finer
textured sediment, the pedi-sediment.
In the final phases of erosion, valley
slopes retreating from adjacent streams
meet and disappear, joining the pedi-
ments and producing a lower regional
surface, the pediplain. The process of
pediment formation is called pedi-
mentation. (See page 141.)

Many kinds of soil-moisture rela-
tionships existed in nature, but four of
them largely determined the kinds of
soil found by the first settlers. They
might be called, for simplicity, those of
the desert, the prairie, the forest, and
the swamp.

IN THE DESERT the very low rainfall
and high cvaporation kept the soil dry
most of the time. An occasional down-
pour moistened the soil at the surface
and at times some water may have
moved down a few feet before it was
withdrawn by the roots of plants or
evaporation.

Soluble materials near the surface
were either carried away by the runoff
or moved down into the soil with the
water and were deposited where the
water was withdrawn. Rapidly soluble
materials, like soda, were the first to
be moved. Then limestone fragments
near the surface were slowly dissolved,
and the lime was redeposited in a
deeper layer. That redeposited lime,
called caliche, accumulated both as
massive hardpans and as soft, white
powder and was the first evidence of
soil development in our deserts. Caliche
is normally found on the uplands and
is common on the pediments.
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After the caliche was partly formed,
the occasional percolating waters be-
gan to move part of the clay (very fine
particles usually less than .00002 inch
in diameter) in suspension from the
surface layer into the subsoil. The clay
was deposited in the subsoil just above
the caliche as fillings in pores or
cracks. The movement of clay, how-
ever, was very slow compared to the
movement of lime, and soils that show
a horizon (a layer in the soil parallel
to the surface) of clay accumulation
are less common than soils with hori-
zons of caliche.

Low areas where the runoff waters
collected and evaporated were en-
riched with the soluble salts. Although
they often had moisture available
most of the year, the water was so
salty that only the most salt-tolerant
plants could grow.

The desert soils generally could
support only scattered shrubs because
the soils were dry so often, and little
organic matter (generally less than 5
tons to the acre in the plow layer) ever
accumulated in the soil.

Not only did the low amounts of
rainfall result in slow soil development;
the infrequent heavy rainfall on sur-
faces with a poor vegetative cover
stripped the surface materials from the
valley slopes and deposited some of
that material on the pediments. Ero-
sion or deposition often was more
rapid than weathering and soil forma-
tion. Thus the erosion-weathering re-
lationship accounts for the generally
weak soil development in the desert.
And the rainfall-vegetation relation-
ship accounts for the curious paradox
that in the natural landscape the most
spectacular erosion was in the desert
where there was the least water.

IN THE PRAIRIE, bordering the desert,
the soil was moist for longer periods
and became covered with a close-
growing grass sod. The rainfall was
adequate to support the grass, but only
in the wettest years was there a surplus
of water to saturate the upper layers
of the soil and percolate below the
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reach of the grass roots. The result was
the formation of a soil marked by a
thick, black, or very dark brown sur-
face layer, with large contents of or-
ganic matter—up to 100 tons to the
acre in the first 6 or 4 inches—and
underlain by a layer (or horizon) in
which slowly soluble materials like
lime accumulated.

After the lime had been dissolved
and removed from the surface layer,
many of the minerals in rocks became
unstable, lost their alkaline elements,
such as calcium, and were chemically
altered to clay. Such changes were
very slow and required a stable land
surface for many hundreds of years to
be noticeable. If the upland surface
was stable, part of the clay formed in
the surface foot or so was gradually
carried in suspension by the percolat-
ing water into the subsoil. There the
clay particles were filtered out or the
water was withdrawn by plant roots,
and the clay was deposited as a coating
along the channels in the soil. The
process of clay translocation continued
on many of the flat upland surfaces
until the pores and channels in the sub-
soil were clogged with clay. Then the
water, unable to enter the subsoil read-
ily, formed a perched water table
above the subsoil. Subsoils that have
reached such a point in clay accumu-
lation are called claypans.

Natural erosion was very much slower
under the grass sod of the subhumid
prairies than in the deserts. Raindrops
did not strike the soil but lost their en-
ergy on the grass. Total runoff was con-
siderably greater than in the desert,
but the running water had less chance
to detach soil particles on the valley
slopes, and the waters of the streams
were generally clear.

The shapes of the landscapes, the oc-
currence of stone lines, and the pres-
ence of the most strongly weathered
soils on the divides indicate that the
natural erosion in the prairies, as in
the desert, was pedimentation. Fur-
ther evidence of pedimentation is found
in the widespread loess (a deposit of
windblown particles ranging in diam-
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eter from about 0.002 to 0.0002 inch) in
the midwestern prairies, which gener-
ally mantles the uplands but is absent
from most valley slopes. This loess
mantle also bears witness to the stabil-
ity of the upland surfaces under the
grass sod. The studies of the radioac-
tive carbon in wood buried in the loess
show that it began to accumulate
about 25,000 years ago and that it con-
tinued to accumulate for about 15,000
years. So it has persisted for some
10,000 years on the undulating up-
lands—even where it originally was
never more than 2 or 3 feet thick.

IN THE FORESTS, which extended from
the prairies to our coasts, the rainfall
was generally high enough that nearly
every year some water percolated
through the soil and on down to the
ground water. On stable land surfaces,
all readily soluble materials were com-
pletely removed, and the soils consist
of materials practically insoluble in
water. Minerals containing the alka-
line elements, such as calcium, magne-
sium, and potassium, required for the
growth of plants, are unstable in these
moist soils and were gradually altered
to more stable forms. While the soils
were young, the decomposition of the
minerals yielded a slow, steady supply
of available plant nutrients. The slow
replenishment of nutrients is generally
still going on in the soils formed in de-
posits laid down during the last great
advance of the glaciers. The deposits
covered most of New York, New Eng-
land, the area north of the Ohio River,
a belt some 30 to 50 miles wide to the
east of the Mississippi River bottoms,
and part of the State of Washington.

In most of the remainder of the for-
ested areas, the soils are much older
and contain few weatherable minerals.
Here the alkaline elements needed by
the plants were held largely in their
leaves and wood and were used over
and over again. The plants had a con-
stant struggle to capture and retain
elements against leaching by the water.

