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THE WATER CYCLE 

'Vater is the Inedium of life processes and the source of their 

hydrogen. It flows through living n1atter n1ainly in the stream 

of transpiratton: fron1 the roots of a plant through its leaves 

B
y far the most abundant single sub­

stance in the biosphere is the fa­
miliar but unusual inorganic com­

pound called water. The earth's oceans, 
ice caps, glaciers, lakes, rivers, soils and 
atmosphere contain 1.5 billion cubic kil­
ometers of water III one form or another. 
In nearly all its physical properties water 
is either unique or at the extreme end of 
the range of a property. Its extraordinary 
physical properties, in turn, endow it 
with a unique chemistry. From these 
physical and chemical characteristics 
flows the biological importance of water. 
It is the purpose of this article to de­
scribe some of water's principal qualities 
and their significance in the biosphere. 

"Vater remains a liquid within the 
temperature range most suited to life 
processes, yet ii1 due season there are 
occasions when liquid water exists in 
equilibrium with its solid and gaseous 
form, for example as ice on the top of a 
lake with water vapor in the air above it. 
Freezing starts at the surface of the wa­
ter and proceeds downward; this follows 
from one of water's many peculiar attri­
butes. Like everything else, ice included, 
liquid water contracts when it is cooled, 
but the shrinkage ceases before solidifi­
cation, at about four degrees Celsius. 
From that temperature down to the 
freezing point the water expands, and 
because of its decreased density the cool­
er water floats on top of the warmer. Ice 
has a density of .92 with respect to the 

by H. L. Penman 

maximum density of water and hence an 
unconstrained block of ice will floa t in 
water with about an eleventh of its \'01-
ume projecting above the surface. The 
biological Significance of freezing from 
the surface downward, rather than from 
the bottom upward, is too well known to 
need repetition here. 

Among its other thermal properties 
water has the greatest specific heat 
known among liquids (the ability to store 
heat energy for a given increase in tem­
p�rature) . The same is true of water's 
latent heat of vaporization : at 20 degrees 
C. (68 degrees Fahrenheit), 585 calories 
are required to evaporate one gram of 
water. Finally, with the exception of 
mercury, water has the greatest thermal 
conductivity of all liquids. Some conse­
quences of water's large latent heat of 
evaporation, which is a major energizer 
of the atmosphere, will be considered 
below. Its great specific heat means that, 
for a given rate of energy input, the tem­
perature of a given mass of water will 
rise more slowly than the temperature 
of any other material. Conversely, as en­
ergy is released its tempera ture will drop 
more slowly. This slow warming and 
cooling, together with other important 
factors, affects yearly, daily and even 
hourly changes in the temperature of 
oceans and lakes, which are quite differ­
ent from the corresponding changes in 
the temperature of land. Among other 
things, this can lead to differences in the 

WATER AT WORK for millenniums in the form of rainfall and stream runoff has produced 

the dissected land surface seen in the side·looking radar image on the opposite page. The 

annual work of terrain modeling by rainfall and runoff has been estimated to equal the work 

of one horse·drawn scraper busy day and night on every 10 acres of land surface. This area, 

in the vicinity of Sandy Hook, Ky., is drained by tributaries of the Ohio River. Each inch 

equals 2.3 miles on the ground. The radar mosaic, made by the Autometric division of the 

Raytheon Company, is reproduced by the courtesy of the Army Topographic Command. 

thermal regimes of soils that are of ma­
jor importance in ecology. The type of 
soil, interacting with water, determines 
the earliness or lateness of plant growth 
at a given site; the interaction may also 
affect the local risk of frost. 

In basic structure the water molecule 
has a small dipole moment and is fee­

bly ionized. Water will dissolve almost 
anything to some extent (fortunately the 
extent is extremely small for many sub­
stances) . The dissolved material tends to 
remain in solution because of another of 
water's exceptional attributes. The val­
ues given by the inverse-square law for 
the force that attracts separated positive 
and negative ions are determined by 
multiplying the square of the distance 
separating the ions by a constant that 
varies according to the nature of the sep­
arating medium. Known as the dielectric 
constant, this constant is greater for wa­
ter than for any other substance. To get 
the same attractive force in water as in 
air, for example, the water separation 
has to be cut down to a ninth of the 
separa tion in air. 

