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19. PLANT UPTAKE
OF SOIL MOISTURE

WATER REQUIREMENTS OF PLANTS

Nature, despite its celebrated laws of conservation, can in some ways be
exceedingly wasteful, or so it appears from our own partisan viewpoint. One
of the most glaring examples is the way it requires plants to draw quantities
of water from the soil far in excess of their essential metabolic needs. In dry
climates, plants growing in the field may consume hundreds of tons of water
for each ton of vegetative growth. That is to say, the plants must inevitably
transmit to an unquenchably thirsty atmosphere most (often well over 90%)
of the water they extract from the soil.

The release of water vapor by plants to the atmosphere, a process called tran-
spiration, is not an essential or an active physiological function of plants but by
and large a passive response to the atmospheric environment. In principle, plants
can thrive in an atmosphere practically saturated with vapor and hence requir-
ing very little transpiration. Rather than by plant growth per se, transpiration is
caused by the vapor pressure gradient between the normally water-saturated tis-
sue of the leaves and the dry atmosphere. In other words, it is exacted from the
plants by the evaporative demand of the climate in which they live.

In a sense, the plant in the field can be compared to a wick in an old-
fashioned kerosene lamp. Such a wick, its bottom dipped into a reservoir of fuel
while its top is subject to the burning fire that consumes the fuel, must con-
stantly transmit the liquid from bottom to top under the influence of physical
forces imposed on the passive wick by the conditions prevailing at its two ends.
Similarly, the plant has its roots in the soil-water reservoir while its leaves are
subject to the radiation of the sun and the sweeping action of the wind, which
require it to transpire practically unceasingly. This analogy, to be sure, is a gross
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oversimplification, since plants are not entirely passive and in fact are able at
times to limit the rate of transpiration by shutting the stomates of their leaves
(Fig. 19.1). (The stomates are the small openings in the leaves through which
gaseous exhange takes place between the interior of the leaf and the external
atmosphere.) However, for this limitation of transpiration most plants pay,
sooner or later, in reduced growth potential, since the same stomates that tran-
spire water also serve to absorb the carbon dioxide needed in photosynthesis.
Reduced transpiration often results in warming of the plants and hence in
increased respiration and further reduction of net photosynthesis.

To grow successfully, a plant must achieve a water economy such that the
demand made on it for water is balanced by the supply available to it. The
problem is that the evaporative demand by the atmosphere is practically con-
tinuous, whereas rainfall occurs only occasionally and irregularly. To survive
during dry spells between rains, the plant must rely on the diminishing reserves
of water contained in the pores of the soil, which itself loses water by direct
evaporation and internal drainage. How efficient is the soil as a water reser-
voir for plants? How do plants draw water from the soil, and to what limit
can they thrive while soil moisture diminishes? How is the rate of transpira-
tion determined by the interaction of plant, soil, and meteorological factors?
These and related questions are the topics of this chapter.
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Fig. 19.1. Schematic representation of transpiration through the stomate and the cuticle
and of the diffusion of CO2 into the stomate and through the mesophyll to the chloroplasts.
(After Rose, 1966.)

BOX 19.1 Plants Adapted to Different Environments

Plants that inhabit water-saturated domains are called hydrophytes, or aquatic
plants. Plants adapted to drawing water from shallow water tables are called
phreatophytes. In contrast, plants that can grow in arid regions by surviving long

periods of thirst and then recovering quickly when water is supplied are called xero-
phytes, or desert plants. Such plants may exhibit special features, called xeromorphic
(such as succulent tissues, thickened epidermis and a waxy surface cuticle, recessed sto-
mates, and reduced leaf area), that are designed to store water and minimize its loss.
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THE SOIL–PLANT–ATMOSPHERE CONTINUUM

Current approaches to the issue of soil-water extraction and utilization by
plants are based on recognition that the field, with all its components — soil,
plant, and ambient atmosphere taken together — constitutes a physically inte-
grated, dynamic system in which various flow processes occur interdepend-
ently like links in a chain. This unified system has been called the
soil–plant–atmosphere continuum (SPAC, for short) by J. R. Philip (1966b).
The universal principle operating consistently throughout the system is that
water flow always takes place spontaneously from regions where its potential
energy state is higher to where it is lower. Former generations of soil physicists,
plant physiologists, and meteorologists, each group working separately in
what it considered to be its separate and exclusive domain, tended to obscure
this principle by expressing the energy state of water in different terms (e.g.,
the “tension” of soil water, the “diffusion pressure deficit” of plant water, and
the “vapor pressure” or “relative humidity’’ of atmospheric water) and hence
failed to communicate readily across the self-imposed boundaries of their
respective disciplines.

As we have come to understand, the various terms used to characterize the
state of water in different parts of the soil–plant–atmosphere system are
merely alternative expressions of the energy level, or potential,of water.
Moreover, the very occurrence of differences, or gradients, of this potential
between adjacent locations in the system constitutes the force inducing flow
within and between the soil, the plant, and the atmosphere. This principle
applies even though different components of the overall potential gradient are
effective to varying degrees in motivating flow in different parts of the
soil–plant–atmosphere system.

To describe the interlinked processes of water transport throughout the
SPAC, we must evaluate the pertinent components of the energy potential

Some plants are especially adapted to growing in a saline environment and are called
halophytes. Plants not so adapted to saline conditions are called glycophytes. It takes
an extreme degree of adaptability (or masochism?) for certain plants, called xero-
halophytes, to grow in an environment that is both dry and saline at the same time.

Finally, there are plants that grow best in moist but aerated soils, generally in semi-
humid to semiarid climates. Such intermediate plants are called mesophytes. Most crop
plants belong in this category. Mesophytes control their water economy by developing
extensive root systems and optimizing the ratio of roots to shoots and by regulating the
aperture of their stomates to curtail transpiration during periods of water shortage. The
latter effect, however, necessarily entails restriction of photosynthesis. Moreover, cur-
tailment of transpiration reduces the evaporative cooling of plants, so they tend to warm
up under the sun’s radiation, and as they warm up their rate of respiration rises. In effect,
therefore, a thirsty plant consumes its own reserves and further reduces its growth
potential. For these reasons, thirsty plants are generally less productive than plants that
are well endowed with water throughout their growing season.
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of water and their effective gradients as they vary in space and time. As an
approximation, the flow rate through each segment of the system can be taken
to be proportional directly to the potential gradient and inversely to the seg-
ment’s resistance. The flow path includes liquid water movement in the soil
toward the roots, liquid and perhaps vapor movement across the root-to-soil
contact zone, absorption into the roots and across their membranes to the vas-
cular tubes of the xylem, transfer through the xylem up the stem and branches
to the leaves, evaporation in the intercellular spaces within the leaves, vapor
diffusion through the substomatal cavities and out the stomatal apertures to
the boundary air layer in direct contact with the leaf surface, and through it,
finally, to the turbulent atmosphere, which carries away the water extracted
by the plant from the soil.

BASIC ASPECTS OF PLANT–WATER RELATIONS

Close observation of how higher plants are structured reveals much about
how they function in their terrestrial environment. It is intriguing to compare
the shape of such plants to the shape of familiar higher animals. The charac-
teristic feature of warm-blooded animal bodies, in contrast with plants, is their
minimal area of external surface exposure. Apart from a few protruding
organs needed for mobility and sensory perception, such animals are rather
compact and bulky in appearance. Not so is the structure of higher plants,
whose vital functions require them to maximize rather than minimize surface
exposure, both above and below ground. The aerial canopies of plants fre-
quently exceed the area of covered ground many times over. Such a large sur-
face helps the plant to intercept and collect sunlight and carbon dioxide, two
resources that are normally diffuse rather than concentrated.

Even more striking is the shape of roots, which proliferate and ramify
throughout a large volume of soil while exposing an enormous surface area.
A single annual plant can develop a root system with a total length of several
hundred kilometers and with a total surface area of several hundred square
meters. (Estimates of total length and surface area of roots are even larger if root
hairs are taken into account.) The need for such exposure becomes apparent if
we consider the primary function of roots, which is to gather water and nutri-
ents continuously from a medium that often holds only a meager supply of
water per unit volume and that generally contains soluble nutrients only in very
dilute concentrations. And while the atmosphere is a well-stirred and thoroughly
mixed fluid, the soil solution is a sluggish and unstirred fluid that moves toward
the roots at a grudgingly slow pace, so the roots have no choice but to move
toward it. Indeed, roots forage constantly through as large a soil volume as they
can, in a constant quest for water and nutrients. Their movement and growth,
involving proliferation in the soil region where they are present and extension
into ever new regions, are affected by a host of factors additional to moisture
and nutrient, including temperature, aeration, mechanical resistance, the possi-
ble presence of toxic substances, and the primary roots’ own geotropism
(i.e., their preference for a vertically downward direction of growth).

Green plants are the earth’s only true autotrophs, able to create new living
matter from inorganic raw materials. We refer specifically to the synthesis of
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basic sugars (subsequently elaborated into more complex compounds) by the
combination of atmospheric carbon dioxide and soil-derived water, accomp-
anied by the conversion of solar radiation into chemical energy in the pro-
cess of photosynthesis, usually described by the following deceptively simple
formulas:

6CO2 + 6H2O + sunlight energy → C6H12O6 + 6O2

nC6H12O6 → (C6H10O5)n + nH2O (19.1)
glucose          starch

We, along with the entire animal kingdom, owe our lives to this process,
which not only produces our food but also releases into the atmosphere the ele-
mental oxygen we need for our respiration. Plants also respire, and the process
of respiration represents a reversal of photosynthesis, in the sense that some
photosynthetic products are reoxidized and decomposed to yield the original
constituents (water, carbon dioxide, and released energy). Thus

C6H12O6 + 6O2 → 6CO2 + 6H2O + thermal energy (19.2)

In examining these formulas, we note immediately the central role of water
as a major metabolic agent in the life of the plant, that is, as a source of hydro-
gen atoms for the reduction of carbon dioxide in photosynthesis and as a prod-
uct of respiration. Water is also the solvent and hence conveyor of transportable
ions and compounds into, within, and out of the plant. It is, in fact, a major
structural component of plants, often constituting 90% or more of their total
“fresh” mass. Much of this water occurs in cell vacuoles under positive pressure,
which keeps the cells turgid and gives rigidity to the plant as a whole.

Only a small fraction of the water normally absorbed by plants growing in
dry weather is used in photosynthesis, while most (often over 98%) is lost as
vapor in the process of transpiration. This process is impelled by the exposure
to the atmosphere of a large area of moist cell surfaces, necessary to facilitate
absorption of carbon dioxide and oxygen. Mesophytes are extremely sensitive,
and vulnerable, to lack of sufficient water to replace the amount lost in tran-
spiration. Water deficits impair plant growth and, if extended in duration, can
be fatal.

WATER RELATION OF PLANT CELLS AND TISSUES

Water plays a crucial role in the processes of plant growth, which involve
cell division and cell expansion. The latter process occurs as each pair of
divided cells imbibes water. The resulting internal pressure, called turgor,
stretches the new cells’ elastic walls, which thicken through the deposition of
newly synthesized material.

The cell wall, consisting mainly of cellulose and other polysaccharides, and
the protoplasmic material within, called cytoplasm, are generally permeable to
water molecules diffusing or flowing into and out of the cell. Since the cell wall
contains fairly large interstices, it does not restrict solute movement. However,
inside the cell wall (Fig. 19.2) and surrounding the cytoplasm is a lipoprotein
“cell membrane” called the plasmalemma, which is selectively permeable and
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thus helps regulate what enters and leaves a plant cell. Most solutes are pre-
vented from diffusing freely in and out of the cell’s internal solution phase,
generally contained in a central “cavity” called a vacuole. In a mature cell, the
vacuole often occupies the greater part of the cell’s volume. It is surrounded by
a “vacuolar membrane” called the tonoplast.

Although some solutes are selectively conveyed through the membranes by
a complex process called active transport, by and large the cell acts as a small
osmometer, drawing water by osmosis from the surrounding aqueous phase
into the generally more concentrated solution in the vacuole. The osmotic
potential of cell water, due to the sugars and salts dissolved in it, is negative
with respect to that of pure water (generally taken as the zero reference) and
may range, in terms of pressure units, from −0.5 to −5 Mpa (−5 to −50 bar).

The expansive pressure caused by osmosis is countered by the elastic cell
walls, which are tensed as they are stretched and hence tend to press inward.
This contractile tendency can be expressed in terms of a positive pressure
potential. The overall potential of water inside the cell φ depends on the
osmotic potential of the cell solution φ0 and on the effective potential result-
ing from the pressure exerted by the walls φp, called the turgor pressure. If
these were the only components of the cell’s water potential, we could write
(Kramer and Boyer, 1995; Boyer,1995):

φ = φ0 + φp (19.3)

If we immerse a cell in pure water at atmospheric pressure, the cell will imbibe
water until its affinity for water is counterbalanced by the cell wall’s “turgor”
pressure. The cell will then be fully hydrated and turgid. If a plant is “thirsty” (or,
according to a currently prevalent expression, if it is subject to “moisture stress”),
its cells will not be fully turgid and its relative hydration (i.e., its water content
relative to that when it is fully turgid at a water potential of zero) will be less than
unity. The functional relationship between the relative hydration of plant cells
and their water potential is as important in plant physiology as the relationship
between soil wetness and soil-water potential is in soil physics.

If we immerse a cell not in pure water but in a solution more concentrated
than the cell’s own solution, outward osmosis will take place and the cell will
dehydrate. In extreme cases, the cell may dehydrate to the point of plasmolysis,
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Fig. 19.2. The internal structure of a mature mesophyll (leaf) cell, showing the solute-
confining membranes.
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at which point the effective turgor pressure falls to zero. At this point the
cytoplasm may actually separate from the walls and collapse inward.

An interesting illustration of the importance of turgor pressure changes is the
stomatal control mechanism. The opening (aperture) or closure of stomates is
affected by light intensity and atmospheric CO2 concentration (i.e., stomates tend
to close in the dark and at high CO2 concentrations). Stomatal aperture is also
affected by temperature and the plant’s own internal rhythms. Most of all, how-
ever, stomates are affected by tissue hydration and, more specifically, by the
turgidity of the paired guard cells that constitute what is in effect a sensitive valve.
Increasing hydration and turgidity causes these cells to bulge outward, crescent-
like, thus dilating the space between them. Low turgidity causes them to collapse
against each other, thus shutting off the diffusive outlet for water vapor (also
serving as the inlet for carbon dioxide). A transverse section and surface views of
a leaf with open and shut stomates are shown in Fig. 19.3. Methods of measur-
ing plant water potential were described by Boyer (1995).

In the absence of transpiration, plants absorb water from the soil by means of
the osmotic mechanism, and plant water generally exhibits a positive hydrostatic
pressure. Evidence of this positive pressure is found in the tendency of some
plants to exude water during the night (a phenomenon called guttation) and in
the tendency of excised stems or roots to ooze out water (an occurrence often
attributed to “root pressure”). However, when transpiration takes place, the
pressure of water in the leaves diminishes and generally falls below atmospheric
pressure. The resulting tension, or suction, induces upward mass flow from roots
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Fig. 19.3. A leaf section: (a) transverse view and (b) surface view, showing an open and
a closed stomate.
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to leaves through the tubelike capillary vessels of the xylem. It is remarkable that
these capillary vessels can maintain the cohesive continuity of liquid water
columns even under a tension of hundreds of kilopascals, as needed to draw
water from relatively dry soils and transport it to the tops of trees scores of meters
high. The rate at which water is extracted from the soil and transmitted to the
transpiring leaves obviously depends not only on the magnitude of the potential
or pressure gradients but also on the hydraulic properties of the conveyance sys-
tem, that is, on the conductance of the stems and on the conductance as well as
absorptive properties of the roots.

STRUCTURE AND FUNCTION OF ROOTS

The anatomy of roots is designed, as it were, to perform a number of essen-
tial functions, including absorption and conveyance of water and nutrients
from the soil and anchorage of the plant’s superstructure. A longitudinal sec-
tion of a growing root reveals several sections, as shown in Fig. 19.4a. The tip
of the root is shielded by a root cap, which is often of mucilaginous consist-
ency and may thus help to lubricate the path of the advancing root. Following
the root cap is a zone of rapid cell division called the apical meristem. Next is
a region of cell elongation, where the initially isodiametric cells elongate in the
direction of the root axis, thus pushing the root tip forward and causing the
root to extend farther into the soil. Behind the region of cell elongation is that
of cell differentiation. where different groups of cells develop specific charac-
teristics and assume specialized functions.

The innermost cells of the root become vascular tissue, while the outermost
cells develop thin radial protrusions known as root hairs. The latter have the
effect of greatly increasing the surface area of contact over which the root can
interact with the soil and absorb nutrients. Farther back, the older section of
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Fig. 19.4. The structure of a growing root: (a) longitudinal section through the root cap and
the zones of cell division, elongation, and differentiation; and (b) cross section, showing the
concentric arrangement of the epidermis, cortex, endodermis, pericycle, and vascular bundles.
(After Nobel, 1974.)
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the root becomes somewhat hardened and less absorbent, and, as the root
converges with other roots, it becomes thicker and more stemlike.

A cross-sectional view of a typical root (some distance away from the root
tip), illustrated in Fig. 19.4b, shows a central vascular core, called the stele,
surrounded by three concentric, sleevelike layers of cells: the endodermis, the
cortex, and the epidermis.