The minerals that were weathered
were largely transformed to clay and
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iron oxides, which are relatively insol-
uble in water. The formation of the
clay and iron oxides started at the sur-
face and continued downward as the
rocks weathered, sometimes to depths
of several scores of feet. While the
weathering progressed in the deeper
layers, at the surface there was some
solution of the iron oxide by the organic
compounds coming in the water from
the leaf litter. Redeposition of this iron
followed, sometimes only a few inches
below the surface, and sometimes deep
in the soil. But since it is the iron oxide
that makes the soils red or brown,
when the iron was removed the surface
became bleached and gray.

The clay particles in the surface foot
or two were also removed, probably in
part by destruction of the clay but also
by being carried in suspension by the
downward moving water into the sub-
soil. There it was filtered out or was
deposited on the walls of pores and
cracks when the water was withdrawn
by the trce roots.

Thus in the forest region there grad-
ually developed a series of horizons, or
layers, which differed in color and clay
and iron content, as a result of the con-
tinued leaching by water. The surface
inch or two was stained with organic
matter from the leaf mold. The next
layer was bleached and had such small
amounts of clay that it was neither
sticky nor plastic when moist. The
third layer was browner or redder than
the second because of the accumulation
of iron oxide. In most places outside
of northern Michigan, northern New
York, and New England, this third
layer had enough clay to make it sticky
and plastic when moist. Underlying
that was the weathered or unweathered
rock or other material from which the
soil formed.

The processes of natural erosion un-
der the forests have not been studied
in detail in this country, but the evi-
dences cited in the prairie region are
duplicated in the forest region and
point again toward pedimentation. We
do know that there has been cyclic
gullying followed by filling of many of
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the gullies in many areas, but the gen-
eral deep weathering of the soils sug-
gests that natural erosion was much
slower than the weathering processes.

IN THE SWAMPS AND MARSHES the
water table stood near the surface for
at least a part of each year.

In places where the water table was
above the surface, the remains of the
sedges, reeds, and trees were protected
from decay by the water and accumu-
lated to form peat or muck.

If the water table stood at or just
below the surface during a large part
of the year, generally a slow but sig-
nificant downward movement of the
water took place. Then the soils that
formed had many properties in com-
mon with those of the nearby uplands,
but they differed in one important re-
spect. Oxygen was lacking in the stag-
nant water, and the iron tended to be
more readily soluble. It was therefore
removed altogether or was concen-
trated into small, hard, buckshotlike
pellets or massive ironstone and bog
iron ore. The place of accumulation
depended on the water movement, for
the iron moved slowly but steadily with
the water.

TrHE WHITE MEN who first tried to use
the soils were on our eastern coast in
the forest region, where the percolating
waters over the ages had removed most
of the plant nutrients not held in the
trees themselves. The early settlers tried
to farm by methods they had used in
western Europe, where the nutrients
had been concentrated on the arable
land by centuries of manuring with
compost from the stables, mixed with
litter from the forests and sod cut from
the common pastures. In the new coun-
try, where these same practices were
used, farming was difficult and crops
were indifferent, but a permanent agri-
culture was started. In places where
reliance was placed on cash crops, such
as cotton and tobacco, the few nutri-
ents held by the forest were quickly
exhausted or leached from the soil.
Since fertilizers were unknown, a shift-
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ing agriculture was adopted in which
a field was cleared and cropped for a
few years until yields declined; then
another field was cleared. The swamps
were avoided because more suitable
land was available for the clearing, and
methods of drainage were unknown or
too costly.

Clultivation spread slowly westward
to the edge of the prairies. There it was
stopped for a short time by the grass
sod, which the plows of the time could
not break. When the steel moldboard
plow was introduced and the prairic
sod could be broken, cultivation spread
rapidly across the plains. The home-
steaders used the wet lands for meadow
and pasture and cultivated only the
better drained areas where water never
stood. Since few plant nutrients had
been leached out of the soils of the
prairies, crop yields were excellent,
and production of grains soared. Nat-
urally fertile soils could be had for the
taking, and many farms were aban-
doned which had been producing
grain on the leached soils of the North-
eastern States. Cotton and tobacco
continued to be grown in the South-
eastern States largely because the arts
of the manufacture and use of fertiliz-
ers had been discovered in Europe and
introduced into this country. Fertiliz-
ers came into use about 1850, and their
use was the first widespread modifica-
tion of a deficiency caused by water.

Toward the end of the 1gth century
the bulk of the better farm land had
been settled, and major emphasis in
agricultural expansion- shifted from
breaking the prairie and clearing the
forests to more intensive use of land in
farms. The swamps, marshes, and peat
bogs, scattered over thousands of farms
and occasionally concentrated in large
areas, presented the best opportunity
for agricultural expansion. The state
of mechanical arts made earth-moving
machinery and drain tile available,
and drainage was started on a large
scale. Ditches were dug so as to furnish
outlets for the water, some strcams
were straightened, leveces were built,
tiles were laid, and the bulk of the
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naturally fertile wet soils were brought
under cultivation by about 1g10.

During that period and shortly after,
the easiest lands to irrigate were devel-
oped and the last frontier was reached.

Now we must learn better methods
of controlling erosion and increasing
infiltration in many parts of the coun-
try and how best to use the soils al-
ready damaged by erosion, and how
to use the limited irrigation water in
the West most efficiently.

But we have made great strides in
solving equally difficult problems in
the past, and we can look forward to
solving the new problems.
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How Rainfall
and Runoff
Erode Soil

Ben Osborn

The erosive actions of water are the
effects of the enecrgy developed by its
movement as it falls toward the land
in the form of rainfall or over the land
as runoff.

The distinctive actions of raindrops
and surface flow derive from the differ-
ent directions in which their force is
applied to the land surface. Raindrops
strike the soil from a vertical direction.
Flowing water moves horizontally over
it. The nature of the work done and
the direction in which dislodged parti-
cles are moved are different. Their
effects are known as splash erosion and
scour erosion.