Because of its extreme dielectric con­
stant liquid water in the biosphere is not 
chemically pure (unlike water vapor, 
which is always pure, or ice, which can 
be an d often is pure) . Instead liquid wa­
ter is an ionic solution and one that al­
ways contains some hydrogen ions be­
cause the water itself can supply them. 
The concentration of hydrogen ions, ex­
pressed as a degree of dilution, gives the 
physical chemist a numerical index that 
describes the state of various water sam­
ples. The number is the logarithm (to the 
base 10) of the degree of dilution; the 
chemist labels it pH. For his tests he is 
armed with a pH meter, calibrated from 
zero to 14. Fourteen orders of magnitude 
is an enormous range for any terrestrial 
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property, yet the water content of the 
soil may give a reading anywhere from 
pH 3 (very acid) to pH 10 (very alka­
line), which is equivalent to a range of 
from one to 10 million. These are ex­
tJ'emes, however, and most terrestrial 
plant growth-including much of the 
world's agriculture-proceeds in soil with 
a water content that ranges only a few 
units on each side of pH 6. The range 
for marine organisms is even more re­
strictive: coastal waters are about pH 9 
and the general oceanic average is just 
over pH 8. Below pH 7.5 many marine 
animals die; eggs are particularly vul­
nerable. Below pH 7 the carbonate in 
seawater would remain in solution, ren­
dering production of any kind of skele­
ton impossible. 

Another method of describing the 
state of a given water sample is inde­
pendent of hydrogen-ion content. Ma­
terial in solution, whether it is ionized or 
not, disturbs the liquid structure of the 
water; in thermodynamic terms the pres­
ence of solutes decreases the free ener­
gy of the water. Many soil and plant 
workers find it convenient to use the 
symbol pF for such changes in free en­
ergy, with the steps between units also 
representing one order of magnitude. As 
with the pH range, the range of pF 
values is very great. 

The quantity being measured in pF 
units is basically a potential, with the 

same dimensions as pressure. If all the 
water problems in soils, plants and ani-

OCEANS 

mals were problems of solutions, it 
would be sufficient to describe the con­
sequent variations in free energy as vari­
ations in osmotic potential, expressed in 
any of the conventional units of pressure. 
The free energy of water, however, can 
be decreased in other ways, notably in 
capillary systems. The energy to lift the 
water into a capillary tube (or in nature 
in to the porous and cellular systems of 
soils and plants) comes out of the free 
energy of the water. Today this is known 
as "matric" potential, a telm that has re­
placed the earlier "capillary" potential. 
In soils and plants the matric potential 
may be more than the osmotic potential. 
A comparison of numbers will give an 
idea of the pF scale and its ranges. The 
pressure is expressed as the height in 
centimeters of an equivalent column of 
water; thus one bar equals one atmo­
sphere, which equals a 1,000-centimeter 
water column. This is equivalent to pF 3. 

In a waterlogged soil, beginning to 
drain, the matric potential may be be­
tween pF 0 and pF 1; in a fully drained 
soil the potential may be near pF 1.7. In 
a soil that is as dryas plant uptake and 
the transpiration of water from leaves­
can make it, the matric potential will be 
about pF 4.2, which is close to 16 atmo­
spheres of suction. The osmotic potential 
of seawater is near pF 4.5, which makes 
seawater too "dry" for plant roots; the 
salt content of plant cells might be any­
where in a range from less than pF 4 up 
to pF 4.5. 

Here once again water is extreme. As-

CJJ 
WATER VAPOR 

FRESH WATER 

ICE 

WORLD WATER SUPPLY consists mainly of the salt water contained in the oceans (le/t). 
The world's fresh water comprises only about 3 percent of the total supply; three-quarters of 

it is locked up in the world's polar ice caps and glaciers and most of the rest is found as 

ground water or in lakes. The very small amount of water in the atmosphere at any one 

time (top right) is nonetheless of vital importance as a major energizer of weather systems. 
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socia ted with the matric potential in a 
capillary system there is a curved liquid­
air interface; the value of the poteo.tial 
is found by doubling the known value of 
the liquid's surface tension and dividing 
the product by the radius of curvature. 
Water has the greatest surface tension of 
any liquid known, so that at any given 
matric potential the radius of curvature 
of a water meniscus will be greater than 
it could be for another liquid. The great­
er the radius of curvature, the greater 
the total water content. In a soil this 
means that more liquid can be retained 
as water just because it is water. In gen­
eral, but not always, this is an advantage 
for plant growth. 