The vascular system of the roots connects with that in the stems and leaves.
It consists of (1) xylem vessels, conveying water and mineral nutrients from
the soil, along with organic compounds metabolized in the roots, to the upper
parts of the plant, and (2) phloem vessels, serving to translocate the organic
compounds (such as carbohydrates) that are synthesized in the leaves and to
distribute these throughout the plant. The two types of vessels are illustrated
in Fig. 19.5. Xylem vessels are hollow cells, practically devoid of protoplasm,
arranged end to end and joined by perforation plates to form continuous
tubes. The aqueous solution drawn from the soil by the absorbing sections of
the roots, typically with a concentration of the order of 10−2 M (Epstein, 1977;
Nobel, 1970), flows up through the root system and then through the stem
and petiole and leaf veins into the leaves, with motion occurring in the direc-
tion of decreasing hydrostatic pressure. In contrast with the xylem, the con-
ducting cells in the phloem, called sieve cells, contain cytoplasm and remain
metabolically active. The tissue between the xylem and the phloem is the cam-
bium,whose cells divide and differentiate to form xylem and phloem. Between
the cambium and the endodermis is a layer called the pericycle,whose cells can
divide and lead to the formation of lateral or branch roots.
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Fig. 19.5. Longitudinal section through xylem and phloem vessels, showing their internal
structures. (After Nobel, 1974.)
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The endodermis is a layer of cells whose radial walls are impregnated with
a waterproof waxy material forming a shield termed the casparian strip. To
cross this barrier, water and solutes must either flow along the cell walls or
enter and flow across the cytoplasm. Outside the endodermis are several lay-
ers of cells known as the cortex, a “loose” tissue with numerous intercellular
air spaces through which gases (e.g., O2 and CO2) can diffuse. Finally, sur-
rounding the entire root and serving as its “skin” is the epidermis,where the
root hairs originate.

VARIATION OF WATER POTENTIAL AND FLUX IN 
THE SOIL–PLANT SYSTEM

To characterize the soil–plant–atmosphere continuum physically, one must
evaluate the pertinent components of the energy potential of water and the
effective potential gradients as they vary from one segment to another along
the entire path of water movement. The total potential difference between soil
moisture and atmospheric humidity can amount to tens of megapascals (hun-
dreds of bars), as illustrated in Fig. 19.6, and in an arid climate can even
exceed 100 MPa. Of this total, the potential drop in the soil toward the roots
may vary from less than 100 kPa to several hundred kilopascals (i.e., from
a fraction of a bar to several bars). Except where the soil is fairly dry, the
potential drop in the roots (from cortex to xylem) is likely to be somewhat
greater than that in the soil. The potential drop in the xylem from roots to
leaves will generally not exceed a few hundred kilopascals. Altogether, there-
fore, the summed potential drop in the soil and plant will be of the order of,

BOX 19.2 The Plight of Plants in Arid Regions

Perhaps we can identify more fully with the plight of arid-zone plants if we can
imagine ourselves to be living under a government that taxes away 99% of our
income while requiring us to keep our reserves in a bank that is embezzled daily.

The onerous regime governing plant life is the dry climate, which requires each plant to
transpire such an exorbitant share of the moisture it obtains by its roots. The bank on
which plants depend is the soil, which loses moisture continuously by direct upward
evaporation from the surface as well as by downward seepage below the root zone.

Plants live simultaneously in two realms, the conditions in each of which change con-
stantly and not necessarily in coordination. The canopy of the plant lives in the open
atmosphere, subject to varying sunlight, temperature, wind, and humidity (as well as to
competition from adjacent plants and to predation by herbivorous animals). The roots
of the plant live in the dark, tight, cool soil, which provides anchorage as well as mois-
ture and nutrients. How the plant can sense both realms and respond optimally to their
changing conditions is source of wonderment. It is certainly amazing that plants can do
so without a brain or a nervous system, and without access to a computer. We, who
have access to computers, can barely begin to understand how green plants function in
the real environment: how they sustain themselves and, indeed, how they sustain us.
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say, 1–3 MPa. Clearly, the major portion of the overall potential difference in
the SPAC occurs between the leaves and the atmosphere.

Figure 19.7 describes the distribution of water potentials in the SPAC. This
figure is not drawn to scale and is meant only to illustrate general relationships.
Curve 1 is for a low value of water suction in the soil (AB) and hence also at
the root surfaces (B). In the mesophyl cells (DE), water suction (“negative”
potential) is below the critical value at which the leaves may lose their turgid-
ity, hence the plant is able to transport water from the soil to the atmosphere
without wilting. Area E represents the substomatal cavity. In curve 2, soil-water
suction is equally low but the transpiration rate is higher, and water suction in
the leaf mesophyl approaches the critical wilting values (say, 2–3 MPa ≈
20–30 bar). Curve 3 is for when soil-water suction is relatively high but the
transpiration rate is low. Curve 4, finally, indicates the extreme condition when
soil-water suction and transpiration rate are both high. In this case, leaf-water
suction is likely to exceed the critical value, causing the plant to wilt.

Soil-water suction increases as soil wetness decreases. Consequently, the
plant-water suction required to extract water from the soil must increase
correspondingly. The soil will deliver water to the root as long as the water
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Roots
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Fig. 19.6. Variation of water potential along the transpiration stream.
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suction in the latter is maintained greater than in the former. However, as
a root extracts water from the soil in contact with it, the suction in the con-
tact zone may increase and tend to equal the root suction. Water uptake may
then cease unless additional water can move in from the farther reaches of the
soil as a result of the suction gradients that form in the periphery of the roots.
In order for this additional water to become available to the plant, not only
must it be at a suction lower than the root-water suction, but it must also
move toward and into the root at a rate sufficient to compensate the plant for
its own continuing loss of water to the atmosphere in the process of transpi-
ration. The dependence of suction on distance from the root during water
uptake was calculated by W. R. Gardner (1960a) for several soils and was
found to be quite flat until the initial suction approached 15 bar. This is illus-
trated in Fig. 19.8.

As long as the plant does not wilt, and as long as the influx of radiation and
heat to the canopy results in change of phase only, it is possible to assume
steady-state flow through the plant. This means that the transpiration rate is
equal to the plant transport and that both are equal to the soil-water uptake
rate:

q = −Δφs/Rs = −Δφs−r/Rs−r = −Δφp/Rp = −Δφp−a/Rp−a (19.4)

where Δφs is the potential drop in the soil toward the roots, Δφs−r is the potential
drop between the soil and root xylem, Δφp is the potential drop in the plant to
the leaves, and Δφp−a is the potential drop between the leaves and the atmosphere.
As mentioned, the magnitudes of these potential increments are of the order of
1 MPa, 1 MPa, 1 MPa, and 50 MPa, respectively, and the corresponding
resistances are proportional. It follows that the resistance Rp−a between the leaves
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and the atmosphere might be 50 or more times greater than the resistances in the
plant and the soil. When the stomates close, as they tend to do at noontime dur-
ing a hot day, the resistance Rp−a becomes even greater and may result in a
reduced rate of transpiration.

The suction difference between soil and root needed to maintain a steady
flow rate depends, as stated, on the conductivity K and the flow rate q. When
soil-water suction is low and conductivity high, the suction in the root need
not differ greatly from the mean suction in the soil. When soil-water suction
increases and soil conductivity decreases, the suction difference (or gradient)
needed to maintain the same flow rate must increase correspondingly. As long
as the transpiration rate required of the plant is not too high, and as long as
the hydraulic conductivity of the soil is adequate and the density of the roots
is sufficient, the plant can extract water from the soil at the rate needed to
maintain normal physiological activity. However, the moment the rate of
extraction drops below the rate of transpiration (either because of a high
evaporative demand by the atmosphere and/or because of low soil conduc-
tivity and/or because the root system is too sparse), the plant experiences
a net loss of water; if it cannot adjust its root-water suction or its root den-
sity so as to increase the rate of soil-water uptake, the plant may suffer loss
of turgor and be unable to grow normally. If this situation persists, the plant
wilts. It follows that as atmospheric evaporativity rises and soil conductivity
diminishes, the average soil-water suction at which wilting occurs will also
tend to diminish.

Denmead and Shaw (1962) were evidently the first to present experi-
mental confirmation of the effect of dynamic conditions on water uptake
and transpiration. They measured the transpiration rates of corn plants
grown in containers and placed in the field under different conditions
of irrigation and atmospheric evaporativity. Under an evaporativity of
3–4 mm/day, the actual transpiration rate began to fall below the potential
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Fig. 19.8. Relation of soil-water suction to distance from the root axis in a sandy soil with
an uptake rate of 0.1 cm3 per centimeter of root per day. The two curves are for two different
levels of soil-water suction at a distance form the root (After Gardner, 1960a.)



378 CHAPTER 19 PLANT UPTAKE OF SOIL MOISTURE

rate at an average soil-water suction of about 200 kPa (2 bar). Under more
extreme meteorological conditions, with an evaporativity of 6–7 mm/day,
this drop in transpiration rate began at a soil-water suction value of 30 kPa
(0.3 bar). On the other hand, when potential evaporativity was very low
(1.4 mm/day), no drop in transpiration rate was noticed until average soil-
water suction exceeded 1.2 MPa (12 bar). The volumetric water contents at
which the transpiration rates fell varied between 23%, under the lowest
evaporativity, and 34%, under the highest evaporativity measured. This is
illustrated in Figs. 19.9 and 19.10.
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MATHEMATICAL MODELING OF WATER UPTAKE BY ROOTS

The roots of a plant function as an elaborate pumping and conveyance
system reaching into, probing, and drawing water from various soil depths in a
manner that is somehow “programmed” to maximize the plant’s chances for
survival and self-perpetuation. Soil-moisture content and potential are seldom
uniform throughout the root zone, and neither is the density or hydraulic resist-
ance of the roots. How the root system of a plant senses the root zone as a whole
and integrates its response so as to utilize soil moisture to best advantage is
a phenomenon still imperfectly understood. One classical view was that the root
system adjusts its water withdrawal pattern so as to maintain the total soil-
moisture potential constant throughout the root zone. On the other hand, an
often-observed pattern of water withdrawal is such that the top layer is depleted
first and the zone of maximal extraction moves gradually into the deeper layers.

Since the soil usually extends in depth considerably below the zone of root
activity, it is of interest to establish how the pattern of soil-water extraction by
roots relates to the pattern of water flow into, within, through, and below the
root zone. Some drainage through the root zone is generally considered neces-
sary to prevent deleterious accumulation of salts, particularly in arid zones; yet
excessive drainage might involve unnecessary loss of nutrients as well as of
water. If a groundwater table is present at a shallow depth, it may contribute
to the supply of crop-water requirements by upward capillary flow, but it
might also infuse the root zone with salts. Considerable upward flow into the
root zone from underlying moist layers might also be possible even in
the absence of a water table, depending on soil-moisture characteristics and on
the irrigation regime. In fact, the opposite processes of downward drainage
and upward capillary flow can occur in a sequential or alternating pattern at
varying rates so that the net outflow or inflow of water for the root zone as
a whole can only be determined by integrating the fluxes taking place through
the bottom of that zone continuously over a period of time.

Numerous models have been developed in recent decades, with the aim of
achieving a quantitative formulation and prediction of the sequential and
simultaneous processes involved in the uptake of soil moisture by plants.
These models vary widely in aim, structure, and level of detail. Some are based
on empirical and others on mechanistic approaches to the complex of
soil–plant–water relations.

Early modelers of soil-moisture extraction by roots differed widely in their
quantitative assessment of the relative importance of the root-versus soil-
resistance terms at various stages of the extraction process. Conflicting
approaches assumed either the one term to predominate over the other or vice
versa. Recent theoretical and experimental studies have suggested that both
resistance terms can be important. Root resistance probably predominates in
situations of low soil-moisture tension (i.e., high soil hydraulic conductivity),
and the soil’s hydraulic resistance gains importance as the extraction process
continues and causes progressive depletion of soil moisture.

In principle, two alternative approaches can be taken to modeling the
uptake of soil water by roots. The first is to consider the convergent radial
flow of soil water toward and into a representative individual root, taken to
be a cylindrical sink uniform along its length (i.e., of constant and definable
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thickness and absorptive properties). The root system as a whole can then be
described as a set of such individual roots, assumed to be regularly spaced in
the soil at definable distances that may vary within the soil profile. This
approach, called the microscopic-scale or single-root model, usually involves
casting the flow equation in cylindrical coordinates and solving it for the dis-
tribution of potentials, water contents, and fluxes from the root outward. The
solution can be attempted either by analytical means, which usually require
rather restrictive assumptions, or by numerical means.

The alternative approach is to regard the root system in its entirety as a dif-
fuse sink that permeates each depth layer of soil uniformly, but at a density
that differs from layer to layer. This approach, termed the macroscopic-scale
or root system model, disregards the flow patterns toward individual roots
and thus avoids the geometric complication involved in analyzing the distri-
bution of fluxes and potential gradients on a microscale. The major short-
coming of the macroscopic approach is that it is based on the gross spatial
averaging of the matric and osmotic potentials and takes no account of the
increase in suction and in concentration of salts in the soil at the immediate
periphery of each absorbing root.

EFFECT OF ROOT GROWTH ON SOIL-WATER UPTAKE

One of the main shortcomings of the early models of water uptake by roots
was the omission of root growth as a process affecting the pattern of moisture
extraction and movement in the soil profile and possibly enhancing the ability
of plants to avoid stress due to moisture deficit. A plant with growing roots
can reach continuously into moist regions of the soil rather than depend
entirely on the dwindling reserves of moisture and the increasing hydraulic
resistance of a fixed root zone. The process of root growth, if rapid enough,
can reduce the effect of the localized drawdown of both matric and osmotic
potential around each root as well as expand the effective volume of soil
tapped by the root system as a whole.

In principle, and insofar as it relates to water uptake, we can consider overall
root growth as consisting of several sequential or concurrent processes, including
proliferation, extension, senescence, and death. As used in the present context,
the term proliferation applies to the localized increase of rooting density (i.e., by
branching) within each layer without any increase in the volume of the root zone
as a whole. Root extension is the additional process by which roots from any
layer invade an adjacent (generally an underlying) layer and increase its rooting
density. The process of senescence involves suberization and the gradual reduc-
tion of root permeability. With further aging, the older roots eventually become
totally inactive and, to all intents and purposes, can be considered dead.

The phenomenon of root extension is characteristic of a stand of young
plants, such as an annual crop in its early stages of growth. The rate of root-
system extension tends to diminish as plant stands mature. The vertical extent
of root-system penetration is often limited by such factors as the lack of aera-
tion and the mechanical impedance of the deeper layers in the soil profile.

The possible effects of root growth processes on plant-water relations were
studied by Hillel and Talpaz (1976), who considered the time course of plant-
water potential at the crown of the roots (where all the roots converge and the
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stem emerges from the soil with a single value of water potential). Without
root extension in depth, this simulation suggests that root proliferation alone
may add relatively little to the period of time the plant can maintain the poten-
tial transpiration rate without experiencing stress. On the other hand, root sys-
tems capable of extending themselves deeper into the soil profile can prolong
that time span significantly by tapping into a greater store of moisture. The
predicted soil-moisture profiles resulting from extraction by various root sys-
tems are shown in Fig. 19.11.

Subsequently, Huck and Hillel (1983) developed a more comprehensive
model of root growth and water uptake. In addition to soil hydraulics, their
model accounted for such plant physiological functions as photosynthesis, res-
piration, and transpiration. They pointed out that since a terrestrial plant lives
in two realms, the atmosphere and the soil, in each of which conditions vary
continuously and not necessarily in concert, we must consider that a plant
responds to its above-ground and below-ground environments conjunctively.
In order to thrive, each plant must develop both a root system extensive
enough to supply sufficient water and nutrients and a canopy elaborate
enough to synthesize the carbohydrates needed for growth and reproduction,
and it must do so in optimal fashion. Insufficient canopy growth will limit
photosynthesis and, hence, constrain root growth, just as insufficient root
growth will limit water supply and, eventually, canopy growth.
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The simultaneous processes of photosynthesis, transpiration, canopy and
root growth, as well as respiration are seen to be mutually dependent.
Therefore, the hydrologic, edaphic, agronomic, and climatic viewpoints need
to be reconciled to provide the linkage between root activity and canopy
growth. Because of the complex nature of the interactions and feedback mech-
anisms involved, it seems impossible to deal with soil–plant–water relations
except in the context of a comprehensive model. To be useful, however,
a model must be neither too complex and incomprehensible nor too simplistic
and arbitrary, and insofar as possible it should be based on the quantitative
formulation of the major processes in terms of their basic mechanisms.

We now briefly describe the principles underlying the model of Huck and
Hillel (1983). The first process to be considered is the flow of carbon through
the plant system (Fig. 19.12). Carbon enters the plant in the course of photo-
synthesis, which depends on the absorption of a fraction of solar radiation
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Fig. 19.12. The cycle of carbon in a living plant. (After Huck and Hillel, 1983.)
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known as the photosynthetically active radiation. The rate of the process also
depends on leaf area, although the relationship is not linear, since, as the
canopy becomes denser, some shading of lower leaves by higher ones takes
place (de Wit, 1965). The relationship between leaf area and biomass should
also be known. The rate of photosynthesis is further constrained by leaf-water
content, which, in turn, affects the stomatal control mechanism and, thus, the
rate of CO2 absorption by the leaves (Lommen et al., 1971).

Disposition of the products of photosynthesis, namely, the sugars and read-
ily hydrolyzable starches, together termed soluble carbohydrates, is itself
a complex process. Before any of this material can be incorporated into new
structural matter (growth), the respiratory requirements of both shoots and
roots must be satisfied (Penning de Vries, 1975). Maintenance respiration
depends on both the mass and temperature of the respective tissues. Beyond
maintenance, actual growth is accompanied by additional respiratory activity
(termed growth respiration) to generate the chemical energy needed for the
synthesis of new tissue.

The partitioning of the energy reserves available for growth between roots
and shoots is affected by the relative values of water potential in different parts
of the plant. As long as the plant is fully hydrated, the model assumes that sol-
uble carbohydrates are transformed preferentially into the structural carbohy-
drates of new branches and leaves (i.e., into shoot growth). With greater leaf
area, an increased capacity for photosynthesis and a greater water demand
normally result. As the water requirement of a growing plant increases, how-
ever, it is the shoots (specifically, the leaves) that first experience water stress,
because they are directly exposed to the atmosphere’s evaporative demand. On
the other hand, the roots, being nearer the source of the water, maintain
a more hydrated state. Because they are better able to maintain turgor, the
roots gradually become the preferred sink for the plant’s available (soluble)
carbohydrates. As the canopy begins to experience water stress, the fraction of
soluble carbohydrates allocated to shoot growth diminishes, while the fraction
allocated to root growth increases, thus enhancing the water-drawing power
of the plant and, hence, its chances for survival. The preferential allocation of
resources to roots or to shoots is thus seen to shift back and forth, depending
on transient conditions.