Splash erosion is the first effect of a
rainstorm upon the land. The falling
drops gouge and splatter the exposed
soil like many little bombs. They shat-
ter clods and granules and reduce
them to particles. They lift soil into the
air and splash it back and forth. After
the land becomes covered with water,
the raindrops create turbulence in the
sheet flow and help keep the dispersed
materials in motion.

Effects of the splashing action can be
seen everywhere after any hard rain.
Soil clinging to foliage or to the foun-
dations of buildings attests to the great
quantities moved by raindrop actions.
Pedestals of soil, each capped by a
pebble or other object which protected
the area beneath, reveal the extent
of soil removal. If the pedestals con-
form in cross section to their protect-
ing covers and are not undercut from
the sides, the erosive force was applied
primarily from above by raindrops,
rather than horizontally by runoff.

The dead weight of 1 inch of water
on an acre is more than 110 tons. The
weight, falling as countless drops in a
hard rain and often driven by violent
winds, strikes with terrific force. The
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naturally fertile wet soils were brought
under cultivation by about 1g10.
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air and splash it back and forth. After
the land becomes covered with water,
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dations of buildings attests to the great
quantities moved by raindrop actions.
Pedestals of soil, each capped by a
pebble or other object which protected
the area beneath, reveal the extent
of soil removal. If the pedestals con-
form in cross section to their protect-
ing covers and are not undercut from
the sides, the erosive force was applied
primarily from above by raindrops,
rather than horizontally by runoff.

The dead weight of 1 inch of water
on an acre is more than 110 tons. The
weight, falling as countless drops in a
hard rain and often driven by violent
winds, strikes with terrific force. The
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impact furnishes a major part of the
energy for erosion.

The total energy of raindrops has
been calculated as being equal to
roughly 100 horsepower on an acre
during rainfall of 0.1 inch an hour and
250 horsepower at 2 inches an hour.
The latter is sufficient force to lift the
7-inch topsoil layer to a height of 3
feet 86 times during an hour’s rain,
equivalent to 518 million foot-pounds
of work.

This might be 1,000 to 100,000 times
the kinetic energy of the shallow sheets
of runoff water that result from the
same storms. Runoff frequently is as
little as 10 percent of the rainfall and
on gentle slopes may move at velocities
of 0.3 to g feet a second, compared to
about 30 feet a second for the falling
drops. The force of falling raindrops
may be 10 thousand times the energy
of the surface runoff in hard summer
storms, even on steep slopes.

Erosive capacity of raindrops results
from threc factors: Amount and inten-
sity of rainfall, the diameter of the
drops, and the velocity of the drops as
they strike the soil. Velocity varies with
size of drops after they have fallen far
enough to reach maximum speed.

An inch of rain falling as large drops
in a hard thunderstorm has many
times the erosive capacity of an inch of
fine drizzle that lasts several hours.

Drops vary in size from the finest of
mist to those nearly 8 millimeters, or
one-third inch, in diameter. Drops
larger than that separate into smaller
ones as they fall.

Any rain consists of drops of many
different sizes, with more large drops
in the harder rains. The median size
varies from 1.47 millimeters at an in-
tensity of o.1 inch an hour to 4.25
millimeters at 10 inches an hour.

Speed of the falling drops varies with
their sizes. The larger ones, 3 to 6
millimeters in diameter, reach near-
maximum velocities of 26 to 30 feet a
second after a fall of 24 to 26 feet in
still air. Practically all drops in natural
rain are falling at maximum velocity
when they strike the ground. If wind
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is present, their speeds may greatly
exceed the terminal velocities that are
due to gravity.

The amount of soil set in motion by
a single drop is directly proportional
to the square of the velocity of the
drop. A certain minimum impact is
necessary to initiate soil movement. A
drop 1 millimeter in diameter falling
at its terminal velocity of about 10 feet
a second will move fine sand particles.

The amount of soil detached by rain
depends on the force of the rain, or its
detaching capacity; the character of
the soil, or its detachability; and the
protective value of any cover present.

The force of the rain can be meas-
ured by exposing a uniform soil mate-
rial to the drops under standard condi-
tions and determining the amount of
soil removed in any unit area. A fine
sand, whose particles are 0.145 to 0.250
millimeter in diameter, has been used
as a standard for the studies.

Such measurements revealed a de-
taching capacity of 438,000 pounds an
acre for a 3.8-inch rain in Tennessee.
At San Angelo, Tex., the detaching
capacitics of rains during one 2-year
period ranged from amounts almost
too small to detect to a maximum of
115,200 pounds an acre. The rain of
maximum detaching capacity was not
the largest rain, but one of high inten-
sity. It was accompanied by a driving
wind.

The susceptibility of soils to dispersal
by raindrops is variable. The ease with
which a givensoil is setin motion affects
the amount of splash erosion under any
set of conditions where raindrops strike
bare ground.

Detachability is influenced by the
permanent characteristics of the soil
type, such as the size and the shape of
particles. Most readily dislodged are
particles of fine sand. Coarser sands
are less easily detached because of the
greater size and weight of the particles.
Soils of finer texture are less detachable
because of the aggregation or cohesion
of the particles. Shape affects detach-
ability through differences in the
degree of interlocking of the particles.



128

Temporary or changeable conditions
of a soil, such as structure, content of
organic matter, moisture, or tilth due
to tillage, also affect its detachability.
It is not unusual to find greater differ-
ences between rates of detachability of
different samples of the same soil type
than between averages for the different
types.

Splash from bare cropland plots by
a standardized application of water
that has a detaching capacity of 110,-
000 pounds an acre has varied from
33,198 to 225,565 pounds of soil an
acre. On bare range and pasturelands,
soil splash under similar raindrop im-
pact varied from 8,832 up to 160,339
pounds an acre.

Soil samples from croplands, com-
pared to the standard sand as 100 per-
cent, have had index values of detach-
ability ranging from 30 to 205 percent.
The same soil types in ranges and pas-
tures had detachability rates of 4 to
106 percent.

Puddling and sealing of the land
surface is another effcct of the impact
of raindrops on bare soils. The force
of the drops breaks down the loose
crumbs at the surface. As moisture
penetrates the soil, the cementing ma-
terials are softened and the lumps dis-
integrate by slaking. Air may be
trapped inside clods and aggregates in
some soils. Pressures built up by com-
pression of the air aid in breaking
them down into individual particles.