The effects of a decrease in the free 
energy of water contained in porous soils 
or in the tissues of plan ts include a low­
ering of the fluid's freezing point and 
vapor pressure. If the source of the de­
crease is a matric potential, there is also 
negative pressure, or suction, that tends 
to pull all kinds of retaining walls to­
gether. The effect of freezing in soils and 
rocks is worth a brief aside. As the tem­
perature falls the water in the larger soil 
pores freezes first and the free-energy 
gradient is such that water will be with­
drawn from the smaller pores. As a result 
ice lenses form in the coarser pore spaces 
and the finer pore spaces are exposed to 
greater shrinkage forces. Because water 
expands on freezing, the ice lenses have 
a disruptive effect as they make room 
for themselves. In rock this is the begin­
ning of one method of soil formation. 
There tends to be a preferred size for 
the rock fragments produced by ice dis­
ruption. This size is near the optimum 
for transport by wind and is the domi­
nant size in many of the loess soils that 
have accumulated in areas near glaciers. 
In soil the ice disruption is the source of 
"frost tilth," which is sought by farmers 
when they leave land roughly plowed in 
the fall and hope for a sufficiently frosty 
winter. 

There are still some uncertainties with 
respect to the world's water balance, 

but agreement was reached on probable 
values or ranges during an international 
symposium on the subject held in Britain 
this summer as one of the activities of 
the International Hydrological Decade. 
The figures that follow are taken from 
the proceedings of the symposium. 

The world's water exists as liquid 
(salt and fresh), as solid (fresh) and as 
vapor (fresh). There is some uncertainty 
in the value of the total volume, but it 
is near 1,500 million cubic kilometers (in 
U.S. usage 1.5 billion). Estimates of the 
components are most easily expressed as 
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A COMPANY LIKE HERCULES 
HAS TWO JOBS IN THE FIGHT 

AGAINST POLLUTION 
We're basically a chemical company. 
Like every other chemical companYt we feel we must face up to a 

tough challenge. It goes without saying that we must assume a primary 
responsibility for developing the systems, processes, and exotic chemicals that will 
help others wage war against pollution in every form. But we also realize that we 
must keep our own house in order. 

We're working on both jobs. For our part, we are constantly and 
vigilantly creating and installing the controls-both human and mechanical­
that will eliminate any source of fumes or waste materials entering the air and 
rivers in and around our plant communities. 

We haven't won all of our own battles yet, but we're gaining on them. 
On the broader front in the fight on pollution, we're expanding on the 

positive work we have been doing for years. Our industrial and municipal waste 
treatment services have been enlarged to include consulting, design and 
engineering capabilities. Our Environmental Services Division and subsidia� 
Black, Crow & Eidsness Inc., are providing real help to many communities and 
industries in this area. 

Our most recent project is most interesting. It tackles a monstrous 
problem long buried under tons of conversation about water/air pollution -the 
problem of sol id waste. 

The State of Delaware has chosen us to design and demonstrate the 
feasibility of an advanced solid waste disposal plant-a $10,000,000 facility 
that initially will process 500 tons of domestic and industrial refuse per day; and 
then re-cycle most of this into a needed humus compound, useful ferrous and 
non-ferrous metals, and various oils and tars for fuel purposes. 

We recognize these answers are only partial steps in the total answers 
to environmental problems. No one has the final answer. But what we are doing 
does represent a purposeful commitment. We at Hercules will not be satisfied until 
we find all the answers to our own problems, and clinch major answers in 
cleaning up the total environment. Hercules Incorporated, Wilmington, Del. 19899. 

HERCULES 
We never stop looking for answers. 