Differences among species in the pattern of carbohydrate partitioning
between roots and shoots evidently affect their adaptability to different con-
ditions. Plants adapted to arid environments tend to develop smaller canopies
and relatively deeper root systems, whereas plants conditioned to grow in
more humid environments tend to develop more extensive canopies and rela-
tively shallower root systems.

The second set of processes to be considered by the model is water move-
ment through the soil–plant complex (Fig. 19.13). The water-storage capacity
of plant tissue is small compared to the volume of water transpired so nearly
all the flow is directly related to transpiration, which, in turn, is strongly
linked to photosynthesis (because both flows involve the exchange and trans-
mission of gases through the same stomatal passages). At full canopy cover,
the rate of transpiration is a function of the rates of energy supply and
vapor removal, as long as the leaves are fully hydrated and their stomata are
open. This potential evaporation rate is affected by radiation, temperature,
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humidity, wind, and soil-heat flows (de Wit and Goudriaan, 1978). When leaf-
water deficits develop and the stomata close, thus increasing canopy resistance
to water outflow, transpiration is reduced.

The spatial pattern of water uptake from various regions of the soil depends
on root distribution as well as on the distribution of moisture within the soil
profile. Both are time variable. If the soil is uniformly wet, the water uptake
pattern is mainly influenced by root distribution and root resistance to water
flow (Belmans et al., 1979). When moisture has been removed from the soil
regions initially having the greatest concentration of roots, the “center of grav-
ity” of water uptake by roots must shift to wetter soil layers. Because of their
immature vascular system, new roots must depend on the availability of water
in the immediate vicinity, hence they grow faster in soil regions containing
greater moisture reserves. Root proliferation is therefore greatly reduced in
any given soil layer as soil moisture is reduced. Furthermore, fresh roots can-
not invade or extend into and through a new soil layer unless parent roots are
present in an adjacent layer. Thus, root growth will appear to “track” regions
of moist soil.

The Huck and Hillel model has been further elaborated and tested by
Hoogenboom et al. (1987). This model incorporates real-world climatic data
as well measurable plant and soil characteristics.
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Fig. 19.13. The cycle of water in soil–plant–atmosphere continuum. (After Huck and Hillel,
1983.)



20. WATER BALANCE
AND ENERGY BALANCE
IN THE FIELD

WATER AND ENERGY TRANSPORT IN THE SOIL

Any attempt to control the availability of soil moisture to plants must be
based on quantitative knowledge of the dynamic balance of water in the soil.
The field water balance, like a financial statement of income and expenditures,
is an account of all quantities of water added to, subtracted from, and stored
within a given volume of soil during a specified period of time. The various
soil-water flow processes that we have attempted to describe in earlier chap-
ters of this book as separate phenomena (e.g., infiltration, redistribution,
drainage, evaporation, uptake of water by plants) are in fact strongly interde-
pendent, because they occur sequentially or simultaneously.

The water balance is based on the law of conservation of mass, which
states that matter can be neither created nor destroyed but can only change
from one state or location to another. Since no significant amounts of water
are normally decomposed, or recomposed, in the soil, the water content of
a soil body of finite volume cannot increase appreciably without addition
from the outside (as by infiltration or capillary rise), nor can it diminish
unless transported to the atmosphere (by evapotranspiration) or to deeper
zones (by drainage).

The field water balance is intimately associated with the energy balance,
since it involves processes that require energy. The energy balance is an expres-
sion of the classical law of conservation of energy, which states that, in a given
system, energy can be absorbed from, or released to, the surroundings and that
along the way it can change form, but it cannot be created or destroyed.

385
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The content of water in the soil affects the way the energy flux reaching the
field is partitioned and utilized. Likewise, the energy flux affects the state and
movement of water. The water balance and energy balance are inextricably
linked, since they are involved in the same processes within the same environ-
ment. A physical description of the soil–plant–atmosphere system must be
based on an understanding of both balances together. In particular, the evap-
oration process, which is often the largest component of the water balance
(because most of the water added to the field is normally evaporated or tran-
spired from it) is also likely to be the principal consumer of energy in the field.
Thus, evapotranspiration depends, in a combined way, on the simultaneous
supply of water and energy (Baker and Norman, 2002).

WATER BALANCE OF THE ROOT ZONE

In its simplest form, the water balance merely states that any change that
occurs in the water content ΔW of a given body of soil during a specified
period must equal the difference between the amount of water added to that
body, Win, and the amount of water withdrawn from it, Wout, during the same
period:

ΔW = Win − Wout (20.1)

When gains exceed losses, the water content change is positive; and conversely,
when losses exceed gains, ΔW is negative. The soil volume of interest is thus
treated as a “bank account” or a storage reservoir.

To itemize the accretions and depletions from the soil storage reservoir, one
must consider the disposition of rain or irrigation reaching a unit area of soil
surface during a particular period of time. Rain or irrigation water applied to
the land may in some cases infiltrate the soil as fast as it arrives. In other cases,
some of the water may pond over the surface. Depending on the slope and
microrelief, a portion of this surface water may exit from the area as overland
flow (surface runoff), while the remainder will be stored temporarily as pud-
dles in surface depressions. Some of the latter evaporates, and the rest eventu-
ally infiltrates the soil after cessation of the rain. Of the water infiltrated, some
evaporates directly from the soil surface, some is taken up by plants for
growth or transpiration, some may drain downward beyond the root zone,
and the remainder accumulates within the root zone and adds to soil-moisture
content. Additional water may reach the defined soil volume either by runoff
from a higher area or by upward flow from a water table or from wet layers
present at some depth.

The pertinent volume or depth of soil for which the water balance is com-
puted is determined arbitrarily. Thus, in principle, a water balance can be com-
puted for a small sample of soil or for an entire watershed. From an
agricultural or plant ecological point of view, it is generally most appropriate
to consider the water balance of the root zone per unit area of field.

The root-zone water balance is usually expressed in integral form:

Change in storage = Gains − Losses

(ΔS + ΔV) = (P + I + U) − (R + D + E + Tr) (20.2)



WATER BALANCE OF THE ROOT ZONE 387

where ΔS is the change in root-zone soil-moisture storage, ΔV is the increment
of water incorporated in vegetative biomass, P is precipitation, I is irrigation,
U is upward capillary flow into the root zone, R is runoff, D is downward
drainage out of the root zone, E is direct evaporation from the soil surface,
and T is transpiration by plants. All quantities are expressed in terms of
volume of water per unit land area (equivalent depth units) during the period
considered.

The time rate of change of soil-moisture storage can be written as follows
(assuming the rate of change of plant-water content to be relatively unimportant):

dS/dt = (p + i + u) − (r + d + e + tr) (20.3)

Here each of the lowercase letters represents the instantaneous time rate of
change of the corresponding integral quantity in Eq. (20.2). The change in
root-zone soil-moisture storage can be obtained by integrating the change in
soil wetness over depth and time:

(20.4)

where θ is the volumetric soil wetness, measurable by sampling or by means
of a neutron meter or TDR (see Chapter 6). Note that t is time, whereas tr is
transpiration rate in our notation.

The largest composite term in the “losses” part of Eq. (20.2) is generally
the evapotranspiration E + T. It is convenient at this point to refer to the
concept of potential evapotranspiration (designated Etp), representing the cli-
matic “demand” for water. Potential evapotranspiration from a well-watered
field depends primarily on the energy supplied to the surface by solar radi-
ation, which is a climatic characteristic of each location (depending on
latitude, season, slope, aspect, cloudiness, etc.); it varies greatly from hour to
hour but varies little from year to year. The value of Etp depends secondarily
on atmospheric advection, which is related to the size and orientation of the
field and the nature of its upwind “fetch” or surrounding area. Potential
evapotranspiration also depends upon surface roughness and soil thermal
properties, which vary in time (van Bavel and Hillel, 1976). As a first approxi-
mation and working hypothesis, however, it is often assumed that Etp depends
entirely on the external climatic inputs and is independent of the properties
of the field itself.

Actual evapotranspiration Eta is generally a fraction of Etp, depending on
the degree and density of plant coverage of the surface as well as on soil mois-
ture and root distribution. Eta from a well-watered stand of a close-growing
crop will generally approach Etp during the active growing stage, but it may
fall below it during the early-growth stage, prior to full canopy coverage, and
again toward the end of the growing season as the matured plants begin to dry
out (Hillel and Guron, 1973; Hillel, 1987a, 1997). For the entire season, Eta
may total 60–80% of Etp, depending on water supply: The drier the soil mois-
ture regime, the lower the actual evapotranspiration.

Another important, indeed essential, item of the field water balance is the
internal drainage D out the bottom of the root zone. The function of drainage,
in principle, is to release excess water that might otherwise restrict aeration and
to leach excess salts. In the absence of adequate drainage (natural or — where
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necessary — artificial), waterlogging as well as salt accumulation in the root
zone are particular hazards of arid-zone farming.

The various processes included in the water balance of a hypothetical
rooting zone are shown in Fig. 20.1. In this depiction, only vertical flows
are considered within the soil (though lateral flows are shown to occur over
the surface and below the water table). In a larger sense, any soil unit
of interest constitutes a part of the overall hydrologic cycle, illustrated in
Fig. 20.2.
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EVALUATION OF THE WATER BALANCE

Simple and readily understandable though the field water balance may seem
in principle, it is still rather difficult to measure in practice. A single equation
can be solved only if it has no more than one unknown. Often the largest com-
ponent of the field water balance and the one most difficult to measure directly
is the evapotranspiration E + T, also designated Et. To obtain Et from the
water balance, we must have accurate measurements of all the other terms in
the equation. It is relatively easy to measure the amount of water added to the
field by rain and irrigation (P + I), though areal nonuniformities must be taken
into account. The amount of runoff R generally is (or at least should be) small
in agricultural fields, particularly in irrigated fields, so it is often considered
negligible in comparison with the major components of the water balance.

Over an extended period such as a year or a growing season, the change in
water content of the root zone is likely to be small in relation to the total water
balance. In this case, the sum of rain and irrigation is approximately equal to
the sum of evapotranspiration Et and deep percolation D. For shorter periods,
the change in soil-water storage ΔS can be relatively significant and must be
measured. This measurement can be made by sampling periodically or by use
of specialized instruments. Of the various instruments available, the neutron
meter and time-domain reflectometry (TDR) permit repeated, undisturbed, in
situ determinations of volumetric wetness.

During dry spells, without rain or irrigation, Win = 0, so the sum of D and
Et now equals the reduction in root-zone water storage ΔS:

−ΔS = D + Et (20.5)

Measurement of root-zone or subsoil water content by itself cannot tell us the
rate and direction of soil-water movement. Even if the water content at a given
depth below the root zone remains constant, we cannot conclude that the water
there is immobile, since it might be moving steadily through that depth.
Tensiometric measurements can help to establish the directions and magnitudes
of the hydraulic gradients through the profile. Knowing the gradients, we can
then assess the fluxes, provided of course that we also know the hydraulic con-
ductivity as a function of suction or wetness for the particular soil.

The most direct method for measuring the field water balance is by use of
lysimeters. These are generally large containers of soil, set in the field to rep-
resent the prevailing soil and climatic conditions and allowing more accurate
measurement of physical processes than can be carried out in the open field.
Some Iysimeters are equipped with a weighing device and a drainage system,
which together permit continuous measurement of both evapotranspiration
and percolation. Lysimeters may not provide a reliable measurement of the
field water balance, however, when the soil or above-ground conditions of the
Iysimeter differ markedly from those of the field itself.

RADIATION EXCHANGE IN THE FIELD

The term radiation refers to the emission of energy in the form of photons
or electromagnetic waves from all bodies above 0 K. Solar radiation received
on the earth’s surface is the major component of its energy balance. Green
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plants are able to convert a part of the received radiation into chemical
energy. They do this in the process of photosynthesis, on which all life on
earth ultimately depends. Therefore, it is appropriate to begin a discussion of
the energy balance with an account of the radiation balance. (An introduc-
tory description of the radiation and energy balances for a bare soil was given
in Chapter 12.)

Solar radiation reaches the outer surface of the atmosphere at a practically
constant flux (the solar constant) of nearly 1.4 joules per second per square
meter perpendicular to the incident radiation (i.e., 1.353 kW/m2, about
2 cal/min cm2). Nearly all of this radiation is of the wavelength range of 0.3–3
μm (3000–30,000 Å), and about half of this radiation consists of visible light
(i.e., 0.4–0.7 μm in wavelength). The solar radiation corresponds approxi-
mately to the emission spectrum of a blackbody at a temperature of 6000 K.
The earth, too, emits radiation, but since its surface temperature is about
300 K, this terrestrial radiation is of much lower intensity and longer wave-
length than solar radiation (i.e., in the wavelength range of 3–50 μm). Between
the two radiation spectra, the sun’s and the earth’s, there is little overlap, so it
is customary to refer to the first as short-wave radiation and to the second as
long-wave radiation.

In passage through the atmosphere, solar radiation changes both its flux
and spectral composition. About one-third of it, on the average, is reflected
back to space (this reflection can become as high as 80% when the sky is com-
pletely overcast with clouds). In addition, the atmosphere absorbs and scatters
a part of the radiation, so only about half of the original flux density of solar
radiation finally reaches the ground. (In arid regions, where the cloud cover is
sparse, the actual radiation received at the soil surface can exceed 70% of the
“external” radiation; whereas in humid regions this fraction may be less than
50%.) A part of the reflected and scattered radiation also reaches the ground
and is called sky radiation. The total of direct solar and sky radiations is
termed global radiation.

Albedo is the reflectivity coefficient of the surface to short-wave radiation.
It depends on the color, roughness, and inclination of the surface and is of the
order of 5–10% for water, 10–30% for a vegetated area, 15–40% for a bare
soil, and up to 90% for fresh snow.

In addition to these fluxes of incoming and reflected shortwave radiation,
there occurs an exchange of long-wave (heat) radiation. The earth’s surface,
which converts incoming short-wave radiation to sensible heat, emits long-
wave (infrared) radiation. At the same time the atmosphere also absorbs and
emits long-wave radiation, part of which reaches the surface. The difference
between these outgoing and incoming fluxes is called the net long-wave radi-
ation flux. During the day, the net long-wave radiation may be a small frac-
tion of the total radiation balance, but during the night, in the absence of
direct solar radiation, the heat exchange between the land surface and the
atmosphere dominates the radiation balance.

The overall difference between total incoming and total outgoing radiation
(including both the short-wave and long-wave components) is termed net radi-
ation, and it expresses the rate of radiant energy absorption by the field:

(20.6)J J J J Jn s s l l= ↓ − ↑ + ↓ − ↑( ) ( )
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where Jn is the net radiation, Js↓ is the incoming flux of short-wave radiation
from sun and sky, Js↑ is the short-wave radiation reflected by the surface, Jl↓ the
flux of long-wave radiation incoming from the sky, and Jl↑ is the long-wave radi-
ation reflected and emitted by the surface. At night, the short-wave fluxes are
negligible, and since the long-wave radiation emitted by the surface generally
exceeds that received from the sky, the nighttime net radiation flux is negative.

The flux of reflected short-wave radiation is equal to the product of the
incoming short-wave flux and the reflectivity coefficient (the albedo α):

Therefore,

(20.7)

where Jl is the net flux of long-wave radiation, which is given a negative sign.
(Since the surface of the earth is usually warmer than the atmosphere, there is
generally a net loss of thermal radiation from the surface.) As a rough aver-
age, Jn is typically of the order of 55–70% of Js↓ (Tanner and Lemon, 1962).

J J Jn s l= ↓ − −( )1 α

J aJs s↑ = ↓

BOX 20.1 The Atmospheric Greenhouse Effect

The earth’s surface tends naturally to maintain an energy balance such that the
total amount of radiant energy received is equal to the total amount released.
Since the flux of emitted infrared radiation depends on the surface temperature,

that temperature adjusts itself over time so that the balance is maintained. The radiation
balance is a self-adjusting system: If more energy comes in than goes out, the surface
becomes warmer so that more energy is then emitted, and vice versa.

Recall that the rate of energy emission is proportional to the fourth power of the tem-
perature. If the surface temperature rises from, say, 10°C (283 K) to 30°C (303 K), it will
increase its rate of heat release by (303/283)4, or 31%.

If the earth were without a gaseous atmosphere, calculations show, its mean surface
temperature at equilibrium would be some 33°C lower than it actually is. The presence
of the atmosphere causes the surface to be warm enough to promote the profusion of
life as we know it. That effect of the atmosphere is called the natural greenhouse effect.
The name is based on the perception that the effect of the atmosphere is analogous to
the effect of a glass-covered greenhouse.

The interior of a greenhouse is typically warmer than the external environment, pri-
marily because of the optical properties of its glass walls. Clear glass is nearly transpar-
ent to light, hence it admits the incoming solar radiation practically without hindrance.
Inside the greenhouse, that energy is converted to heat. However, the same glass that
admits more than 90% of the incoming visible light, absorbs some 90% of infrared radi-
ation at wavelengths greater than 2000 nm. So the release of heat by infrared radiation
from the interior of the greenhouse is partially blocked by the glass. As the interior gets
hotter, its flux of emitted radiation intensifies and its wavelength shortens, until the frac-
tion transmitted by the glass compensates for the incoming radiation. A new energy
balance is then established, at a higher interior temperature.