The churning action of the drops on
the surface beats the dispersed mate-
rial into a pasty mass. Pores and chan-
nels through which the water other-
wise would travel are soon plugged.
In the violent shifting of the particles
on the surface, finer ones are fitted be-
tween the coarser ones to make an
impervious seal. Even on coarse sands,
the interlocking of the surface particles
reduces the intake of water.

Direct compaction of the soil by the
force of the drops also occurs. Up to
two-thirds the energy of the falling
drops may be used in ramming and
compressing the surface soil.

The effect of those actions is virtually
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to waterproof exposed land surfaces
during the first few minutes of a rain.
In tests with artificially applied rain-
fall, runoff from bare plots has started
in 1 to 4 minutes from the beginning
of application. As much as g5 to 98
percent of the applied water, even on
sandy loams and sands, was lost as
runoff.

The sealing of the soil surface pre-
vents infiltration and storage of mois-
ture for plant growth and crop pro-
duction. The water accumulating on
the surface provides the runoff that
carries away the detached materials
and makes floods.

The plant cover on the land offers
natural resistance to the splash process.
To the extent that it intercepts the
drops before they strike the soil and
absorbs their energy, it reduces the
amount of soil detached.

To obstruct the vertical force of the
raindrops, the important property of
the cover is its ability to provide a com-
plete canopy over the land. That is
done by the litter lying on the ground
or by standing vegetation, provided it
is not tall enough that water dripping
from the foliage will have enough im-
pact to cause splash. This “umbrella
for the land” is quite a different func-
tion of cover, requiring different char-
acteristics, from that of retarding sur-
face runoff.

Effectiveness in reducing soil splash
is proportional to the amount of cover
present at the time the rain occurs.
Both the thoroughness with which the
land surface is covered to shield it from
the drops and the weight and bulk of
the cover present to absorb the energy
of the rain are important.

Amount of vegetation is more im-
portant than the kind in its role of soil
protection, although the differences in
growth form of plants- account for
some differences in protection. Effec-
tive (95 percent) control of raindrop
energies requires approximately 2,000
pounds the acre of short sod grasses,
3,500 pounds of ordinary crops or
bunchgrasses, or 6,000 pounds of tall
crops and weeds. Soil-protective values
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Soil particles and globules of mud are kurled in
all directions when a water drop strikes wet soil.

decline rapidly as the amount of cover
declines below those levels.

Transportation of detached soil ma-
terials through space is the sccond
step of the crosion process. Soil trans-
portation, like detachment, is work
performed by the energy of the moving
water. Detachment is mecasured in
amount per unit of area, as pounds or
tons on an acre, but transportation
must be measured in amount through
distance, as pound-feet or ton-miles.

The amount of transportation pos-
sible is limited by the cnergy available
to do the work and by the amount of
soil already detached and available
for transport.

Raindrops are relatively unimpor-
tant in the transportation of the de-
tached materials, although the cumu-
lative effects under some conditions
may bc considerable.

The soil particles and droplets of soil-
charged water that are thrown into the
air travel varying distances in all
directions from the point of impact of
each drop. On level ground when the
drops strike from a vertical direction,
the effects tend to cancel one another,
leaving the same amount of soil on the
area at the end of the rain. But such
conditions are uncommon; the slope
of the land and direction of the wind
give a predominant direction to the
travel of the splashed soil.

Laboratory experiments, in which
individual drops were made to strike
standard sand at different angles of
slope, indicated that the percentage
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of detached material moving downhill
amounts to 50 percent plus the per-
centage of the slope. Because particles
thrown downbhill travel a greater dis-
tance before coming to rest than those
splashed uphill, the splashed soil is
gradually shifted downward, even on
relatively gentle slopes. Measurements
in an open field of 10-percent slope
showed g times as much downhill as
uphiil movement of splashed soil.

The amount of soil transported by
raindrop splash is governed by the
transporting capacitics of the raindrop
energy, the ease with which the de-
tached materials are carried, and the
resistance offered by the vegetation or
other obstructions.

The energy available for carrying
the detached particles is the difference
between the total force of the impact
and that used in dislodging the par-
ticles and compacting the soil mass
or dissipated in other ways. That
varies with the individual splashes,
partly in accordance with the size of
the particle or aggregate set in motion.
In normal rainfall, soil is commonly
thrown to a height of 2 or g feet, and
to a horizontal distance of 5 feet. But
large aggregates several millimeters
in diameter are moved only a few
inches, and larger pebbles are barely
lifted clear of the surface or turned
over by the impact. The distance is
further affected by whether travel is
downhill or uphill and whether it is
with or against the wind.

Plant cover interrupts the travel of
the splashes. Measurements of soil
splashed onto forage in badly over-
grazed pastures in Tennessee revealed
as much as 700 pounds of soil per ton
of oven-dry vegetation after some
rains. That undoubtedly was only a
small part of the splashed soil caught
by the vegetation, for the rainfall con-
tinues to wash down the intercepted
material during the storm. Of course,
cover that is dense enough to prevent
raindrops from striking the earth and
setting soil in motion in the first place
eflectively prevents soil transportation.

Other controls might be effected by
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modifying the surface condition of the
land. For example, close-spaced paral-
lel ridges at right angles to the slope
might overcome the downhill move-
ment of splashed soil on a bare field.
Then the angle of impact of the indi-
vidual drops would direct about cqual
portions of the splash upward and
downward with respect to the general
slope.

Surface seal on a core sample of freshly plowed
cropland after a 20-minute test application of water
drops by a raindrop applicator.

Runoff water is the second erosive
agent of the rain. When rate of rainfall
exceeds the intake capacities of the
soil, water that is not absorbed where
it falls moves across the land as surface
flow. It gains energy as it travels down-
slope, and it also dislodges and trans-
ports soil.

Runoff water sets soil in motion by a
processofscouring. Itseffects are evident
mainly in the form of rills and gullies.