G70.4 
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average depths per unit area of the en­
tire surface of the earth, which has a 
total area of 510 million square kilome­
ters. Oceans and seas-liquid salt wa­
ter-make up about 97 percent of all 
water, with an equivalent depth of be­
tween 2,700 and 2,800 meters; the 
greater part is in the Southern Hemi­
sphere. Of the remaining 3 percent, 
three-quarters is locked up as solid in 
the polar ice caps and in glaciers. Here 
measurement is quite difficult, and a 
spread in estimates is inevitable. The 
equivalent depth of ice and snow may 
be near 120 meters, but at the recent 
symposium a value of 50 meters was not 
challenged. The other large component 
of fresh liquid water is subject to sim­
ilar uncertainty: the estimates for un­
derground water may be near 45 meters, 
but again a value near 15 meters was not 
challenged. Estimates for surface water, 

HYDROGEN ATOMS 
LOST TO SPACE 

, JUVE'NILEWATER 
PRECIPITATiON 

1111 
WATER TABLE (15) 

mainly in the great lakes of the world, 
ranged from .4 meter to one meter. 
There is general agreement on the aver­
age water-vapor content of the atmo­
sphere, at an equivalent in liquid of .03 
meter. Although this is a very small frac­
tion of the total, size is no measure of 
importance. Without water in the atmo­
sphere there would be no weather; Leo­
nardo da Vinci's dictum, "Water is the 
driver of na ture," is justified on meteoro­
logical grounds alone. A little detail at 
this point will be helpful as an introduc­
tion to another aspect of the world cir­
cula tion of water. 

The amount of water vapor is not the 
same everywhere, either geographi­

cally or seasonally. It is greatest at and 
near the Equator. If the air there were 
squeezed dry, it would yield about 44 
millimeters of rainfall. In middle lati-

tudes, say from 40 to 50 degrees, the 
summer yield would be near 20 millime­
ters and the winter yield near 10 milli­
meters, with large variations that depend 
on geography and weather patterns. In 
the polar regions the yield ranges from 
two millimeters in winter to as much as 
eight in summer. 

Water vapor enters the atmosphere 
by evaporation (this term includes tran­

�piration by vegetation), and the main 
oceanic sources are fairly identifiable. It 
leaves the atmosphere as rain or snow, 
and because the precipitation may take 
place close to the source or thousands of 
miles away, the residence time may vary 
from a few hours to a few weeks. A gen­
eral average is nine or 10 days. 

The general balance of evaporation 
and precipitation needs three sets of fig­
ures, one set for the en tire earth, one for 
the oceans and one for the land surface. 

in nnn 
PRECIPITATION 

11111 EVAPORATION EVAPORATION 

-- ... ---
RUNOFF > ',' ' ,:::,:_: ,�,���(r:P\��fi:S}2H9?!: ,�: 

---- - .- -.---------- - -------

WATER CYCLE in the biosphere requires that worldwide evapora· 

tion and precipitation be equal; hydrogen losses to space are pre· 

sumably replaced by juvenile water. Ocean evaporation, however, 

is greater than return precipitation; the reverse is true of the land. 
'
Excess land precipitation may end up in ice caps and glaciers that 

contain 75 percent of all fresh water, may replenish supplies taken 

from the water table by transpiring plants or may enter lakes and 

rivers, eventually returning to the sea as runoff. Numbers show 

minimum estimates of the amount of water present in each reserve, 

expressed as a depth in meters per unit area of the earth's surface. 
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with respect to water in the biosphere 
that makes all other water problems 
seem trifling. 

With unimportant exceptions, the ba­
sis of all life on the earth is photosyn­
thesis by green plants, a process that 
involves physics (in the fixation of solar 
energy) and chemistry (in the union of 
carbon dioxide and water to form carbo­
hydrates and more complex biochemical 
compounds) . Water comes into the story 
in two ways: in transit (as part of the 
transpiration stream) and in residence 
(as its hydrogen is chemically bound into 
the plant structure) . The amount that is 
bound, however, may be less than a fifth 
of the amount in transit. To give scale to 
the argument that follows, here are some 
values based on a real crop in a real cli­
mate. In producing 20 fresh-weight tons 
of crop, 2,000 tons of water will pass into 
the plants at their roots. At harvest per­
haps 15 tons of the water supply will be 
in transit, leaving the crop with a dry 
weight of five tons. To produce the five 
tons of dry matter three tons of water 