The atmosphere is not exactly like the walls of a glasshouse. It is fluid and turbulent
rather than rigid, so it mixes and exchanges heat and vapor with the environment in
a way that glass cannot. But the greenhouse analogy is apt in one important respect: The
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atmosphere is preferentially permeable to short-wave radiation. Except for suspended
dust particles, which absorb solar radiation, and clouds, which reflect it, the clear atmos-
phere is largely transparent to incoming light. Not so to outgoing heat. Although the
major gases (nitrogen and oxygen, plus argon) that make up well over 99% of the
atmosphere transmit infrared radiation readily, some of the gases present in the atmos-
phere in small concentrations tend to absorb infrared radiation. These radiatively active
gases are known as the greenhouse gases.

The most important natural greenhouse gas, being relatively abundant and ubiqui-
tous (though in variable concentrations) is water vapor. The second most important is
carbon dioxide, which is continually cycled throughout the biosphere via such processes
as photosynthesis, respiration, and decomposition of organic matter. The natural green-
house effect, as far as it goes, is largely beneficent: It helps to create conditions that pro-
mote life on earth.

Ever since the beginning of the Industrial Revolution, little over two centuries ago,
human activity has resulted in a significant infusion of carbon dioxide to the atmos-
phere, mainly by the burning of fossil fuels (coal and petroleum). Additional releases of
carbon dioxide have resulted from the clearing of forests (first the temperate-zone
forests and — increasingly — the tropical forests) as well as from the cultivation of vir-
gin lands (which hastens the decomposition of soil organic matter). All these anthro-
pogenic processes have already raised the concentration of CO2 from its original level of
about 270 parts per million by volume to some 370 ppmv.

Other greenhouse gases whose concentrations are also increasing due to human
activity are: chlorofluorocarbons (CFCs), which are synthetic gases used as refrigerants,
foaming agents, and propellants for spray cans; methane (CH4), which is emitted from
marshes, rice paddies, and the fermentative digestion of cattle; and nitrous oxide (N2O),
which results from the burning of fossil fuels and biomass and from fertilizer use.

Altogether, the human-enhanced greenhouse effect poses the danger of elevating
the average temperature of the earth’s surface excessively — perhaps by as much as 4°C
by the second half of the 21st century — Although CO2 enrichment per se may spur
photosynthesis and improve water-use efficiency, many scientists are apprehensive that
the enhanced greenhouse effect will eventually do more harm than good. The result
might be not only a warmer earth and more extreme climate, but also a greater evap-
orative demand and, in some regions, a drier soil.

Reviews and analyses of the potential changes due to the enhanced greenhouse
effect have been published by (among many others) Leggett (1990), Gates (1993), and
Rosenzweig and Hillel (1998).

TOTAL ENERGY BALANCE

Having balanced the gains and losses of radiation at the surface to obtain
the net radiation, we next consider the transformations of this energy.

Part of the net radiation received by the field is transformed into heat,
which warms the soil, plants, and the atmosphere. Another part is taken up by
the plants in their metabolic processes (e.g., photosynthesis). Finally, a major
part is generally absorbed as latent heat in the twin processes of evaporation
and transpiration. Thus,

Jn = LE + A + S + M (20.8)
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where LE is the rate of energy utilized in evapotranspiration (a product of the
rate of water evaporation E and the latent heat of vaporization L), A is the
energy flux that goes into heating the air (called sensible heat), S is the rate at
which heat is stored in the soil, water, and vegetation, and M represents mis-
cellaneous other energy terms, such as photosynthesis and respiration. The
energy balance is illustrated in Fig. 20.3.

Where the vegetation is short (e.g., grass or field crops), the storage of heat
in the vegetative biomass is negligible compared with storage in the soil. (The
situation might be different, of course, in the case of a dense forest with mas-
sive trees.) The heat stored in the soil under sparse vegetation may be a fairly
large portion of the net radiation at any particular time during the day, but the
net storage over a 24-hr period is usually small, for the nighttime losses of soil
heat tend to negate the daytime gains. For this reason, mean soil temperature
generally does not change appreciably from day to day. The daily soil-storage
term has been variously reported to be of the order of 5–15% of Jn (Evett,
2002), depending on season. In spring and summer this term is positive, but it
becomes negative in autumn. Measurements of carbon dioxide exchange over
active crops in the natural environment, however, have revealed that photo-
synthesis may in some cases account for as much as 5% of the daily net radi-
ation where there is a large mass of active vegetation, particularly under
low-light conditions. In general, though, the term M in Eq. (20.8) is much less
than that.

Increasing the fraction of sunlight that can be utilized productively by
plants is a major challenge to crop breeders and agronomists. One constraint
is the concentration of carbon dioxide in the atmosphere, which is only about
370 parts per million. Growing plants in an atmosphere artificially enriched
with CO2 can improve the utilization of sunlight, but such enrichment is gen-
erally practical only in enclosed greenhouses.

Overall, the amounts of energy stored in soil and vegetation and fixed
photochemically account for a rather small portion of the total daily net radi-
ation, with the greater portion going into latent and sensible heat. The
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Fig. 20.3. Schematic representation of (a) the radiation balance, (b) the daytime energy balance, and
(c) the nighttime energy balance. [Net radiation = (solar radiation + sky radiation) − (reflected radiation +
back radiation).] Note that the daytime net radiation during the growing season is much greater than at
night. (After Tanner, 1968.)
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proportionate allocation between these terms depends on the availability of
water for evaporation, but in most agriculturally productive fields the latent
heat predominates over the sensible-heat term.

Sample Problem

The total incoming global radiation Js (sun and sky) received by a particular field on
a given day is 2.1 × 107 J/m2 (500 cal/cm2, or langleys). The albedo α is 15%. The net
outgoing long-wave radiation balance Jl amounts to 4.19 × 105 J/m2 (10 cal/cm2). The
sensible heat transfer to the air A is 5.03 × 105 J/m2 (12 cal/cm2), the net heat flow into
the soil S is 2.514 × 105 J/m2 (6 cal/cm2), and the metabolic uptake of energy M is
3.35 × 105 J/m2 (8 cal/cm2).

Calculate the net radiation, the amount of energy available for latent-heat transfer
(evapotranspiration), and the day’s evapotranspiration in millimeters of water. On the
following day, the sensible-heat transfer is reversed and evapotranspiration totals 7.5
mm. If everything else remains the same, calculate the amount of advected energy
taken up by the field.

To calculate the net radiation Jn, we write the radiation balance, Eq. (20.7):

Jn = Js↓ (1 − α) − Jl = 2.1 × 107(1 − 0.15) − 4.19 × 105 = 1.74 × 107 J/m2

= 500(1 − 0.15) − 10 = 415 cal/cm2

The latent-heat term LE can be calculated from the overall energy balance, Eq. (20.8),
when all other terms are known:

Jn = LE + A + S + M or LE = Jn − A − S − M

Using the given values, we have

LE = (174 − 5.04 − 2.51 − 3.35) × 105 = 1.63 × 107 J/m2

= 415 − 12 − 6 − 8 = 389 cal/cm2

Since roughly 2.43 × 106 J are required at the prevailing temperatures to vaporize
1 L (= 1 mm over 1 m2), the amount of evaporation is

LE/L = (16.3/2.43) × 106 = 6.7 mm

Alternatively, since 580 cal are required to vaporize 1 g ≈ 1 cm3 of water, the amount of
evaporation is

LE/L = 389 cal/cm2/580 cal/cm3 = 0.67 cm = 6.7 mm

On the following day, with a positive influx of sensible heat by advection, evapotran-
spiration amounts to 7.5 mm, and hence the latent-heat term is

LE = (7.5 × 10− 3 m)(2.43 × 109 J/m3) = 1.82 × 107 J/m2

= 0.75 cm × 580 cal/cm3 = 435 cal/cm2

The energy balance is therefore

income = disposal: Jn + A = LE + S + M

and the advected energy is

A = LE + S + M − Jn = (182 + 2.51 + 3.35 − 174) × 106 J/m2

= 1.4 × 106 J/m2 = 435 + 6 + 8 − 415 = 34 cal/cm2
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TRANSPORT OF HEAT AND VAPOR TO THE ATMOSPHERE

The transport of sensible heat and latent heat (carried by vapor) from the
soil–plant complex to the atmosphere occurs through several layers. The first
is the laminar boundary layer, a relatively quiescent (though not stagnant)
body of air in immediate contact with the surface of the evaporating body.
Through this layer, which may be only about 1 mm thick, transport occurs by
diffusion. Beyond this layer, turbulent transport becomes predominant in the
turbulent boundary layer.

The sensible heat flux A is proportional to the product of the temperature
gradient dT/dz and the turbulent transfer coefficient for heat ka:

A = −cpρaka (dT/dz) (20.9)

where cp is the specific heat capacity of air at constant pressure, ρa is the den-
sity of air, T is temperature, and z is height above the surface.

The rate of latent-heat transfer by water vapor from the field to atmos-
phere, LE, is similarly proportional to the product of the vapor-pressure gra-
dient and the appropriate turbulent-transfer coefficient for vapor.

If we assume that the transfer coefficients for heat and water vapor
are equal, then the ratio between the transports of sensible heat and latent
heat is

β = A/LE ≈ ξc (ΔT/Δe) (20.10)

Here ΔT/Δe is the ratio of temperature gradient to vapor-pressure gradient in the
atmosphere above a field and ξc is the psychrometric constant (66 Pa/°C ≈ 0.66
mbar/°C).

The ratio β, called the Bowen ratio, depends mainly on the interactive
temperature and moisture regimes of the field. When the field is wet, the
relative humidity gradients between its surface and the atmosphere tend to
be large; much of the energy received is taken up as latent heat in the
process of evaporation, so the temperature gradients tend to be small. Thus,
β is rather small when the evaporation rate is high. When the field is dry,
on the other hand, the relative humidity gradients toward the atmosphere
are generally small and much of the received energy goes to warming the
surface, so the temperature gradients tend to be steep and the Bowen ratio
becomes large. In a recently irrigated field, β may be smaller than 0.2, while
in a dry field in which the plants are under a water stress (with stomatal
resistance coming into play), the surface may warm up and a much greater
share of the incoming energy will be transferred to the atmosphere directly
as sensible heat. Under extremely arid conditions, in fact, LE may tend to
zero and β to infinity. With advection, sensible heat may be transferred from
the air to the field rather than vice versa, and the Bowen ratio can become
negative.

Transfer through the turbulent atmospheric boundary layer takes place pri-
marily by means of eddies, which are irregular, swirling microcurrents of air,
whipped up by the wind. Eddies of varying size, duration, and velocity fluctu-
ate up and down at varying frequency, carrying both heat and vapor. It is rea-
sonable to assume that momentum and carbon dioxide, as well as vapor and
heat, are carried by the same eddies. While the instantaneous gradients and
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vertical fluxes of heat and vapor will generally fluctuate, when a sufficiently
long averaging period is allowed (say, 15–60 min), the fluxes exhibit a stable
statistical relationship over a uniform field.

This is not the case at a low level over an inhomogeneous surface of spotty
vegetation and partially exposed soil. Under such conditions, cool, moist packets
of air may rise from the vegetated spots and warm, dry air may rise from the
dry soil surface, with the latter rising more rapidly owing to buoyancy. An
index of the relative importance of buoyancy (thermal) versus frictional forces
in producing turbulence is the Richardson number, Ri = g(dT/dz)/[T(du/dz)2],
where dT/dz is the temperature gradient and g is the acceleration of gravity.
The air profile tends to be stable when Ri is positive and unstable (buoyant)
when Ri is negative (W. D. Sellers, 1965).

Using the Bowen ratio, we can write the latent-heat and sensible-heat fluxes
as follows (recalling that Jn = S + A + LE and that β = A/LE):

LE = (Jn − S)/(1 + β) (20.11)

A = β(Jn − S)/(1 + β) (20.12)

Thus, LE can be obtained indirectly from micrometeorological measurements
in the field (i.e., Jn, S, and β) without necessitating measurements of soil-water
fluxes or plant activity. The usefulness of the Bowen ratio in evapotranspir-
ation studies was analyzed by Angus and Watts (1984).

The diurnal variation of the energy balance is illustrated in Fig. 20.4. Both
the diurnal and the annual patterns of the energy balance components differ
for different conditions of soil, vegetation, and climate (Sharma, 1984; Baker
and Norman, 2002).
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ADVECTION

The equations given for the energy balance apply to extensive uniform areas
in which all fluxes of energy and vapor are vertical or nearly so. However, any
small field differing markedly from the neighboring areas is subject to lateral
effects and may exchange energy and matter in one form or another with its
surroundings. Specifically, winds sweeping over a small field may transport
heat and vapor into or out of it. This phenomenon, called advection, can be espe-
cially important in arid regions, where small irrigated fields are often surrounded
by an expanse of dry land. Under such conditions, the warm and dry incoming
air can introduce energy in the form of sensible heat (in addition to the energy of
net radiation), which is transformed into latent heat of vaporization as it is
absorbed by the crop (Graham and King, 1961; Rosenberg, 1974).

The extraction of sensible heat from a warm mass of air flowing over the
top of a field, and the conversion of this heat to latent heat of evaporation, is
called the oasis effect. The passage of warm air through the vegetative cover
has been called the clothesline effect. A common sight in arid regions is the
poor growth of the plants near the windward edge of a field, where penetra-
tion of warm, dry wind contributes energy for evapotranspiration. Where
advective heat inflow is large, evapotranspiration from rough and “open”
vegetation (e.g., widely spaced row crops or trees) can greatly exceed that
from smooth and close vegetation (e.g., mowed grass).

The effects of advection are likely to be small in very large and uniform
fields but very considerable in small plots that differ significantly from their
surroundings. With advection, latent heat “consumption” can be larger than
net radiation. Hence, values of evapotranspiration and of irrigation require-
ments obtained from small experimental plots are not typically representative
of large fields, unless these plots are “guarded” in the upwind direction by
an expanse, or fetch, of vegetation of similar roughness characteristics and
subject to a similar water regime. It should be obvious from the preceding that
a small patch of vegetation, particularly if it consists of a spaced stand of
shrubs or trees, can at times evaporate water in excess of the evaporation from
a free-water surface such as a lake, a pond, or a pan.

Advection is not confined to small fields. It can also occur on a “macro-
meteorological” scale. A case in point is the periodic invasion of semihumid
regions along the Mediterranean littoral by searing desert winds, variously
called sirocco (from the Arabic word sharkiyeh, meaning “easterly”) or kham-
sin (meaning “fifty,” because it occurs most commonly during the transition
seasons of spring and autumn, each said to last 50 days).

POTENTIAL EVAPOTRANSPIRATION: THE PENMAN EQUATION

The concept of potential evapotranspiration is an attempt to characterize
the micrometeorological environment of a field in terms of an evaporative
power, or demand, that is, in terms of the maximal evaporation rate the
atmosphere is capable of exacting from a field of given surface properties. The
concept probably derives from the common observation that when a porous
body initially permeated with water is exposed and allowed to dry gradually
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in the open air, progressively longer increments of time are generally required
to remove equal increments of water. The evaporation rate obviously depends
both on the environment and on the state of wetness of the object itself.
Intuitively, therefore, one might suppose that there ought to be a definable
evaporation rate for the special case in which the object is maintained perpetu-
ally in as wet a state as possible and that this evaporation rate should depend
solely on the meteorological environment.

Penman (1956) defined potential evapotranspiration as “the amount of
water transpired in unit time by a short green crop, completely shading the
ground, of uniform height and never short of water.” As such, it is a useful
standard of reference for the comparison of different regions and of different
measured evapotranspiration values within a given region.

To provide the highest possible yields, many agricultural crops must receive
sufficient rain or irrigation to prevent water from becoming a limiting factor.
Knowledge of the potential evapotranspiration can therefore serve as a basis
for planning the irrigation regime. In general, the actual evapotranspiration
Etp from various crops will not equal the potential value Etp, but in the case of
a close-growing crop the maintenance of optimal soil-moisture conditions for
maximal yields will generally result in Eta being nearly equal to (or a nearly
constant fraction of) Etp, at least during the active growth phase of the crop.

Various empirical approaches have been proposed for the estimation of
potential evapotranspiration (e.g., Thornthwaite, 1948; Blaney and Criddle,
1950). The method proposed by Penman (1948) is physically based and hence
inherently more meaningful. His equation, based on a combination of the
energy balance and aerodynamic transport considerations, is a major contri-
bution in the field of agricultural and environmental physics.

The Dalton equation for evaporation from a saturated surface is

LE = (es − e)f(u) (20.13)

where u is the wind speed above the surface, es is the saturation vapor pres-
sure (or the absolute humidity) at the temperature of the surface, and e is the
vapor pressure of the air above the surface at an elevation sufficient so that e is
unaffected by es. For the present, we shall disregard the fact that the shape of
the function f(u) should depend on the roughness of surface and on the stabil-
ity (buoyancy) of the air over the surface.

The rate C at which a surface loses (or gains) heat by convection can be
written in a similar way:

C = (T0 − Tz)ξ f(u) (20.14)

where T0 and Tz are temperatures at the surface and at height z, respectively,
and ξ is called the psychrometric constant because it appears in the equation
relating vapor pressure to the readings of wet bulb and dry bulb thermometers.

If ea is the saturated vapor pressure of the air, then

LEa = (ea − e)f(u) (20.15)

And

Ea/E = 1 − (es − ea)/(es − e) (20.16)

is obtained by dividing Eq. (20.15) by Eq. (20.13) and rearranging the terms.
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Penman assumed that S = 0 (i.e., the soil heat flux is negligible), so that he
could write Eq. (20.11) as

Jn/LE = 1 + β (20.17)

Since the Bowen ratio can be written

β = ξ(Ts − Ta)/(es − e) (20.18)

then

(20.19)

In Eq. (20.18) we can write

(es − ea)/(Ts − Ta) = (Δe/ΔT)T = Ta = Δ

where Δ is the slope of the curve of saturated vapor pressure vs. temperature.
Now we can rewrite Eq. (20.18):

(20.20)

Since (es − ea)/(es − e) = 1 − Ea/E from Eq. (20.16), algebraic rearrangement
gives

(20.21)

Equation (20.20) is the Penman equation, where

LEa = 0.35(ea − e)(0.5 + u2/100) (mm/day)

ea = saturated vapor pressure at mean air temperature (mm Hg), e = mean
vapor pressure in air, and u2 = mean wind speed in miles per day at 2 m
above the ground. This equation permits calculation of the potential evapo-
transpiration rate from measurements of the net radiation and of the tem-
perature, vapor pressure, and wind velocity taken at one level above the
field.