The amount of soil movement ef-
fected by surface flow, like that by fall-
ing drops, is a result of the cnergy of
the runoff, the susceptibility of the soil
to detachment and transportation by
this agent, and the resistance or pro-
tection afforded by cover or artificial
structures.

The energy in the surface flow de-
rives from its movement downslope.
Velocity and turbulence are cxpres-
sions of this energy. The capacity of
runoff to erode therefore depends on
the amount of water involved and the
slope and configuration of the land
over which it moves.
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Runoff takes the form of sheet flow,
or shallow layers of water spread more
or less uniformly over the land surface,
and channelized flow, which is con-
centrated into defined watercourses.
The distribution of the energy and the
resultant types of erosion differ for the
two forms. The former, coupled with
raindrop actions, produces sheet ero-
sion. The concentrated scouring action
of the channelized flow causes rill and
gully erosion.

SHEET FLOW acts on broad field areas
between the rills and gullies, usually
more than g5 percent of the land sur-
face. Its effects are gradual and often
go unnoticed until most of the topsoil
is removed. Changes in color or texture
or reduced plant growth are common
symptoms of sheet erosion.

As excess water begins to collect on
a smooth surface during a rain, it is
without kinetic energy. As the water
moves downhill, it gains velocity in ac-
cordance with its depth or volume and
the amount of vertical fall. Velocity in-
creascs with the distance of flow, or
Iength of slope, since each increment
of length adds to the amount of water
and the fall.

Such sheets of water on a smooth
surface move at first as laminar flow
without turbulence. The energy pres-
ent is only that of the velocity of trans-
lation, and is seldom of consequence in
soil movement. As the depth of flow
increases, turbulent patches form and
travel downslope. The frequency of the
patches increases with increased depth
and velocity, until the entire flow is
turbulent. The turbulence is accom-
panied by a great increase in kinetic
energy and erosion capacity.

The normal depths attained by sheet
flow under normal field conditions are
usually very shallow. Measurcments of
sheet runoff at rates of 1.25 to 3.68
inches per hour on bare plots of up to
20 percent slope and 116.4 feet length
showed depths of flow ranging from
0.06 to o.15 inch. This agrees with
other calculated depths of overland
flow as it reaches channel edges. Grass
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or crop cover by retarding runoff in-
creases its depth by as much as two to
five times. Even so, shect flow outside
of channels seldom exceeds a fraction
of an inch in depth.

The impact of falling drops contrib-
utes greatly to erosion by such shallow
flows. The direct action of the splashes
is reduced by as little as o.1 inch of
water, but the energies of the falling
drops are transferred to the surface
flow in the form of turbulence. Strong
vertical velocities in the water are
directed downward to detach the soil
and upward to support the detached
materials. Under similar conditions,
sheet flow may carry large amounts of
soil, especially of the finer fractions and
lighter organic and soluble materials,
without sufficient horizontal velocity
to be significantly erosive itself. Water
standing on a level surface during a
hard rain has been found to contain 20
percent of suspended soil. The move-
ment of such muddy water, even on
the gentlest slopes, would remove large
amounts of soil.

The energies inherent in the surface
flow are greatest on the steepest slopes
and increase downward on each, but
those imparted by the impact of rain-
drops are uniformly distributed hori-
zontally over the land. It is through
the combined actions of raindrops and
sheet flow that rainstorms are able to
remove fairly uniform layers of soil
from large areas.

CuANNELIZED FLOw develops when
irrcgularities in the land surface con-
centrate the water along certain lines
of flow or obstructions create turbu-
lence that increases the scouring action
of the runoff. As the amount of water
in the channels grows, the velocity and
turbulence increase. Minor rills coa-
lesce downslope to form larger ones, and
the runoff is progressively concentrated
in streams of greater violence. Thus
larger and larger proportions of runoff
energy are directed against smaller
and smaller portions of land surface.

The scouring action of concentrated
flow carves out rills a few inches wide,
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which are obliterated by tillage opera-
tions. The rills grow downslope into
larger channels. As the cutting and
transporting proceed, rills grow into
gullies too large to be crossed. Not only
are large volumes of soil removed from
the beds and walls of the channels and
carried downstream, but the landscape
itsell is dissected and agricultural
operations are made difficult or im-
possible.

The surface crust on bare soil after rain shows
how the impact of raindrops and slaking forms an
impervious layer.

The channelized flow removes soil
by scouring along the lines of its travel,
and, because of its great concentra-
tions of kinetic energy, carries away
the detached soil fed into it by sheet
flow and raindrop splashes. The de-
velopment of rills and gullies in a field,
therefore, greatly accelerates the re-
moval of soil from the entire area.

The dissection of a slope by channels,
however minor, has the effect of reduc-
ing the length of slope for the sheet
flow. Overland movement begins at
the top of each slope or at the divide
between two rills, and it ends where
the water enters the channel. As each
new channel develops, the distance of
prechannel flow in that part of the
field is cut in two. The volumes and
velocities and consequently the total
energies involved in the shect flow are
thereby reduced. Because of the nat-
ural irregularities in most land sur-
faces, channelization occurs promptly
wherever there is much runoff.
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Scour ERrosION, like splash erosion,
consists of the two distinct steps of de-
tachment and transportation. But the
different distribution and direction of
the energy involved result in different
effects.

Runoff energies, acting parallel to
the land surface, are most cflicient in
soil transportation. The detached ma-
terials are all moved downslope.

The scouring action of runoff sets
soils in motion without compacting the
surface. Because most of the detaching
capacity of runoff is found in the chan-
nclized flow and the detached ma-
terials do not leave these streams, its
scouring action normally docs little to
muddy the water on the general land
surface. Surface flow therefore seldom
cuts infiltration capacity by clogging
the soil channels as do raindrop effects.

DETACHMENT BY RUNOFF consists of
three kinds of actions—rolling, lifting,
and abrading.

When flowing water moves across a
smooth soil surface, horizontal forces
act upon particlesin thedirection of the
flow. The forces may be enough to dis-
lodge particlesfrom the soil mass byroll-
ing or dragging them out of position.
That action is detachment by rolling.