will have been fixed and transformed. 
The energy fixed in the dry matter will 
be 1 percent or less of the total solar en­
ergy received by the crop; nearly 40 per­
cent of the energy will have been used to 
evaporate the transpired water. Here is 
a clear interaction of the kind envisioned 
in the article that introduces this issue of 
Scientific American, where G. Evelyn 
Hutchinson describes the biosphere as "a 
region in which liquid water can exist 
[and that] receives an ample supply of 
energy from an external source." 

The average value of 40 percent for 
the net solar radiation income retained 
by a green crop cover varies, of course, 
with season and climate. The first loss is 
to reflectivity: of the solar radiation 
reaching the crop about 30 percent is re­
flected. There is also an income of long­
wave radiation from the sky, but this is 
outweighed by the outgo of long-wave 
radiation from the earth to the atmo­
sphere. When the deficit is met by de­
ducting it from the remaining balance of 
short-wave solar income, the net re-

POLE 0 
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PRECIPITABLE WATER (MILLIMETERS) 

tion patterns and also reflect the amount of precipitable water vapor present. This is great. 

est at the Equator, least at the poles and more in summer than in winter (graph at right). 

tained income is decreased to 40 percent 
of the initial input. As already noted, 
when the water is available, very nearly 
all this energy is used in evaporating 
water. 

Here once again water stands at the 
extreme of a range of physical properties. 
The volume of water evaporated per unit 
of energy input is less than it would be 
for any other liquid. The relevant physi­
cal constant, the latent heat of vaporiza­
tion, is somewhat less than 600 calories 
per gram at ordinary temperatures, but 
the rounded figure is adequate for the 
present purpose. If we let RI represent 
the total radian t income in calories per 
square centimeter over a period of time, 
then the net radiation is about .4RI and 
the evaporation equivalent is near RJ/-
1,500 grams per square centimeter (or 
centimeters of water depth as the equiv­
alent of rainfall) . Consider some real 
midsummer values to show what this 
means. In a humid temperate climate 
the value of RJ is close to 450 calories 
per square centimeter per day. This 
works out to an evaporation equivalent 
of three millimeters per day, which is a 
good estimate for June in southeastern 
England. For many of the farming areas 
of the U. S. the RJ value is close to 650 
calories per square centimeter, bringing 
the evaporation rate up to about 4.5 
millimeters per day. The maximum rates 
known, which are found in irrigated 
areas, range from 4.5 to 7.5 millimeters 
per day. It is possible that the higher 
rates are influenced by advection from 
surrounding nonirrigated areas, as is the 
case in the papyrus swamps of the Nile. 

The most important fact to be consid­
ered in connection with this wide range 
of evaporation rates is that there are only 
very small variations among the evapora­
tion rates of different kinds of plants. 
Thus the governing factor in variation is 
almost exclusively a climatic one. This 
fact and much other evidence suggest 
that the supposed water "need" of a crop 
is dictated not by the plants but by the 
weather. In this connection the concept 
of "potential transpiration," which came 
into use simultaneously and indepen­
dently in at least two parts of the world, 
is of great value both in research and in 
the practical aspects of soil water man­
agement. It is worthwhile seeing how 
potential transpiration is linked with ele­
mentary plant physiology and with some 
of the physics of soil water already con­
sidered. 

A growing plant takes in water at the 
roots and, in the absence of imme­

diate replenishment, the process dries 

105 

© 1970 SCIENTIFIC AMERICAN, INC

This content downloaded from 
�����������149.155.20.39 on Mon, 24 Jun 2024 09:23:28 +00:00������������ 

All use subject to https://about.jstor.org/terms



This content downloaded from 
�����������149.155.20.39 on Mon, 24 Jun 2024 09:23:28 +00:00������������ 

All use subject to https://about.jstor.org/terms



plant development, soil type, soil depth­
these become the important factors. 
What is available for utilization has 
more significance than the weather has, 
particularly in semiarid zones. 