The Penman formulation, based on the simultaneous solution of the heat
and mass balance equations, avoided the necessity of determining the value of
the surface temperature Ts. (That determination was difficult to make rou-
tinely and was subject to substantial errors before precise radiation therm-
ometers became available.) Penman’s original formulation also disregarded the
possible fluctuations in the direction and magnitude of the soil-heat flux term.
Moreover, it makes no provision for surface roughness, air instability (buoy-
ancy) effects, and advection.

To correct for the differences between potential evapotranspiration from
rough surfaces and potential evaporation from smooth water E0, Penman used
the following empirical factors determined in southern England:

E0(bare soil)/E0(water) = 0.9
E0(turf)/E0(water) = 0.6 in winter, ranging to 0.8 in summer
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It bears emphasis that representing potential evapotranspiration purely as
an externally imposed “forcing function” is a gross approximation. In fact, the
field participates, as it were, in determining its evapotranspiration rate even
when it is well endowed with water, through the effect of its varying albedo,
thermal capacity and conductivity, aerodynamic roughness, etc. The oft-stated
principle that all well-watered fields in a given location, regardless of specific
characteristics, are subject to the same potential evapotranspiration is only
approximately correct (van Bavel and Hillel, 1976).

The Penman formulation was modified by van Bavel (1966) to allow for
short-term variations in soil-heat flux and for differences among various sur-
faces. His method for predicting potential evapotranspiration requires the
additional measurements of net radiation and soil-heat flux. A roughness
height parameter is used to characterize the aerodynamic properties of the sur-
face, that is, to take account of the fact that, all other things being equal,
potential evapotranspiration from a corn field should exceed that from a lawn,
which, in turn, should normally be greater than that from a smooth bare soil.

The latent heat flux at potential evapotranspiration LE0 is given by

(20.22)

where Δ is the slope of the curve of saturation vapor pressure versus tempera-
ture at mean air temperature, ξ is the psychrometric constant, Jn is net radi-
ation, S is soil-heat flux, da is the vapor-pressure deficit at elevation Za
(namely, es − ea), and kv is the transfer coefficient for water vapor (a function
of wind speed and surface roughness). For the dependence of kv on mean wind
speed u2, Penman (1948) suggested empirically kv = 20(1 + u2/100) = 20
+ u2/5, where es and ea are given in millimeters of mercury.

Further improvements of physically based predictions of evapotranspir-
ation can result from the inclusion of air-stability or buoyancy effects, inas-
much as vapor transfer is enhanced whenever the thermal structure of the air
becomes unstable (Szeicz et al., 1973). The advent of remote-sensing infrared
thermometry has made possible continuous monitoring of surface tempera-
ture and hence also allows a better estimation of the vapor pressure at the
surface.

The ratio Δ/ξ and the saturation vapor pressure es at various temperatures
are available in standard tables in many texts on physical meteorology and on
environmental physics. A summary is given in Table 20.1.
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TABLE 20.1 The ratio Δ/ξ and the saturation vapor pressure es at
various temperatures

T (°C) 10 15 20 25 30 35

Δ/ξ 1.23 1.64 2.14 2.78 3.57 4.53
es (mm Hg) 9.20 12.707 17.53 23.75 31.82 42.18
es (mbar) 12.27 17.04 23.37 31.67 42.43 56.24
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CANOPY RESISTANCE: THE PENMAN–MONTEITH EQUATION

Monteith (1980) provided a review and extension of the Penman equation.
An essential condition for the validity of the Penman analysis is that the latent-
heat and sensible-heat exchange must both take place from a surface at the
same temperature. When the air in contact with the evaporating surface is
vapor saturated, we can expect the evaporation rate to be maximal (i.e., to

Sample Problem

On a given day in early spring the daily net radiation Jn is 350 cal/cm2, the mean air tem-
perature Ta at standard height (2 m) is 15°C, the mean vapor pressure ea at that height is
8 mm Hg, and the mean wind speed u2 is 15 miles/day. On another day in late spring the
net radiation is 420 cal/cm2, mean air temperature is 20°C, mean vapor pressure is 9 mm
Hg, and mean wind speed is 20 miles/day. Finally, on a day in summer Jn is 500 cal/cm2,
Ta is 25°C, ea is 10 mm Hg, and u2 is 25 miles/day. Estimate the potential evapo-
transpiration using Eq. (20.22). Assume the net soil-heat flux S to be zero in all cases.
Note: Use the units in which Eq. (20.22) was originally cast.

Potential evapotranspiration LE0 is given by

where da is the mean vapor pressure deficit (es − ea) at standard height. Recall that Δ/ξ
and es at several temperatures are tabulated in Table 20.1, and assume that kv = 20
+ u2/5 (Penman, 1948). Accordingly,

For the early spring day:

LE0 = [1.64 × (350 − 0) + (20 + 15/5)(12.78 − 8)]/(1.64 + 1) = 259 cal/cm2 day

For the late spring day:

For the summer day:

Remembering that approximately 580 cal are required to vaporize 1 g of water, and
assuming a water density of 1 g/cm3, we can use 58 cal/cm2 day as the latent-heat flux
equivalent to the evaporation of 1 mm of water per day. Hence the values of potential
evapotranspiration are estimated to be:

259/58 = 4.5 mm for the early spring day
351/58 = 6.1 mm for the late spring day
459/58 = 7.9 mm for the summer day

LE0

2

2.78 (500 0) (20 25/5)(23.75 10)

2.78 1
459 cal/cm day

=
× − + + −

+
=
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occur at the full potential rate). However, the Penman approach can be valid
even if the air in contact with the surface is not saturated, provided it has a
constant relative humidity, which can be related to the free energy of the evap-
orating water.

Monteith (1973, 1980) introduced the transfer-resistance concept to
account for heat and vapor transfers from less-than-saturated surfaces. The
resistance to vapor transfer rv is defined by the relation

LE = ρc(e0 − ea)/ξrv (20.23)

where e0 is the vapor pressure of air in contact with the surface, ea is the
vapor pressure of air at an arbitrary height (usually within 2 m of the sur-
face to ensure that it is related to the state of the surface and to the turbu-
lent transfer of vapor from the surface), and ρc is the volumetric specific
heat of air. The corresponding resistance for heat transfer rH is therefore
given by

C = ρc(T0 − Ta)/rH (20.24)

Equations (20.13) and (20.14) can now be regarded as special cases of Eqns.
(20.23) and (20.24), with rv = rH = ρc/ξf(u). Eliminating surface temperature,
Monteith (1980) then gives the evaporation rate in a form similar to the ori-
ginal Penman equation:

(20.25)

The relative humidity h at the evaporating surface is related to the water
potential ψ of that surface by h = exp(−ψ/RT). Equation (20.25) then becomes:

(20.26)

Equation (20.25) is known as the Penman–Monteith equation. It has been
used to specify the physiological control of evaporation from a crop (affected
by the stomatal control mechanism) in terms of a canopy resistance rc. It has
also been used to predict the maximum rate of evapotranspiration from a crop
as a function of a minimum value of that resistance, with rv assumed to be the
sum of the resistance to momentum transfer rm and the canopy resistance rc in
series.

SPATIAL VARIATION OF PROPERTIES AND PROCESSES

Pedologists have long recognized that soils exhibit great differences from
one location to another, and they have attributed these differences to the var-
ied combinations of factors governing soil formation. They have tended to
classify soils and draw maps with distinct boundaries between differing soils.
Within each classification, however, the prevalent assumption was that the soil
is more or less uniform. Any section of land, it would therefore seem, could
be characterized precisely by a limited number of sampling points. Another
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convenient presumption was that the major physical processes in the soil take
place in a single dimension, that is, vertically up or down.

This idealized picture of areally homogeneous landscape units in which
soil properties and processes are exactly determinable is, alas, unrealistic.
Spatial as well as temporal variability, to whatever degree, is an inevitable
attribute of every section of the landscape (be it a catchment, an agricultural
field, or a desert biome). Nielsen et al. (1973) were among the first to point
out the importance of spatial variability and to seek ways to characterize it
quantitatively.

The causes of variability can be both natural and anthropogenic. Natural
variability results from the inherently heterogeneous nature of the original
geological formation as well as of the relief, thermal and water regimes, and
biotic factors that had prevailed during the long course of soil development.
Anthropogenic variability, superposed on natural variability, results over time
from the uneven treatment or management of the area by such practices as
land-shaping, compaction, tillage, irrigation, drainage, cropping, and applica-
tions of chemicals.

Different types of soil properties are recognized. Point properties are those
that can be measured at each point within the soil. Examples are temperature,
pressure (liquid, gaseous, or intergranular), and chemical composition.
Volume properties, on the other hand, have meaning only with reference to a
specified (or an implied) volume. They include such properties as bulk density
and porosity. When volume properties are measured, the results may depend
on the size of the volume measured. Large volumes encompass and may
obscure microscale irregularities.

A distinction should also be made between static and dynamic soil prop-
erties. Static properties are attributes of the soil that remain regardless of
process. Examples are particle size and pore size distribution, wetness, and
organic matter content. Dynamic properties only come into play in the
response of the soil to applied forces that induce processes. Examples are
infiltrability (the rate at which the soil absorbs water applied to its surface at
atmospheric pressure) and compactibility (the tendency of a soil body to com-
press when subject to mechanical stresses). Dynamic properties may be
related functionally to static properties (as, for instance, hydraulic conductiv-
ity is dependent on pore size distribution), but the relation is likely to be
nonlinear (e.g., the conductance of each class of pores is related to the radius
squared).

Static properties typically (though not invariably) exhibit bell-shaped (“nor-
mal”) distribution curves. Such curves are obtained when the results of meas-
urements made at numerous locations in a study area (in which the values of
a property are randomly distributed) are plotted against the number of meas-
urements yielding similar values. For this type of distribution, the mean value
(average of all values) is nearly the same as the median (the middle value in the
array) and the mode (the most frequently occurring value). The height versus
width of the distribution curve characterizes the degree of variability. The
commonly used coefficient of variation is the standard deviation expressed as
a percentage of the arithmetic mean. When this index is applied to soil phys-
ical properties, it is usually found to be smaller for static than for dynamic
properties (Mulla and Mc Bratney, 2000).
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In addition to greater variation, dynamic properties tend to exhibit skewed
rather than symmetrical frequency distributions. (In a skewed distribution, the
mean, median, and mode generally differ.) That is often because small devi-
ations from the mean values of static properties may generate large deviations
from the mean values of related dynamic properties (Horowitz and Hillel,
1983). To give an example: The presence of macropores may increase poros-
ity by no more than 10%, whereas the infiltrability may be increased by 100%
or more. A way of handling skewed distributions is to try to “normalize” them
by means of various mathematical devices. A common approach is to plot the
logarithms of the measured values, to test whether a more-or-less linear log-
normal curve is thereby obtained.

A further distinction is to be made between the spatial variability of soil
properties and that of soil processes. Certain processes depend on certain
properties (e.g., the infiltration rate depends on the hydraulic conductivity).
However, processes may be additionally affected by the nonuniformity of
the forcing inputs and outputs involved. Thus, runoff depends not only on the
profile’s hydraulic conductivity but also on the time-variable and space-
variable intensity of rainfall or on the depth-variable application of irrigation.

In some cases, the relative uniformity of inputs and outputs may mask the
nonuniformity of soil properties (e.g., when low-intensity rains are absorbed
entirely by a soil of space-variable conductivity, or when atmospheric evap-
orativity extracts water uniformly from a variably wetted soil), so the
processes tend to be less variable than the properties. In other cases, variable
inputs combine with the soil’s variable properties to magnify the resultant vari-
ability of the processes. Consider, for instance, the hypothetical case of a local-
ized rainstorm of high intensity impacting a section of a heterogenous
catchment. If the rain strikes the part of the catchment that is sandy, the water
is likely to percolate straight down to the water table beneath, with minimum
runoff and maximum leaching. If, however, the rainstorm takes place over a
clayey section of the catchment, the likely results would be maximal runoff
and minimal percolation.

In the field, soil properties may vary randomly or systematically. If variation
in a section of land is random, there is equal probability that a given value of
a property will be found regardless of where the measurement is made. If, on
the other hand, the variation is systematic (i.e., if the study area has a distinct
structure or spatial pattern), the likelihood of obtaining similar results from
several measurements becomes smaller as the sites of measurement are farther
apart. Statistical procedures for testing the spatial structure of a study area
include autocorrelation and variograms.

Techniques for assessing probable values of properties in any location
between measured sites are based on geostatistics, a methodology developed
by mining engineers (Journel and Huijbregts, 1978). A statistical procedure
called kriging yields more realistic estimates than the older method of linear
interpolation, because it considers the spatial trend of a property based on the
array of values surrounding the point of interest (Warrick and Nielsen, 1980;
Webster and Oliver, 1990; Warrick, 1998; van Es, 2002).

Recognizing the existence of spatial variability implies the acceptance of
uncertainty. We can never determine a property or quantify a process exactly.
All that capricious nature allows us to do is to assess the probability that the
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property or process of interest lies within a specifiable range of values. A sin-
gle mean value is not sufficient to characterize an area, since two areas may
have the same mean values of a property but behave quite differently if the
spatial distributions of the property differ. Knowing the spatial configuration
of an agricultural field’s properties and processes can provide guidance on how
to adjust irrigation, fertilization, and pest-control treatments to accord with
the variability of the field, rather than apply these practices uniformly (and in
many cases, wastefully, with damage to the environment), as has long been the
common practice. This methodology is known as precision agriculture.
Rehabilitation of disturbed lands will similarly benefit from better under-
standing of their spatial characteristics.
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21. IRRIGATION
AND WATER-USE
EFFICIENCY

THE ROLE OF IRRIGATION

Water constitutes the single most important constraint to increasing food
production in our hungry world. So tenuous and delicate is the balance
between the incessant demand for water by crops and its sporadic supply by
precipitation that even short-term dry spells often reduce production signifi-
cantly, and prolonged droughts can cause total crop failure and mass starva-
tion. Irrigation is the practice of supplying water artificially to permit farming
in arid regions and to offset drought in semiarid or semihumid regions. As
such, it can play a key role in feeding an expanding population. Even in areas
where total rainfall is ample, it may be unevenly distributed during the year so
that only with irrigation is stable multiple cropping possible. In fact, the
potential productivity of irrigated land generally exceeds that of unirrigated
(“rain-fed”) land, due both to increased yields per crop and to the possibility
of multiple cropping.

By some estimates, irrigated agriculture produces one-third of the world’s
crop on one-sixth of the world’s cropland. The efficiency of irrigation helps to
relieve pressure on the earth’s natural ecosystems, including its rainforests. Yet,
in too many places, the sustainability of irrigation is threatened by processes
of degradation. The proper management of irrigation, based on a fundamen-
tal understanding of the processes involved, is therefore of vital importance.

The practice of irrigation consists of introducing water into the part of the
soil profile that serves as the root zone, for the subsequent use of a crop. A well-
managed irrigation system optimizes the spatial and temporal supply of water,

407
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BOX 21.1 The Early History of Irrigation

The decisive process in the origin of civilization was the development of
dependable food-producing systems. That process involved a sequence of steps,
starting with an initially extensive hunting–gathering economy that tended to

become increasingly intensive and culminating in a complete revolution in human soci-
ety and its management of the environment. A crucial step in the process was the selec-
tion of favorable wild plants in their natural habitats, their domestication and
transformation into crops, and their propagation in selected areas.

That process first took place in the Near East some 10,000 to 12,000 years ago, in
the arc of rain-fed uplands and foothills fringing the Fertile Crescent on the west, north,
and east. Prominent among the native plant resources of that region were species of the
Graminea and Leguminosa families (the former including the progenitors of wheat, bar-
ley, oats, and rye; the latter including lentils, peas, chickpeas, and vetch). The nutritious
seeds of such plants could be collected and stored to provide food for several months.
Most native plants scatter their seeds as soon as they mature and are therefore difficult
to harvest efficiently. A few anomalous plants, however, due to chance mutations, retain
their seeds. The preferential selection of such seeds, and their propagation in favorable
plots of land, constituted the beginnings of agriculture, providing the early farmers with
crops that could be harvested more uniformly and dependably than could the wild
plants.

Eventually, farming was extended from the relatively humid centers of its origin
toward the river valleys of the Jordan, the Tigris–Euphrates, the Nile, and the Indus.
Because the climate of these river valleys is generally arid, a new type of agriculture,
based primarily on irrigation, came into being. The early farmers of those river valleys,
around 5000 B.C.E., relied at first on natural irrigation by the unregulated seasonal floods
to water the banks or floodplains of the rivers. As soon as the flood withdrew, they could
cast their seeds in the mud. At times, however, the flood did not last long enough to
wet the soil thoroughly. So the riparian farmers learned to build dikes around their plots,
thus creating basins in which a desired depth of water could be impounded until it
soaked into the ground and wetted the soil fully. The basins also retained the nutrient-
rich silt and prevented it from running off with the receding floodwaters. Channels were
dug to convey river water to the farther reaches of the plain that might not receive the
water otherwise. By these means, irrigation farmers strove to gain greater control over
the water supply to their crops.