A rough soil surface contains many
small depressions between clods and
crumbs. The water in the depressions
may have little or no horizontal
velocity, while that just above may be
flowing rapidly. The different veloci-
ties set up pressure differences which
cause vertical currents and eddies.
The upward movement of the water
past soil particles lifts them from their
moorings and sets them in motion.
That is detachment by lifting.

Soil detachment by abrading occurs
when particles already in transit in
the flow strike or drag over particles
in the soil surface and set them in
motion. This form of detachment
is peculiar to the scouring action of
runoff, and accounts for a large part
of the erosion initiated by it.

The detaching capacity of surface
flow, then, varies with the kinetic
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energy of the flow and the presence
of abrasive materials in the water.
The energy present is a function of
volume of flow, velocity, and turbu-
lence, all of which increase downslope
and reach their greatest proportions
in the channelized flow. The energy
imparted to shallow sheet flow by
raindrop impact adds to its capacity
to detach soil.

Depth also is a factor in the soil-
moving capacities of shallow flows.
At depths found under field conditions
at the beginning of the erosion process,
the greatest movement of soil occurs
when the depth of flow is about equal
to the diameters of the soil particles
to be moved.

The abrasive action of the runoff
depends on the amount of suspended
materials in the flow and the abrasive
quality of the materials. The amount
of soil detachment by a flow of con-
stant energy can be varied by changing
the amount or kind of abrasive ma-
terials in it.

TrRANSPORTATION of the detached
soil materials is the major result of
runoff in the total crosion process. -

The amount of materials carried
and the distance from points of detach-
ment at which they are deposited are
important considerations. The amount
of soil passing the lower boundary of
an experimental plot or a field is a
significant measure of the soil “lost”
from the area, but it is not a measure
of the amount of soil transportation
performed by the runoff.

Surface flow moves soil by surface
creep, saltation, and suspension.

The same horizontal forces that
dislodge particles by rolling or drag-
ging may keep them in motion by
rolling or sliding them along in contact
with the land surface or stream bed. Such
movement is known as surface creep.

Movement by saltation occurs when
the uneven forces of turbulence lift
the detached materials free of the bed
and move them along by steps or
jumps. As the particles rise into the
more rapid flow above, they gain
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velocity, which causes them to detach
other particles or to bounce back into
the flow themselves upon striking the
bed again. A continuous downstream
movement of either the same or differ-
ent particles thus occurs by a succes-
sion of short hops or jumps.

When the upward velocities of
turbulence in the flow exceed the
settling velocities of the detached ma-
terials, transportation by suspension
occurs. Particles lifted into the body of
the fluid may be given repeated impul-
ses by the turbulenceand may travel long
distances before returning to the bed.

The amount of soil transported in
any situation is a product of the trans-
porting capacity of the runoff and the
transportability of the soil, as modified
by the retarding effect of vegetation
or mechanical obstructions.

The amount, velocity, and turbu-
lence of the surface flow govern its
transporting capacity, as they do its
detaching capacity. Since velocity in-
creases as the same amount of water
becomes more and more confined, soil
materials that find their way into
gullies and streams may be carried
great distances before they are de-
tained by obstructions or deposited by
the stilling effects of decreased bed
gradients or impoundments.

The transportability of the detached
materials influences the distance they
can be carried by the energy present
in a given flow. The same properties
that make a soil easily detached may
not necessarily make it easily trans-
ported; in fact, the reverse frequently
is true. This factor is related to the
rates of settling of the particles in sus-
pension and is considered to be a result
of their size, density, and shape.

The size of a particle affects its total
weight or mass and consequently the
amount of energy required to keep it
in motion. Its cross-sectional area also
governs the extent of contact with the
supporting fluid and the resistance
offered to its settling. Density affects
the rate of settling, and thereby the
distance a particle is floated each time
itis splashed or scoured into suspension.
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Shape also has a direct influence.
Spheres have the highest settling veloc-
ities, size and density being equal, and
therefore the lowest ability to be car-
ried. Angularity and lack of roundness
increase resistance to settling. In gen-
eral, the further a particle departs
from the spherical shape, the longer it
will remain in suspension. When par-
ticles are so large and dense that they
are transported by the process of roll-
ing, projecting corners and broad, flat
sides keep them from moving as freely
as round ones.

PLANT COVER protects the land from
the scouring action of runoff by offer-
ing resistance to the moving water and
shielding the soil from its effects. Be-
cause of the horizontal, rather thanver-
tical, direction of the erosive force in
runoff, however, different properties
of the vegetation arc involved in coun-
teracting scour crosion than in pre-
venting splash.

To oppose the flow of water, the
plant parts must be within the depth
of the flow. To offer maximum resist-
ance, they must be perpendicular to
its line of movement. A canopy of foli-
age a few inches above the ground,
which might be highly effective in in-
tercepting raindrops, would have no
value in impeding runoff. Numerous
fine stems, spaced closely together, pro-
vide the greatest protection.

It is not true that vegetation, bent
over and completely submerged by
flowing water, shingles the soil and
forms a protective shield. Observations
through glass walls in experimental
channels lined with different plant
covers have rcvcaled that vegetation
remains standing up in the flow, wav-
ing and whipping back and forth. Its
main effect is to retard the velocity of
the flow near the soil surface. Greatest
retardance is obtained from a dense,
tall, uniform stand of sod-forming veg-
etation. Stiff stems, which resist bend-
ing, help retard the flow.

Cover for the control of runoff needs
to be anchored to the soil, a feature
not important in controlling splash.
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Growing or standing vegetation there-
fore is superior to most mulches or
litters, which might be floated and
carried away by the runoff.

RAINFALL AND RUNOFF form a team
of erosive agents that are most efficient
and destructive when they work to-
gether. We have seen how rainfall is
more important in detaching soil and
runoff in transporting it, although each
causes the other action to some extent.

Whichever of the two integral steps
of detachment and transportation is
performed to the lesser degree limits
the total erosion and resulting land
damage. The presence of both creates
the greatest hazard.

A unique example of the action of
runoff in the absence of raindrops is
the erosion caused by snowmelt. Severe
rilling of steep slopes sometimes occurs
when rapid melting frees water faster
than it can be absorbed by the soil.
The tendency of surface flow to con-
centrate in channels, with its scouring
action confined to the lines of flow
when unaided by raindrops, is plainly
seen in the characteristic erosion pat-
terns resulting from snowmelt.