Because agriculture is most active in 
the more humid zones of the biosphere, 
it is useful to estimate how much reserve 
soil water is available on the average in 
these zones . Factors already described 
prevent any exact answer to this ques­
tion. Nonetheless, a cautious estimate, 
advanced with considerable reservation, 
would be about 10 centimeters of rain­
fall equivalent. Three examples will suf­
fice to show the need for caution. There 
are large agricultural areas of North 
Carolina and neighboring states where 
an inert subsoil is covered by no more 
than 20 centimeters of useful topsoil. 
Here the entire water reserve available 
to the agricultural cycle cannot exceed 
a rainfall equivalent of five centimeters . 
This is one extreme; the deep volcanic 
soils of East Africa are at the other. In 
those soils the roots of mai1Y plants go 
down as much as six meters below the 
surface. The available water in a profile 
that deep is equivalent to nearly 50 cen­
timeters of rain, and the plant can ex­
tract water throughout a long dry season 
at something very close to the potential 
transpiration rate. An example from 
France falls somewhere in between. 
There the drying of the soil was ob­
served while a crop of sugar beet tran­
spired at the full potential rate through­
out a dry summer. At the driest stage 
the crop had withdrawn from the soil 
available water equivalent to 27 centi­
meters of rainfall. 

Soil water an d ground water are close-
ly related, but whereas soil water is 

always biologically important, the im­
pOl·tance of ground water may range 
from being trivial to being all that mat­
ters . The soil is a kin d of buffer between 
rainfall and ground water. In general any 
deficit in soil moisture that has built up 
in a dry period must be completely re­
stored by rain before there is any wa­
ter surplus available to move down to 
ground water. This is an importan t con­
sideration for the water engineer, who 
may be drawing a water supply from a 
stream (permanent streams are sustained 
by ground water) or may be tapping an 
aquifer directly by means of a well. In 
the first instance the engineer will pre­
sumably have to work within legal con­
straints on how much river water he can 
divert. In the second, if he is to choose 
a safe aquifer pumping rate, the engi­
neer must (or should!) have some aware­
ness of the current soil-moisture deficit 

How a defense-experienced research company 

Helps solve problems 
of our environment 

Vital problems of national defense-and equally pressing prob­
lems of today's society-have certain characteristics in common. 

For example, many constitute large, dynamic systems with 
many diverse components. Such systems can often be better 
understood through the application of interdisciplinary research, 
modelling, and computer simulation. 

Then, preferred solutions - with trade-off alternatives - can 
be presented for decisive planning and action. 

This interdisciplinary systems approach has been used by 
professional analysts on the General Research staff to solve 
defense problems since 1961. This same approach is now con­
tributing to solutions of critical problems of our environment 
and our society. Such as: Water and air pollution; economic 
development planning; nutrient development; command and 
control systems for local emergency forces; human value­
attitude-behavior studies and urban transportation, among others. 

These expanding activities create openings for highly qualified 
and motivated professionals in several fields, military and civil. 

If you feel you might qualify, or if you would like more infor­
mation about our company, please write: 

In the East: Dr. Earl Crisler, Vice President 
1501 Wilson Boulevard 
Arlington, Virginia 22209 

In the West: Mr. H. N. Beveridge, Vice President 
at our Santa Barbara headquarters 

GENERAL � . 
RESEARCH n CORPORATION 

POST OFFICE BOX 3587, SANTA BARBARA, CALIFORNIA 93105 
An equal opportunity employer mIt 
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Problem: lubricate a submarine 3 miles under the sea. 
Aluminaut's controls. 

They also came up with a hydrau­
l ic o i l  for the sub's externa l  dual 
manipulators (arms) which will per­
form as well at 1 5,000 feet down as 
it has in  a i rcraft 30,000 feet u p. 

But a submarine without a smooth­
closing,  tight hatch is about os use­
ful as 0 pamchute made from lace 
doilies. 

So T� �'dJme 
alrl�1¥-�'" mutti-purpose g.-.ecse for ........ �-'� 

Texaco products worked aboard 
Sir Hubert Wilkins' submarine Nau� 
ti/us-the first to dive under the Arctic 
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