As the population of the river valleys grew, the necessity arose to intensify produc-
tion still further. Instead of just one crop per year, the farmers of Mesopotamia and
Egypt, for example, could possibly grow two, three, or even four, given the year-round
warmth and the abundant sunshine of the local climate. To do so, they needed to
draw water at will from the rivers or from shallow wells dug to the water table. At first
they drew water manually in ceramic or animal-skin containers, which they then car-
ried using shoulder yokes. In time, a new technology was invented: mechanical water-
lifting devices. The simplest of these is the device known today in Arabic as the shadoof
— a wooden pole used as a lever, with the long arm serving to raise bucketfuls of
water and the short arm counterweighted with a mass of mud or a stone. A more
sophisticated device, invented many centuries later in Egypt and attributed to
Archimedes, is the so-called tamboor, which consists of an inclined tube containing a
tight-fitting spiral fin. Both of these devices are human powered. A more elaborate
water-lifting device is the animal-powered saqiya waterwheel. All of these devices
were used in the Near East until quite recently but have of late been replaced by mod-
ern motorized pumps.
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not necessarily to obtain the highest yields per unit of land or per unit amount
of water, but to maximize the benefit-to-cost ratio. Because of the economic con-
siderations involved, which are necessarily specific to each location and set of
circumstances, some aspects of irrigation management efficiency extend beyond
the scope of this book on soil physics. The present chapter addresses some of the
essential physical and environmental factors involved in irrigation.

CLASSICAL CONCEPTS OF SOIL-WATER AVAILABILITY TO PLANTS

The concept of soil-water availability, while never clearly defined in phys-
ical terms, has long excited controversy among adherents of different schools
of thought. Veihmeyer and Hendrickson (1955) claimed that soil water is
equally available throughout a definable range of soil wetness, from an upper
limit (field capacity) to a lower limit (the permanent wilting point), both of
which are characteristic and constant for any given soil. They postulated that
plant functions remain unaffected by any decrease in soil wetness until the per-
manent wilting point is reached, at which point plant activity is curtailed
abruptly. The simplicity of this conceptual model, though based on arbitrary
limits, helped to popularize it among irrigators.

We have already pointed out (Chapter 16) that the field capacity concept,
though useful in some cases, lacks a universal physical basis. The wilting point,
if defined simply as the value of soil wetness of the root zone at the time plants
wilt, is not easy to recognize. Root-zone soil moisture may be reasonably uni-
form for plants grown in restricted pots, but it is generally far from uniform in
the field. Moreover, wilting is often a temporary phenomenon, which may
occur in midday even when the soil is quite wet. The permanent wilting
percentage (Hendrickson and Veihmeyer, 1950) has been defined as the root-
zone soil wetness at which wilted plants can no longer recover turgidity even
when placed in a saturated atmosphere for 12 hours. This is still an arbitrary
criterion, since plant-water potential may not reach equilibrium with the
average soil-moisture potential in such a short time. In any case, plant response
depends as much on the evaporative demand (its variation and peak intensity)
as on soil wetness (which itself is a variable function of space and time).

The equal availability hypothesis enjoyed wide popularity for some decades,
in the 1900s’. Later investigators produced evidence that soil-water availability
decreases with decreasing soil wetness and that a plant may suffer progressive
water stress and reduction of growth considerably before the wilting point is
reached. Still other investigators, seeking to compromise between the opposing
views, attempted to divide the so-called “available range” of soil wetness into
“readily available” and “decreasingly available” ranges, and searched for a
“critical point” somewhere between field capacity and wilting point as an add-
itional criterion of soil-water availability. These different hypotheses, in vogue
through most of the 20th century, are represented graphically in Fig. 21.1.

None of these hypotheses was based on a comprehensive theoretical frame-
work that could encompass the array of factors likely to influence the water
regime of the soil–plant–atmosphere system as a whole. Rather, they tended to
draw general conclusions from a limited set of experiments conducted under
specific and sometimes poorly defined conditions.
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TRADITIONAL PRINCIPLES OF IRRIGATION MANAGEMENT

In practice, the old hypothesis of equal availability of water to crops within
a fixed range of soil moisture resulted in a regimen of repeated, infrequent, but
massive applications of water intended to fill the soil reservoir to its “field
capacity.” Each irrigation was followed by a prolonged period of depletion to
nearly the permanent wilting point before another irrigation was to be applied
to replenish the “deficit” to field capacity. The traditional irrigation cycle thus
consisted of a brief episode of soil saturation, followed by an extended time
(many days and sometimes weeks) of soil moisture extraction by the crop. In
this manner the root zone was subjected to alternating periods of excessive wet-
ness (with consequent disruption of soil aeration) and then of excessive desicca-
tion (to the detriment of roots, especially in the surface layer). Practical
limitations on the frequency of irrigation by the conventional methods of water
application made it difficult to try alternative regimens based on continuous
maintenance of a more nearly optimal level of soil moisture in the root zone.

Many irrigation projects were designed a priori to supply water to each
farm unit on a fixed and infrequent schedule rather than to make water con-
tinuously available on demand. The traditional mode of irrigation seemed to
make good economic sense because many furrow, flood, or portable sprinkler
systems have a fixed cost associated with each application of water. With such
systems, it is desirable to minimize the number of irrigations per season by
increasing the interval of time between successive irrigations. For example, if
the cost of portable sprinkler tubes is a dominant consideration, it obviously
pays to make maximal use of such tubes by minimizing the amount required
per unit area irrigated and by rotating the available tubing from site to site so
as to cover the greatest overall area possible before having to return again to
the same site for reirrigation.

The classical questions involved in irrigation management are when to irri-
gate and how much water to apply at each irrigation. To the first question, the
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Fig. 21.1. Three classical hypotheses regarding the availability of soil water to plants:
(a) equal availability from field capacity to wilting point, (b) equal availability from field capac-
ity to a “critical moisture” beyond which availability decreases, and (c) availability decreases
gradually as soil-moisture content decreases.
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traditional reply has been: Irrigate when the available moisture is nearly
depleted, as determined by sampling or neutron gauging or tensiometry at
some presumably representative depth or depths within the root zone, or by
observing indications of incipient moisture stress in the plants. To the second
question, the traditional reply was: Apply sufficient water to bring up the
moisture reserve of the soil root zone to field capacity, plus a “leaching frac-
tion” of, say, 10–20% for salinity control. In the last third of the 20th century,
however, newer concepts of irrigation management evolved.

MODERN PRINCIPLES OF IRRIGATION MANAGEMENT

Ever since the decade of the 1960s, evidence has been accumulating that
crops may respond with a pronounced increase in yield when irrigation is pro-
vided in sufficient quantity and frequency to prevent the occurrence of mois-
ture stress at any time during the growing season. Such an effect can be
produced by maintaining soil-moisture content in the root zone at a high level
and soil-moisture suction at a low level while taking care to avoid excessive
wetting and impairment of soil aeration as well as leaching out of nutrients.
More precise control of soil moisture must also be aimed at preventing exces-
sive percolation and the consequent rise of groundwater, which in turn poses
the danger of salination.

The desired conditions were difficult to achieve by the traditional surface
and sprinkler irrigation methods prevalent until a few decades ago. The advent
of newer irrigation methods (including permanent installations, called “solid
set,” of low-intensity sprinklers, subirrigation by means of porous tubes, and
— especially — the so-called “microirrigation” techniques of drip, trickle,
bubbler, or microsprayer irrigation) has made it possible to establish and
maintain soil-moisture conditions at a more nearly optimal level than before.
These newer methods now make possible the optimization of soil moisture,
salinity, fertility, and aeration simultaneously. Since these new irrigation sys-
tems are capable of delivering water to the soil in small quantities as often as
desirable with no appreciable additional cost for the extra number of irriga-
tions, the economic constraints on high-frequency irrigation have been lifted
(Rawlins and Raats, 1975).

As the frequency of irrigation increases, the infiltration period becomes a
more important part of the irrigation cycle. Changing the irrigation cycle from
an extraction-dominated to an infiltration-dominated process brings into play
a different set of relationships governing water flow. For example, with daily
(rather than weekly or monthly) applications of water, the pulses of moisture
resulting from intermittent irrigation are damped out within a few centimeters
of the surface, so flow below this point is essentially steady and gravity driven.

By adjusting the rate and quantity of application in accordance with such
measurable variables as potential evapotranspiration, soil hydraulic conduct-
ivity, and the soil solution’s salt and nutrient concentration, it is possible to
control the level of suction prevailing within the root zone as well as the
through-flow (drainage) rate and thus also the leaching fraction. Control of
the crop’s soil environment thus passes into the hands of the irrigation man-
ager more completely than ever before. Properly managed, the new systems
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hold the promise of saving water even while improving growing conditions
and increasing yields.

Since a high-frequency irrigation system can be adjusted to supply water at
very nearly the exact rate required by the crop, the irrigator need no longer
depend on the soil’s own capacity to store water. The consequences of this fact
are far reaching: New lands, until recently considered unsuited for irrigation,
can now be brought into production. One outstanding example is the case of
coarse sands and gravels, in which the storage of soil moisture is minimal and
in which the surface conveyance and application of water (e.g., in ditches or
furrows) would involve inordinate losses by excess and nonuniform seepage.
Such soils can now be irrigated quite readily, even on sloping ground and with
hardly any leveling, by means of a drip irrigation system, for instance.

Theoretically, with high-frequency irrigation the irrigator need no longer
worry about whether soil moisture is depleted or when plants begin to suffer
stress. Such situations are avoided entirely. To the old question “When to irri-
gate?” the modern irrigationist answers, “As often as practicable; if possible,
daily.” To the question “How much water to give?” the answer is, “Enough
to meet the evapotranspirational demand and to prevent salination of the root
zone.” Potential evaporation can be measured or calculated, and soil salinity
can be monitored by sampling the soil or the soil solution or by using salinity
sensors (Oster and Willardson, 1971).

ADVANTAGES AND LIMITATIONS OF NEW IRRIGATION METHODS

Of particular interest is the method of drip (or trickle) irrigation, along with
its many variants, such as microsprayer, or “spitter,” irrigation. Collectively
called microirrigation, these methods have gained recognition and are being
introduced in many irrigated areas. The idea of applying water slowly, literally
drop by drop, at a rate that is continuously absorbed by the soil’s root zone at
specific points, is not an entirely new notion. However, what has finally made
it practical is the rather recent development of low-cost plastic tubing and vari-
ously designed emitter fittings. System assemblies are now available that are
capable of maintaining sufficient pressure in thin lateral tubes to ensure uni-
form discharge throughout the field as well as a controlled rate of drip, trickle,
or spray discharge through the narrow-orifice emitters with a minimum of
clogging (Figs. 21.2 and 21.3).

The application system has been supplemented by ancillary equipment,
including filters, fertilizer injectors, and timing or metering valves (enabling
the irrigator to predetermine the schedule and quantity of each irrigation or
sequence of irrigations). Field trials in varied locations have resulted in
increased yields of both orchard and field crops, perennial as well as annual,
especially in adverse conditions of soil, water, and climate. Drip irrigation has
also been found suitable for greenhouses and gardens and lends itself readily
to labor-saving automation.

The justifiable enthusiasm for the new methods, however, carries certain
dangers. Hasty adoption of microirrigation without enough care in adaptation
to local crops and to soil and weather conditions can result in disappointment.
The method offers many potential advantages, yet it is no panacea. Inefficiency,
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in fact, is just as easy to achieve in the operation of a drip or trickle system as
it is in the operation of conventional systems. Let us therefore list some of the
possible advantages of drip irrigation while mentioning some of its limitations.

One advantage, already mentioned, is the possibility of obtaining favorable
moisture conditions even in problematic soils, such as coarse sands and clays,
which are ill suited to conventional ways of irrigation (Bucks et al., 1982; Hillel,
1997). Another is the possibility of delivering water uniformly to plants in a field
of variable elevation, slope, wind velocity and direction, soil texture, and infil-
trability. Still another potential advantage is the ability to maintain the soil at a
highly moist yet unsaturated condition so that soil air remains a continuous
phase capable of exchanging gases with the atmosphere. High moisture reduces
the soil’s mechanical resistance to root penetration and development.

Where salinity is a hazard, as when the irrigation water is brackish, the con-
tinuous supply of water ensures that the osmotic pressure of the soil solution
will remain low near the water source. Moreover, drip irrigation, because it is
applied underneath the plant canopy, avoids the hazard of leaf scorch and
reduces the incidence of fungal diseases, both of which may occur with sprin-
kler irrigation. Since drip irrigation wets the soil only in the immediate vicinity
of each emitter, the greater part of the surface (particularly the inter-row areas)
remains dry and hence less prone to weed infestation and soil compaction. In
summation, properly managed microirrigation seems to offer the best opportu-
nity at present to optimize the water, nutrient, and air regimes in the root zone
(Rawitz and Hillel, 1974; Bucks et al., 1982; Hillel, 1987a, 1997).

Pump
Filter

Fertilizer
injector

Lateral emitters

Water source

Underground
manifold

Wetted soil

Fig. 21.2. Partial-area wetting around orchard trees under drip irrigation.
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The fact that drip irrigation and other forms of localized microirrigation
wet only a small fraction of the soil volume can also become a problem. While
it is a proven fact that even large trees can grow on less than 50% of what is
generally considered to be the normal root zone of a field (provided enough
water and nutrients are supplied within this restricted volume), the crop
becomes extremely sensitive and vulnerable to even a slight disruption of the
irrigation system or schedule. If the system does not operate perfectly and con-
tinuously, crop failure can result because the soil-moisture reservoir available
to the plants is extremely small.

WATER-USE EFFICIENCY AND WATER CONSERVATION

Any concept of efficiency is a measure of the output obtainable from a given
input. Irrigation or water-use efficiency can be defined in different ways,
however, depending on the nature of the inputs and outputs considered. For
example, one can define as an economic criterion of efficiency the financial
return in relation to the money invested in the installation and operation of a
water supply and delivery system. The problem is that costs and prices fluctuate
from year to year and vary widely from place to place and thus may not be uni-
versally comparable. Perhaps a more objective criterion for the relative merit of
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Fig. 21.3. Radiation and water balances on a plant under localized irrigation.
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an irrigation systems is an agronomic one — namely, the added yield (resulting
from irrigation) per unit of land area or, better yet, per unit amount of water
applied. Often, the criterion of efficiency depends on one’s point of view.

A widely applicable expression of efficiency is the agronomic or crop water-
use efficiency, which has long been defined as the amount of vegetative dry
matter produced per unit volume of water consumed by the crop. Because
most of the water taken up by plants in the field is transpired (in arid regions,
as much as 99%), the plant water-use efficiency is in effect the reciprocal of
the so-called transpiration ratio defined as the mass of water transpired per
unit mass of dry matter produced.

What we shall refer to as technical efficiency is what irrigation engineers
call irrigation efficiency. It is generally defined as the net amount of water
added to the root zone divided by the amount of water taken from some
source. As such, this criterion of efficiency can be applied to large regional
projects or to individual farms or to specific fields. In each case, the difference
between the net amount of water added to the root zone and the amount
withdrawn from the source represents the loss incurred in conveyance and
distribution.

In practice, many (perhaps most) irrigation projects still operate in an inher-
ently inefficient way. In many of the surface irrigation schemes, one or a few
farms may be allocated large flows representing the entire discharge of a lat-
eral canal for a specified period of time. Where water is delivered to the con-
sumer only at fixed times and where charges may be assessed per delivery
regardless of the actual amount used, customers tend to take as much water as
they can while they can. This often results in overirrigation, which not only
wastes water but also causes project-wide and perhaps even region-wide prob-
lems connected with the disposal of return flow, waterlogging of soils, leach-
ing of nutrients, and excessive elevation of the water table requiring expensive
drainage to rectify. Although it is difficult to arrive at reliable statistics, it has
been estimated that the average irrigation efficiency in such schemes is less
than 50%. Since it is a proven fact that, with proper management, irrigation
efficiencies of 80–90% can actually be achieved, there is obviously room, and
need, for much improvement.

The volume of water “consumed” in the field results from evapotranspir-
ation rather than transpiration alone. It thus includes the amount of water
evaporated directly from the soil surface without being taken up by the plants.
In addition, evapotranspiration often includes the amount of water intercepted
by the foliage (e.g., under overhead sprinkler irrigation or rainfall) and evap-
orated without ever entering either the soil or the plant. In practice, direct
evaporation is difficult to measure separately from transpiration, so the two
terms are lumped together merely for the sake of convenience. Clearly, how-
ever, much of the water evaporated without entering the plant is consumed
nonproductively. Therefore, any method of irrigation that minimizes evapor-
ation is likely to increase the efficiency of water utilization by the crop. Some
new irrigation methods are capable of doing just that: They introduce water
directly into the root zone without sprinkling the foliage or wetting the entire
soil surface.

Partial-area irrigation methods offer the additional benefit of keeping the
part of the soil surface between the rows of crop plants (or fruit trees) dry. This
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discourages the growth of weeds that would otherwise not only compete with
crop plants for nutrients and moisture in the root zone and for light above
ground, but also hinder field operations and pest control.

All of the indexes of efficiency may be combined in a single concept, the
overall agronomic efficiency of water use, WUEag:

WUEag = P/W (21.1)

where P is crop production (in terms of either total dry matter or marketable
product) and W is the volume of water applied.

The one component of the field water balance that generally cannot, and
probably should not, be reduced is transpiration by the crop. In the open field,
little can be done to limit transpiration if the conditions required for high
yields are to be maintained. It appears that the greatest promise for increasing
water-use efficiency lies in allowing the crop to transpire freely in response to
the climatic demand by preventing or alleviating any possible water shortages
while avoiding waste and obviating all other environmental constraints to
attainment of the optimal productive potential of the crop. This is particularly
important in the case of the new and superior varieties that have been devel-
oped in recent decades and that can provide high yields only if water stress is
prevented and such other factors as soil fertility (availability of nutrients),
aeration, salinity, and soil tilth are also optimized.

Sample Problem

In a given season, a field of 4 ha (hectares) was irrigated with a total volume of
48,000 m3 of water. Evapotranspiration amounted to 900 mm. Assuming that the
water content of the soil profile at the end of the season was the same as it was at
the beginning, estimate the irrigation efficiency. How much water was drained? What
would be the irrigation requirement for the field if an irrigation efficiency of 85%
were to be attained? Assume negligible precipitation, runoff, capillary rise, and plant-
water storage.