When the ground is frozen beneath
the thawing surface layer, the upper
few inches of soil may become so satu-
rated with water that it moves down-
slope in the form of a mudflow.This
form of erosion is in response to forces
of gravity, independent of the energy
of moving water. It is related to other
forms of creep on steep slopes, the cav-
ing of gully banks, and similar mass
movements of soil under the force of

gravity.

DrerosiTiON is the end of the erosion
process. The moving particles come to
rest when the kinetic energy of the
raindrop splashes or runoff is spent or
where vegetation or mechanical ob-
structions resist the erosive forces.

Because of the short distance of
travel of the individual particles in
splash erosion, the distribution of the
deposited material conforms closely to
the erosional activity of each storm.
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Only through the cumulative effect of
the downslope migration of particles
repeatedly splashed do deposits from
raindrop actions become significant.

But deposition of erosional debris in
unwanted places is one of the major
damages resulting from erosion by run-
off. Fertile soils below upland slopes
and in bottomlands are often covered
with the less productive fractions of the
materials that are carried down by
runoff. Crops and pastures are dam-
aged by soil deposited on them by
floodwaters. Streams are clogged and
reservoirs reduced in storage capacity
by sedimentation.

Thus accelerated erosion is doubly
destructive. It damages the land at the
point of removal and at the point of
deposition. The beneficial results of
deposition, as in building up of alluvial
soils, are generally the slow work of
normal geologic erosion rather than
the more violent processes made pos-
sible by man’s disturbance of natural
protective covers.

PROTECTION FROM EROSION is ob-
tained by the resistance of vegetation
or mechanical structures to the ener-
gies of rainfall and runoff. Such pro-
tective measures prove most effective
when theyretard the erosional element,
which is already limited in each case.

Since detachment precedes trans-
portation, the entire erosional process
can be forestalled by preventing this
initial event. A cover of vegetation can
be produced and made to achieve this
effect on lands of agricultural value.

Artificial mechanical structures have
been used to reduce or to control the
effects of runoff. They include field
terraces, various forms of dams and
diversions, and the performance of till-
age operations on the contour to leave
ridges and furrows at right angles to
the direction of flow.

All those measures serve primarily
to reduce the velocity of the runoff,
thereby reducing both its detaching
and its transporting capacity. To the
extent that they impound parts of the
runoff and allow more time for its in-
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filtration as it passes over the land,
they also reduce the amount of water
in the surface flow. Thereby they limit
the work performed by this erosive
agent, but do not directly reduce the
activity of raindrops.

In field situations where runoff is do-
ing most of the erosion and is the limit-
ing factor on soil movement, those
measures effectively reduce the total
soil loss. On the other hand, if raindrop
action is the critical factor, reducing
the velocity of the runoff does not
prevent the crosion damages.

Mechanical obstructions to runoff
may reduce or prevent soil movement
heyond the boundaries of a field with-
out materially reducing the total soil
movement within it. On soils of high
detachability during rainfall of suffi-
cient force to load the runoff to the
limit of its transporting capacity, the
structures may actually interfere but
little with total erosional activity.
While each terrace interrupts the flow
and causes it to drop its load of soil, the
runoff originating in the interval below
is free to pick up a new cargo of de-
tached soil. The results are seen in the
benching of terraced land that is not
also protected by adequate cover.

In most field situations, a combina-
tion of mechanical measures and plant
cover designed to meet the peculiar
combination of erosion factors operat-
ing on that particular land area is
necessary for effective control.

BeN OsSBORN is work unit conservation-
. 1st, Sotl Conservaiion Service, at Midland,
Tex. He has conducied field evaluations of
the effectiveness of plant cover in preventing
sotl erosion. A graduate of Oklahoma Agri-
cultural and Mechanical College, he has
been an employee of the Soil Conservation
Service since 1935.
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Valleys and Hills,
Erosion and
Sedimentation

L. C. Gottschalk and Victor H. Jones

Erosion is the natural process that
has sculptured many of the features of
our landscape. The forces of Nature,
including water, ice, wind, and grav-
ity, strive constantly to wear down the
uplands and build up the lowlands.

Erosion has been occurring through-
out geological history. Whole moun-
tain systems have been eroded away,
and little evidence remains of their
existence other than the consolidated,
stratified deposits that we find in
sedimentary rocks.

Charles Butts, who completed a
study of the geology of Virginia in
1940, believes that about 60,000 cubic
miles of mud, sand, and gravel were
deposited during the Paleozoic era of
geologic time in the geosyncline that
constitutes the Appalachian Valley of
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filtration as it passes over the land,
they also reduce the amount of water
in the surface flow. Thereby they limit
the work performed by this erosive
agent, but do not directly reduce the
activity of raindrops.

In field situations where runoff is do-
ing most of the erosion and is the limit-
ing factor on soil movement, those
measures effectively reduce the total
soil loss. On the other hand, if raindrop
action is the critical factor, reducing
the velocity of the runoff does not
prevent the crosion damages.

Mechanical obstructions to runoff
may reduce or prevent soil movement
heyond the boundaries of a field with-
out materially reducing the total soil
movement within it. On soils of high
detachability during rainfall of suffi-
cient force to load the runoff to the
limit of its transporting capacity, the
structures may actually interfere but
little with total erosional activity.
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and causes it to drop its load of soil, the
runoff originating in the interval below
is free to pick up a new cargo of de-
tached soil. The results are seen in the
benching of terraced land that is not
also protected by adequate cover.

In most field situations, a combina-
tion of mechanical measures and plant
cover designed to meet the peculiar
combination of erosion factors operat-
ing on that particular land area is
necessary for effective control.

BeN OsSBORN is work unit conservation-
. 1st, Sotl Conservaiion Service, at Midland,
Tex. He has conducied field evaluations of
the effectiveness of plant cover in preventing
sotl erosion. A graduate of Oklahoma Agri-
cultural and Mechanical College, he has
been an employee of the Soil Conservation
Service since 1935.