It is convenient to divide the volume of irrigation by the field’s area (recalling that
1 ha = 10,000 m2) to convert the irrigation quantity into depth units:

I = 48,000 m3/4 × 10,000 m2 = 1.2 m = 1200 mm

Irrigation efficiency Fi has been defined as the volume of water used “consumptively”
(i.e., in evapotranspiration) divided by the total volume applied to the field. Thus

Fi = (E + T)/I = 900 mm/1200 mm = 0.75 = 75%

We now recall the overall water balance [see Eq. (21.2)]:

ΔS + ΔV = (P + I + U) − (R + D + E + T)

where ΔS is the soil storage increment, ΔV is the vegetational storage increment, P is pre-
cipitation, I is irrigation, U is upward capillary rise, R is runoff, D is drainage, E is evap-
oration, and T is transpiration. According to the problem statement, the terms ΔS, P, U,
R, and ΔV are assumed to be negligible. Hence

I = D + (E + T)
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TRANSPIRATION IN RELATION TO PRODUCTION

Transpiration may be limited either by the supply of water or by the supply
of energy needed for vaporization, the latter determined mainly by such
climatic factors as radiation, temperature, wind, and humidity. When the sup-
ply of water is plentiful, it is the climate, and particularly the net radiation,
which determines water use. When water is limiting, the assimilation rate,
plant growth, and consequently crop yield are all related quantitatively to the
water supply. The classical analysis of the relation between transpiration and
yield was published by de Wit (1958). He reviewed the data then available and
found that in climates with a large percentage of bright sunshine duration (i.e.,
arid regions), yield (Yd) tends to be linearly related to the ratio of actual tran-
spiration (Ea) to free-water evaporation (E0):

Yd = mEa/E0 (21.4)

In climates with a limited duration of bright sunshine duration (i.e., cloudy
regions), the relation

Yd = nEa (21.5)

was found (that is to say, dry-matter production is proportional to transpir-
ation and hence “water-use efficiency” is constant). These relationships evi-
dently hold for both container-grown and field-grown plants, and the values
of constants m and n were reported to be characteristic for each crop. The
assumption of linearity between yield and transpiration has served as the basis

To obtain the amount of drainage, we set

D = I − (E + T ) = 1200 − 900 = 300 mm

If irrigation efficiency were 85% and evapotranspiration were unchanged, our irrigation
would be

I = (E + T)/Fi = 900/0.85 = 1059 mm = 1.059 m

which, over a field of 4 ha, would amount to approximately

1.059 m × 40,000 m2 = 42,360 m3

A net savings of 48,000 − 42,360 = 5460 m3 would thus be realized.
Note: This calculation of “efficiency” includes evaporation as well as transpiration. In

an “open” crop, such as a young orchard or row crop, direct evaporation from the
exposed soil surface may be a partly avoidable loss. Hence it would stand to reason that
evaporation should be counted as a contribution not to efficiency but to inefficiency. To
the extent that transpiration by the crop (a largely inevitable consequence of its growth)
can be separated from the direct evaporation of soil moisture, an alternative expression
of irrigation efficiency can be attempted. However, the two components of evapotran-
spiration cannot easily be separated, and in any case there usually is a feedback effect
such that a reduction of the one would tend to enhance the other, though not neces-
sarily to a commensurate degree.
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for subsequent efforts toward comprehensive modeling of crop growth as
influenced by soil water (e.g., Hanks, 1974).

An empirically based equation to predict dry-matter yield from known val-
ues of evapotranspiration was suggested by J. I. Stewart et al. (1977):

Y/Ym = 1 − βEtd = 1 − β + βEt/Etm (21.6)

where Y is yield, Ym is maximum attainable yield, Et is evapotranspiration, Etm
is maximum (potential) evapotranspiration, and β is the slope of relative yield
(Y/Ym) versus the evapotranspirational deficit (Etd = 1 − Et/Etm). To predict
yield from this equation, one must know Et, Etm, Ym, and β.

Determination of the fraction of evapotranspiration due to evaporation
from the soil (rather than transpiration from the plants) can be important,
since evaporation does not relate to plant function and growth; hence it can
be considered a loss. However, evaporation and transpiration are not mutually
independent, and the reduction of one may entail an increase of the other,
though not necessarily to a commensurate degree.

Doorenbos and Kassam (1979) proposed a method for evaluating the yield
response of crops to applied water in terms of the following relationship:

(1 − Ya/Ym) = fy(1 − Eta/Etp) (21.7)

where Ya is actual yield, Ym is maximum attainable yield when water require-
ments are fully met, fy is a yield response factor, Eta is actual evapotranspir-
ation, and Etp is potential evapotranspiration.

The relationship between the yield of a crop and the amount of water used is
known as the crop water production function (Vaux and Pruitt, 1983) or crop-
response function (Yaron and Bresler (1983). In many cases, the reported data
pertain to the above-ground dry-matter yield. If the yield of interest is grain,
fruit, or fiber, its relation to water use by the crop plants may be quite different.

The relationships found between yield and water use under limited water sup-
ply may not hold as potential evapotranspiration is attained and water ceases to
be a limiting factor in plant growth. Beyond the point where transpiration
reaches its climatic limit, the promise of increasing production may lie in identi-
fying and obviating any other possible environmental constraints, such as light
distribution in the canopy, carbon dioxide concentration in the air, and nutrients
in the soil. Finally, we come up against genetic constraints. This is why environ-
mental scientists (including soil physicists) must cooperate with plant geneticists
in the effort to improve the productive potential of agricultural crops.

Sample Problem

A forage crop raised under two different irrigation treatments and two fertilization sub-
treatments gave the following yields (seasonal potential evapotranspiration was 1000 mm):

(a) In the “wet” treatment, water was applied in several large irrigations totaling
900 mm. The high-fertilization subtreatment produced a drainage of 100 mm and
a dry-matter yield of 12 metric ton/ha. The low-fertilization subtreatment drained
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200 mm and yielded 7 ton/ha. In neither subtreatment was the end-of-season soil-mois-
ture content different from the start-of-season value.
(b) In the “dry” treatment, the amount of water applied was 500 mm. High fertilization
resulted in a net depletion of soil moisture amounting to 100 mm and a dry-matter yield
of 9 ton/ha. The low-fertilization subtreatment depleted soil moisture 50 mm and
yielded 5.5 ton/ha.

Calculate the evapotranspiration and water-use efficiency values. Assuming direct
evaporation from the soil surface to be 10% of evapotranspiration for the wet
treatment and 15% for the dry treatment, calculate the transpiration ratio for each
treatment.

To calculate evapotranspiration Et we subtract the amount of drainage from the
amount of irrigation given to the wet treatment and add the amount of soil-water
depletion to the amount of irrigation given the dry treatment:

Wet treatment
High-fertilization subtreatment:

Et = 900 mm − 100 mm = 800 mm

Low-fertilization subtreatment

Et = 900 mm − 200 mm = 700 mm

Dry treatment
High-fertilization subtreatment:

Et = 500 mm + 100 mm = 600 mm

Low-fertilization subtreatment:

Et = 500 mm + 50 mm = 550 mm

To calculate water-use efficiency (WUE), we divide the dry-matter yield by the corres-
ponding per-area mass of water used in evapotranspiration:

Wet treatment
High-fertilization subtreatment:

WUE = (12 ton/ha)/(0.8 m × 10,000 m2/ha × 1 ton/m3)
= 12 ton/8000 ton = 1.5 × 10−3 ton dry matter/ton water
= 1.5 × 10−3 kg dry matter/kg water

Low-fertilization subtreatment:

WUE = (7 × 1000/10,000)/ (0.7 × 1 × 1 × 1000) = 1.0 × 10−3

Dry treatment
High-fertilization subtreatment:

WUE = (9 × 1 × 1 × 1000)/(0.6 × 1 × 1 × 1000) = 1.5 × 10−3

Low-fertilization subtreatment:

WUE = (5.5 × 1000 × 10,000)/(0.55 × 1 × 1 × 1000) = 1.0 × 10−3

To calculate the transpiration ratio (TR) we can subtract direct soil-moisture evapor-
ation from evapotranspiration (an arguable procedure, since evaporation and transpir-
ation are not completely independent) to estimate the amount of transpiration and then
divide the mass of water transpired by the mass of dry matter produced:
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ESTIMATION OF CROP WATER REQUIREMENTS

Irrigation scheduling is the term used to describe the procedure by which an
irrigator determines the timing and quantity of water application. Accordingly,
the two classical questions of irrigation scheduling are when to irrigate and how
much water to apply. To the first of these questions (when — that is, how
frequently — to irrigate) the answer is, in principle, to irrigate as frequently as is
feasible economically. To the second question, the answer is to water enough to
meet the current evaporative demand and to prevent salination of the root zone. 

The evaporative demand can be assessed by monitoring relevant weather
variables (e.g., temperature, wind, atmospheric humidity, and solar radiation)
and then applying any of several functional equations or formulae to calculate
the potential evapotranspiration. Alternatively, and more simply, the evapora-
tive demand can be estimated from standard evaporimeters. One of the sim-
plest and most useful of such devices is the evaporation pan. It consists of a
shallow water-filled container placed on the ground within the irrigated area.
The amount evaporated daily can be obtained by measuring the volume of
water per unit area of the pan that must be added to bring the water surface
back up to a marked level. The pan evaporimeter is subject to the integrated
effects of radiation, wind, temperature, and humidity, hence it can be correl-
ated with evapotranspiration from the field in which it is placed.

Of the various standardized pans, the one used most widely is the Class A
pan, introduced by the U.S. Weather Bureau. It is a circular container, 121 cm
across and 25.5 cm deep, placed on a slatted wooden frame resting over the
ground. The pan is filled with water to a height about 5 cm below the rim.
This standard design is relatively easy to follow. However, while inexpensive
and easy to install, maintain, and monitor, evaporation pans in general have
several shortcomings.

Although in principle the water-filled pan is subjected to the same general
climate as the crop, it does not necessarily respond in the same way. A vege-

Wet treatment
High-fertilization subtreatment:

TR = [0.8(1 − 0.1)m3/m2(1 ton/m3)(1000 kg/ton)]
÷ [(12 ton/ha)(1000 kg/ton)/ (10,000 m2/ha)]

= 600 kg water/kg dry matter

Low-fertilization subtreatment:

TR = [0.7(1 − 0.1) × 1 × 1000]/(7 × 1000/10,000) = 900 kg water/kg dry matter

Dry treatment
High-fertilization subtreatment:

TR = [0.6(1 − 0.15) × 1 × 1000]/(9 × 1000/10,000) = 567 kg water/kg dry matter

Low-fertilization subtreatment:

TR = [0.55(1 − 0.15) × 1 × 1000]/(5.5 × 1000/10,000) = 850 kg water/kg dry matter



ESTIMATION OF CROP WATER REQUIREMENTS 421

tated surface generally differs from a free-water surface in reflectivity, ther-
mal properties (heat storage), day–night temperature fluctuation, water
transmissivity, and aerodynamic roughness. Such factors as the color of the
pan, the depth and turbidity of the water, and shading from nearby plants
can all affect the measurement to some degree. Pan evaporation depends on
the exact placement of the pan relative to wind exposure. Pans surrounded
by tall grass may evaporate some 20% less than pans placed in a fallow area.
Rainfall may occur during the irrigation season and may add water to the
pan, or thirsty animals wandering in the area may drink from the pan, thus
detracting from its usefulness. To avoid water loss to drinking animals (espe-
cially birds), pans are often covered with screens, which may reduce the
evaporation rate by 10–20%, thus requiring the use of a correction factor.
All these shortcomings notwithstanding, pan evaporimeters, if properly sited
and maintained, can provide valuable data on weather conditions affecting
the crop. The problem is how to translate pan evaporation into an estimate
of crop-water requirements.

The first step is to apply a correction factor to account for the fact that free
water generally evaporates more than does a crop stand. Many experiments
have shown that the appropriate correction factor varies from 0.5 to 0.85,
with a mean value of about 0.66:

PETfull cover ≈ 0.66Epan (21.8)

The second step is to account for the stage of crop growth, as indicated by
the fractional ground cover. That can be estimated from ground observations
of the area shaded by the crop. However, potential evapotranspiration, which
is a function of the crop’s coverage, is not simply proportional to it. Hillel
(1997) proposed the following relationship:

PETpartial cover ≈ 0.33(1 + C)Epan (21.9)

where C is the crop’s fractional ground cover, varying from 0 when the crop is
sown to 1 when the crop stand is full. In the latter case, Eq. (21.9) becomes
Eq. (21.8).

The third step is to estimate the irrigation requirements (I), including the
actual crop water requirement (W), plus a leaching fraction (L), minus an
effective rainfall that might have occurred since the previous irrigation (R).
Assuming that the actual crop-water requirement is about 80% of PET and
that the desirable leaching fraction is some 10% of PET (i.e., W = 0.8 PET,
and L = 0.1 PET), the estimate is:

I = [0.33 (W + L)]Epan (1 + C) − R
(21.10)= (0.33 × 0.9)Epan(1 + C) − R = 0.3Epan(1 + C) − R

These relationships are empirical and should only be regarded as esti-
mates, to be tested in each case under local conditions of soil, weather, and
crop (Hillel, 1997). Moreover, the estimates refer only to a crop’s active
growth stage. As some crops mature, their foliage senesces and transpiration
(hence also water requirements) naturally diminishes. Irrigation is to be dis-
continued when its further contribution to crop yield no longer justifies its
added cost.
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BOX 21.2 The Sigmoid Response Curve

The typical yield-response curve, relating crop yield to the amount of water
applied, is sigmoid in shape (Figure 21.4). The slope of the curve at each point
represents the yield response per unit quantity of irrigation.

Along that curve, we can recognize four critical points: (1) a threshold quantity of
water, designated T, below which no yield is obtained. (2) Beyond that threshold, the
yield response is a rising curve with a steepening slope, up to a point of inflection desig-
nated I. That is the point at which the slope is greatest, indicating the highest incremen-
tal yield response to the addition of irrigation. (3) Beyond that point, the yield continues
to rise as more water is added, but with diminishing returns per unit volume of water. At
some point, an economic optimum may be reached beyond which any additional supply
of water will no longer produce an incremental yield commensurate with the additional
cost it involves. We designate that hypothetical optimal point O. (4) If still more water is
supplied regardless of economic cost–benefit considerations, an absolute maximum yield
is reached, designated M, after which soil moisture become excessive and the yield
declines (owing to the restriction of aeration and the leaching of nutrients).

The aim of irrigation research is not to ascertain the amount of water that would
result in maximal absolute yield, or necessarily the amount needed to attain maximal
yield per unit amount of water, but the optimal irrigation that can produce the great-
est net income. It is this elusive O point that is most difficult to define, because it
depends on so many additional biophysical factors, including vagaries of climate
(cold spells or hot spells during the growing season), diseases and pests, quality (as
well as quantity) of the irrigation water, and nutrient (fertility) status. It also depends
on such economic factors as the cost of the water itself, the cost of delivering it to
the crop, the cost of other essential inputs, and — of course — the price commanded
by the product.

Still another relevant factor is the possible contribution of rainfall to the water bal-
ance of the crop. In some areas, rainfall occurs during the growing season, and its
amount reduces the amount of irrigation needed to attain optimum economic yield.
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Fig. 21.4. The typical yield-response curve.
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ENVIRONMENTAL ASPECTS OF IRRIGATION DEVELOPMENT

Irrigation development in semiarid and arid areas may have both positive
and negative impacts on the environment. To be sustainable, irrigation must
maximize the positive impacts and minimize the negative impacts (Letey,
1994). The positive aspect of irrigation is that intensifying food production in
the favorable lands can allow a country to reduce pressure on marginal lands
now under rain-fed cultivation or grazing. In many areas, such lands are
already undergoing a process of degradation (including denuding of vegetation
and erosion) known as desertification (Dregne, 1992, 1994; Hillel and
Rosenzweig, 2002). Where the opportunity exists for irrigation development,
it can serve as a constructive alternative to worsening degradation.

The potentially negative environmental impacts of irrigation development
may occur off-site as well as on-site. The off-site effects may take place
upstream of the land to be developed, such as where a river is to be dammed
for the purpose of supplying irrigation water. Another set of problems may be
generated downstream of the irrigated area by the disposal of excess water
that may contain harmful concentrations of salts, organic wastes, pathogenic
organisms, as well as residues of pesticides and fertilizers.

Of most direct concern are the on-site impacts. Irrigated lands, especially in
river valleys prone to high water-table conditions, usually require drainage.
Because groundwater drainage is a complex, exacting, and expensive oper-
ation (often more expensive than the initial development of irrigation itself),
there is a temptation to start new irrigation projects while ignoring the need
for drainage or delaying its installation “until it is actually needed.” The
trouble is that by the time the need for drainage becomes inescapable, much
damage has already been done and the cost of rectifying it may be prohibitive.

One of the most serious problems in irrigation projects in developing coun-
tries is the potential health hazard resulting from the use of open irrigation
channels for drinking, washing, and the disposal of human and animal wastes.
All too often, “where water goes, disease follows.” Unfortunately, water-storage
and -conveyance structures present favorable breeding grounds for disease vec-
tors (e.g., mosquitoes and snails) and for pathogens of some of the most debil-
itating illnesses rampant in the developing world. Among these are
schistosomiasis (bilharzia), onchocerciasis (river blindness), malaria, cholera,
dysentery, and other intestinal diseases. Measures to control water-borne
diseases include the following: (1) concrete lining of channels (or conveyance in
pipes) to prevent scouring, clogging, and stagnation of the water as well as
animal wading and the proliferation of riparian weeds; (2) avoidance of waste

Even where there is no rainfall during the growing season, there may be a reserve of
soil moisture remaining from prior-season rains, which could be utilized by the crop
and hence should be taken into consideration. From all the foregoing, one may justi-
fiably conclude that irrigation and water-use efficiency research is a challenging task
indeed.
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disposal in channels and reservoirs; (3) treatment of the water used directly for
human needs.