For further reference:

L. D. Baver: Soil Physics, John Wiley &
Sons, New York, 3470 pages, 1940.

H. L. Cook: The Nature and Controlling Varia-

bles of the Water Erosion Process, Soil Science
Society of America Proceedings, volume 1,
pages 487-494, 1936. )

P. C. Ekern, Jr.: Probiems of Raindrop Impact
Erosion, Agricultural Engincering, volume 34,
pages 23—25, 28, January 1953.

135

W. D. Ellison: Raindrop Energy and Soil Ero-
ston, The Empire Journal of Experimental
Agriculture, volume 20, pages 81—97, April

1952.

g. E. Foster: Rainfall and Runoff, Macmillan
Co., New York, 487 pages, 1948.

J. O. Laws: Measurements of the Fall-Velocity

of Waterdrops and Raindrops, Transactions of
the 22nd Annual Meeting of the American
Geophysical Union, Part III, pages 709721,
1041.
Charles Nevin: Competency of Moving Water
to Transport Debris, Bulletin of the Geological
Society of America, volume 57, pages 651—
674, 1946. . .

Ben Osborn: Storing Rainfall at the Grass
Roots, Journal of Range Management, vol-
ume 5, pages 408—414, November 1952.

Ben Osborn: Effectiveness of Cover in Reducing
Sozl Splash by Raindrop Impact, Journal of Soil
and Water Conservation, volume g, pages
70-476, March 1954.

D. A. Parsons: Depihs of Overland Flow, U. S.
Department of Agriculture SCS-TP-82, 33
pages, processed, 1949.

W.O. Ree and V. J. Palmer: Flow of Water
in Channels Protected by Vegetative Linings, U. S.
D. A. Technical Bulletin 967, 115 pages, 1949.

Valleys and Hills,
Erosion and
Sedimentation

L. C. Gottschalk and Victor H. Jones

Erosion is the natural process that
has sculptured many of the features of
our landscape. The forces of Nature,
including water, ice, wind, and grav-
ity, strive constantly to wear down the
uplands and build up the lowlands.

Erosion has been occurring through-
out geological history. Whole moun-
tain systems have been eroded away,
and little evidence remains of their
existence other than the consolidated,
stratified deposits that we find in
sedimentary rocks.

Charles Butts, who completed a
study of the geology of Virginia in
1940, believes that about 60,000 cubic
miles of mud, sand, and gravel were
deposited during the Paleozoic era of
geologic time in the geosyncline that
constitutes the Appalachian Valley of
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Virginia. The deposit in places is 8 to
10 miles thick. If it were spread over
the area of Virginia southeast of the
Blue Ridge, from which much of it
probably was derived, it would raise
the level of the State to 10,000 feet
above sea level.

Some forms of geologic erosion are
so spectacular that they leave awe-
inspiring chasms like the Grand Can-
yon of the Colorado, or remnants like
the colorful spires of Bryce Canyon and
Zion Canyon. Anybody who sees them
can have no doubt about the tremen-
dous force of uncontrolled water in
carving away the surface of the earth.

Other forms of erosion occur so
slowly that it is hard to recognize them.
The flat prairies, the rolling hills, and
the steeply sloping valleys may be
erosional remnants of a much higher
land in former geologic times.

In the light of geologic history, man
represents the peak of biological devel-
opment. Since the retreat of the last
continental glacier in North America,
marking the close of the Pleistocene
epoch, the very short time of 10,000
to 20,000 years has spanned the greater
part of human history. In the United
States we are primarily concerned with
man’s occupancy and influence on
erosion during the past 300 to 400 years.

The effects of rapid growth in our
population and the intensive use of
land have been profound. The natural
geological processes of erosion have
been accelerated in many sections.
Soils, which required many centuries
to form, may be eroded away in a
single rainstorm because of improper
land use. Over that kind of rapid
erosion man can exercise a certain
amount of control.

Because the erosion may occur as a
result of sheet flow or confined flow in
a watershed, we classify and measure
sources of sediment according to sheet
erosion and channel erosion.

The rate of sheet erosion depends on
the inherent erodibility of soils, the
length of slope, degree of slope, land
use, and the intensity, duration, and
frequency of rainfall.
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Different soils have different inherent
rates of erosion. The presence of or-
ganic matter, amounts of colloids, and
depth to less pervious subsoil affect in-
herent erodibility—the natural tend-
ency of soil to wash away. Results of
plot measurements show that erosion
varies with 1.35 power of the degree of
slope expressed in percentages; the 0.35
power of the length of slope expressed
infeet,and the 1.75 power of maximum
annual go-minute rainfall in inches.

Analyses of the effect of land use on
the loss of soil at Pullman, Wash., in-
dicate that cover is one of the most
important elements that influence the
amount of erosion. It also is one of the
most variable. A plot that loses soil at
the rate of 100 tons an acre under
fallow or up-and-down-hill cultivation
might lose only 10 tons if it is planted
to small grains, 2 tons if it is in good
pasture, and less than 1 ton if it is
in good forest cover.

When we apply the results of the
plot studies to existing conditions in
the United States, we would find soil
losses as high as 200 tons an acre a year
from fields where intertilled crops are
planted on highly erosive soils with
steep and long slopes. That is equal to
more than an inch of soil removed.

The figures on plot measurements
are useful as a basis for delineating the
main sheet-erosion areas in a water-
shed and for selecting and locating
land-treatment measures to reduce
downstream damages due to sediment
from sheet erosion. Such a computa-
tion of sheet erosion, adjusted for
watershed conditions, also provides a
reliable means for devcloping design
criteria for sedimentation in small
reservoirs.

Channel erosion leaves obvious scars.
The amount of material removed from
a watershed by channel erosion can be
determined readily by measuring the
voids of channels. The rate of erosion
of a gully can be determined by meas-
uring the volume of material removed
and establishing the age of the gully.

Similarly, the amount of erosion of
strcambanks, valley trenches, the road
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ditches, flood-plain scour, and other
types can be determined. Aerial photo-
graphs taken of much of the country in
1938, 1939, and 1940 are invaluable in
detcrmmmg theratesof channel erosion
by comparison with present conditions.

The 