Food supply and security in the future must depend more on intensification
than on continued expansion of cultivation at the expense of the remaining
natural ecosystems. Only thus can the global environment and its biodiversity
be saved. Irrigation already plays an important role in increasing and stabiliz-
ing agricultural production. Given rising populations and living standards, it
is expected to play an even more important role in the future. This expectation
will be met only if irrigation is based on thorough knowledge and sound sus-
tainable management of the soil–plant–atmosphere system.

USE OF WASTEWATER FOR IRRIGATION

Decomposition in the soil is nature’s way to recycle organic waste prod-
ucts of biological activity. As long as human habitation remained sparse, the
waste products of human activity could be similarly accommodated. The
growth of cities and of industries, however, produced quantities of solid and
liquid wastes in excess of the ability of the soil to reprocess in the immedi-
ate environs of human habitation. Some societies (most notably, in China
and other parts of Asia) continued nonetheless to transport human wastes
from cities to agricultural land for the purpose of fertilizing crops and
replenishing depleted soil nutrients. In many other places, on the other hand,
uncontrolled disposal of raw garbage and sewage ended up polluting streams
and wells, to the detriment of public health.

With the advent of sewerage systems in Europe at the beginning of the
modern age, interest in wastewater farming or land application increased
(Shuval et al., 1986). A report issued in 1865 by the Royal Commission on
Sewage Disposal in England stated: “The right way to dispose of town sewage
is to apply it continuously to the land and it is by such application that the pol-
lution of rivers can be avoided.” In 1868, Victor Hugo expressed a stronger
opinion: “All the human and animal manure which the world loses . . . by dis-
charge of sewage to rivers . . . . If returned to the land instead of being thrown
into the sea, would suffice to nourish the world.”

In the late 19th and early 20th centuries, sewage-irrigated farms were wide-
spread in the environs of many cities. In addition to the aims of preventing
pollution of water supplies and of conserving nutrients for crops, there arose,
especially in arid areas, the impetus to utilize sewage as an additional water
resource.

Subsequently, however, urban development encroached on the sewage farm
areas, and many of the early wastewater irrigation projects in Europe and
America were abandoned. Concerns over the odor problem and over the trans-
mission of disease from crops irrigated with raw sewage also contributed to
the decline of sewage farming. Another disadvantage in some areas was that,
following heavy rainstorms, runoff from sewage-irrigated fields periodically
conveyed pollutants into rivers and reservoirs. Many public health officials
therefore came to believe that sewage farming was an unsanitary and hence
undesirable practice of the past. The alternative was a sewage-treatment tech-
nology based on intensive centralized civil engineering systems in which the
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organic components of sewage could be digested and from which the “puri-
fied” fluid could be discharged more or less harmlessly to streams.

Still more recently, the pendulum has swung once again. Interest has revived
in the use of sewage as a resource rather than merely as a problem, based on
more rational scientific principles than before. Research on the fate of
pathogens and of various organic and inorganic components of wastewaters
applied to the soil has shown that in many cases treated or even partially
treated sewage can indeed be used safely and advantageously for irrigation,
provided that necessary precautions are taken to prevent deleterious effects on
public health as well as on soil quality. Guidelines have been formulated to
allow wastewater irrigation to become a socially acceptable and sanitary prac-
tice. The trend has been led by the State of California and by the State of
Israel, in both of which growing urbanization and industrialization have
increased the competitive demand (and hence the price) for scarce fresh water
while simultaneously increasing the volume of generated wastewater.

Wastewater-treatment standards such as those established by the California
State Health Department apply strict criteria of bacterial counts (e.g., no more
than 2.2 coliform/100 mL) and require the application of chemical disinfec-
tion (chlorination) for treated sewage water to be allowed for general use.
Partially treated sewage should be used only for the irrigation of industrial
crops, such as cotton, or of tree-grown fruits that do not come in contact with
the irrigation water, or — at most — for vegetable crops that are to be cooked
before being consumed. Similar guidelines have been adopted elsewhere.

In Israel, well over two-thirds of domestic sewage is currently being
recycled for use in agriculture, and the projection is for reuse of some 80% by
the year 2000. In fact, recycled sewage is expected to become the main source
of water for irrigation. Wastewater irrigation has been shown to contribute
significantly to soil fertility (especially to nitrogen, phosphorus, and organic
matter augmentation) in many areas and to produce greater crop yields
(Muzafi et al., 1997).

Wastewater irrigation is not always a blessing. In places, the concentration
of nitrates can become excessive and contribute to groundwater and surface-
water pollution. Heavy metals and other toxic materials may tend to accumu-
late in the soil and thence to enter the biological food chain. Especially
hazardous are agricultural pesticide residues (some of which are highly persist-
ent) and industrial waste products, which may be carcinogenic. Wastewaters
typically contain increased concentrations of soluble salts and therefore pose
the danger soil salination. Where salination is prevented by leaching, the salts
may accumulate in the underlying aquifer and contribute to the salinity of well
waters. The variable pH of the water applied to the soil may cause either acid-
ification or alkalination, with consequent effects on soil structure and fertility.
Finally, the materials suspended in sewage, if not readily decomposed, may
cause clogging of soil pores and thereby reduce soil permeability to water and
air. For all these reasons, the practice of wastewater irrigation — promising
though it is in principle — must be examined carefully in each case to ensure
that short-term benefits are not negated by long-term damage.
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Adhesion: The attraction between molecules of dissimilar substances, acting at sur-
faces of contact between the substances.

Adsorption: A phenomenon occurring at the boundary between phases, where cohe-
sive and adhesive forces cause the concentration or density of a substance to be greater
or smaller than in the interior of the separate phases. 

Advection: The exchange of energy and matter between a field and its surroundings.
More specifically, it is the transport of heat and vapor into or out of a field by winds
sweeping over or through it. See: “Clothesline effect” and “Oasis effect.”

Aeration of soil: The exchange of gases between the soil’s air phase and the external
atmosphere, supplying oxygen to growing roots and microorganisms and removing
carbon dioxide (the product of aerobic respiration). 

Aggregate stability: The ability of soil aggregates to withstand disruptive forces,
whether such forces are imposed mechanically (as during tillage or trampling) or by the
action of water (causing swelling, slaking, and dispersion of clay).

Aggregates: Soil structural units consisting of assemblages of primary particles that are
often bonded together by flocculated clay and may be stabilized by organic (humus) or
inorganic cementing agents. 

Air encapsulation: The entrapment of air in bubbles or in bypassed pores within a
nearly saturated soil. 

Albedo: The reflectivity coefficient of a surface to short-wave radiation, i.e., the frac-
tion of incoming solar radiation that is reflected rather than absorbed. For soils, it
varies generally between 0.1 and 0.4, depending on color (whether light-hued or dark),
surface roughness and wetness, and inclination of the incident radiation.

Alkalinity of soil: A high concentration of sodium ions in the soil’s exchange complex,
which affects soil properties and behavior. It typically results in an increase of soil pH,
dispersion of clay, and breakdown of soil aggregates, which in turn reduces soil
permeability and hence soil productivity.

Alumino-silicate clay minerals: Clay minerals in which the crystal lattice typically
consists of alternating layers of alumina and silica ions in association with oxygen
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atoms or hydroxide ions. Particles of such minerals typically exhibit negative surface
charges, which are usually countered by adsorbed (exchangeable) cations. 

Anaerobic soil conditions: A consequence of restricted soil aeration, resulting in
chemical and biochemical reduction reactions, including denitrification (from nitrate
to the nitrite, thence to nitrous oxide), manganese reduction (from manganic to
manganous state), iron reduction (from ferric to ferrous state), sulfate reduction (to
hydrogen sulfide). Among the organic compounds formed under anaerobic conditions
are methane, ethylene, and various organic acids. 

Aquifer: A porous geological formation that contains and transmits groundwater to
natural springs or to wells that supply water for human purposes.

Arid regions: Regions in which the natural supply of water by rainfall is below the
potential evapotranspiration rate during most of the year. In such regions, crop plants
are apt to suffer from a deficit of soil moisture much of the time, unless provided with
artificial irrigation. 

Bernoulli’s law: An equation relating the pressure of a moving fluid to its velocity. It
indicates that an increase in velocity entails a decrease in pressure.

Blackbody: A body whose surface absorbs rather than reflects incoming shortwave
radiation, and that emits long-wave radiation at maximum efficiency.

Bound water: The thin layer of water tightly adsorbed onto the surface of clay parti-
cles, presumed by some investigators to be more rigid than the bulk water that resides
in the wider pore spaces between the particles.

Boussinesq equation: An equation describing pressure distribution in uniform elastic
materials. It is used in soil mechanics to estimate the stresses at any point within the
soil profile due to a concentrated load applied to the surface. 

Bowen ratio: An index that is proportional to the ratio of temperature gradient to
vapor pressure gradient in the atmosphere above a field. It is relatively low when the
field is wet and the evaporation rate is high, i.e., when the temperature gradient is small
relative to the vapor pressure gradient. When the field is dry, the humidity gradients
tend to be low and much of the received solar energy goes to warming the soil, hence
the temperature gradients tend to be steep and the Bowen ratio becomes large.

Breakthrough curve: A plot of the relative solute concentration at the outflow boundary
of a soil column, following a step-change in the concentration of the entering solution at
the inflow boundary, as a function of the volume of effluent.

Bulk density of soil: Mass of soil solids per unit bulk volume of the soil (including the
volume of the voids).

Caliche: A layer of soil cemented by the accumulation and re-precipitation of calcium
and magnesium carbonate. It generally forms in the B-horizon of lime-rich soils in arid
regions. In some places, erosion of the A horizon exposes the caliche so that it appears
as a hardened layer capping the looser soil material beneath.

Capillarity: The condition of water drawn into the narrow (“capillary”) pores of the
soil, where it is generally at a sub-atmospheric pressure called tension or suction.

Capillarity: The tendency of a liquid to enter into the narrow pores within a porous
body, due to the combination of the cohesive forces within the liquid (expressed in its
surface tension) and the adhesive forces between the liquid and the solid (expressed in
their contact angle).

Capillary fringe: The thin zone just above the water table that is still saturated, though
under sub-atmospheric pressure (tension). The thickness of this zone (typically a few
centimeters or decimeters) represents the suction of air entry for the particular soil. 
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Carbon sequestration by soils: The accumulation of carbonaceous (organic) com-
pounds in the soil, brought about by the addition of plant and animal residues to the
soil and their partial decomposition within it to form more-or-less stable humus.

Cementation: The process by which calcareous, siliceous, or ferruginous compounds
tend to dissolve and then re-precipitate in certain horizons within the soil profile, thus
binding the particles into a hardened mass. 

Characteristic curve of soil moisture: A graph of the water content in a unit mass or
unit volume of soil (mass wetness or volume wetness) as a function of matric suction.
If measured in desorption, it is also called the “moisture retention” or “release”
curve.

Clay: The colloidal fraction of mineral soils, consisting of particles smaller than
2 micrometers in diameter. 

Clay minerals: A group of minerals found in the soil’s clay fraction, generally formed
within the soil by the decomposition of primary minerals in the parent rocks and their
recomposition into secondary minerals. The most prevalent minerals in the clay frac-
tion of temperate-region soils are the alumino-silicates.

Clothesline effect: The passage of warm air through a stand of plants growing in a
field, especially where the density of vegetation is sparse, thus affecting the rate of
evapotranspiration.

Cohesion: The internal mutual bonding of like molecules or particles of a particular
substance, imparting strength to a body composed of that substance.

Compaction of soil: Densification of an unsaturated soil by the reduction of fractional
air volume. Compaction can take place either under a static load or transient vibration
or trampling by animals and machines. 

Conditioners of soil: Polymeric substances that, when added to the soil, can promote
aggregate stability by gluing particles together within the aggregates as well as by
coating the surfaces of aggregates.

Consolidation of soil: The process by which a saturated body of soil is compressed,
resulting in reduction of pore volume by expulsion of water. Tests of consolidation are
intended to help predict the gradual settlement, or subsidence, of soil under prolonged
loading such as that due to a heavy structure.

Contact angle of a liquid on a solid: A measure of the attraction or affinity (adhesion)
between a liquid (e.g., water) and a solid surface (e.g., soil particles). A contact angle of
zero implies that a drop of the liquid placed on the solid would spread over it (in which
case the solid is considered “hydrophilic”). At the opposite extreme, a contact angle of
180 degrees implies a non-wetting of the surface (i.e., it is “hydrophobic”).

Continuity equation: A statement, in mathematical form, that for a conserved
substance (i.e., one, such as water, that is neither created nor destroyed in the soil), the
time rate of change of content must equal the negative rate of the change of flux with
distance (i.e., the amount per unit time entering minus the amount exiting a volume
element of soil). 

Convection: The mass flow of a fluid in response to a driving force acting on the entire
body of fluid (such as a pressure or gravity gradient or their combined force).

Coulomb’s law: The frictional resistance toward a tangential stress tending to slide one
planar body (or surface) against another is proportional to the normal stress pressing
the bodies together. 

Crop-response function to irrigation: The functional relation between the yield of a
crop and the amount of water applied to, or used by, the crop. A typical crop-response
curve is sigmoid in shape, its slope at each point representing the incremental yield
response to a unit quantity of added water.
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Crust formation: The development of a dense, hard, and relatively impermeable layer
at the soil surface, due to the breakdown of soil aggregates. Such a crust may inhibit
aeration, infiltration, and the emergence of germinating seedlings. 

Cylindrical (triaxial) shearing test: A method for measuring the shear strength of soil
samples, in which the failure surface is not predetermined but allowed to form within
the specimen as successive combinations of lateral and axial stresses are applied to a
series of samples of the same soil.

Damping depth (thermal): The depth in the soil at which the temperature amplitude
decreases to a fraction 1/e (1/2.718 = 0.37) of the amplitude at the soil surface. It is
related to the thermal properties of the soil (volumetric heat capacity and thermal con-
ductivity) as well as to the frequency of the temperature fluctuation considered. 

Darcy’s law: The rate of flow of a fluid (e.g., water) in a porous body (volume of fluid
per unit time per unit area perpendicular to the flow direction) is proportional to the
hydraulic gradient. The constant of proportionality is called the hydraulic conductivity,
which depends on the properties of the fluid as well as of the porous medium.

Deflation: A process of wind erosion, by which the loose top layer of the soil is blown
away, generally following the denudation and pulverization of the soil in arid regions.

Degradation of soil: The deterioration of soil productivity by such processes as
erosion, organic matter depletion, leaching of nutrients, compaction, breakdown of
aggregates, waterlogging, and/or salination.

Density of soil solids: Mass of soil solids per unit volume of those solids (excluding the
volume of the voids). 

Desertification: The degradation of land in semiarid regions, caused by human action
including the destruction of the vegetative cover by overgrazing and tillage, depletion of
soil organic matter and nutrients, deterioration of the soil’s aggregated structure, com-
paction of the soil by trampling animals and machines, and baring the surface to erosion
by water and wind. An area that was originally a rich and biodiverse ecosystem may thus
come to resemble a desert. Where irrigation is practiced injudiciously, waterlogging and
salination may further exacerbate the degradation of the land. 

Dew point: The temperature at which the vapor pressure of the atmosphere reaches a
point of saturation and the vapor begins to condense into droplets of liquid water.

Diffuse double layer: A phenomenon occurring at and near the surfaces of hydrated
clay particles, consisting of the negative charges of the clay surfaces and the counter
charges of the swarm of positive ions (cations) in the surrounding solution phase. 

Diffusion: The movement of molecules of different substances relative to one another
(due to their random thermal agitation) in non-homogeneous gaseous or liquid medium,
tending toward equalizing the concentrations of all components throughout the medium.

Dilatancy: The tendency of a body under shearing stress to expand as it deforms. This
property is typical of sandy soils, as a result of the sliding and rolling of particles over
one another along the shearing plane.

Disperse system: A system in which at least one of the phases is subdivided into numer-
ous minute particles, which together present a very large interfacial area per unit volume.
Examples are colloidal sols, gels, emulsions, aerosols, and soils.

Drainage: Outflow of water from the soil, either naturally or artificially. Surface
drainage refers to the downslope flow of excess water from the soil surface. Subsurface
(groundwater) drainage refers to the removal of water from within or below the soil,
generally involving the lowering of the water table.

Dryland farming: The production of crops in semiarid regions on the basis of natural
rainfall alone, without irrigation. Its proper practice calls for measures to conserve both
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soil and scarce water by promoting infiltration and minimizing evaporation through
the use of contour planting, mulching, and weed control.

Ecosystem: A community of plants, animals, and microorganisms that interact within
a shared habitat and that are influenced by, and influence, its cycles of energy and
materials.

Elasticity: The property of a body to deform instantaneously under an applied stress
and in proportion to it, to retain the new form as long as the stress is maintained, then
to regain the original dimensions when the stress is released.

Electrical resistance blocks: Porous bodies containing electrodes, placed in the soil to
equilibrate with soil moisture. The electrical resistance measured within such blocks can
be calibrated against independent measurements of soil wetness or soil water potential.

Emissivity coefficient: The property of a surface to emit radiation. Emissivity is unity
for a perfect emitter, called a “blackbody,” and smaller than unity for most surfaces.

Energy balance of a field: An expression of the classical law of energy conservation,
stating that the sum of the energy inputs minus the energy outputs of a field (including
radiant energy, sensible heat, latent heat) over a specified period must equal the change
in energy content (both thermal and chemical).

Erodibility of soil: The vulnerability of a soil to erosion, which depends on texture,
structure (size and stability of aggregates), looseness and roughness of the soil surface.

Erosion: The detachment of particles from the soil surface and their transport by
running water or by wind. 

Erosivity: The erosive power of rainfall, running water, or wind. In the case of rainfall,
it depends on the kinetic energy of raindrops per unit area and time (i.e., on rainfall
intensity as well as duration). In the case of running water, it depends on the velocity
and turbulence, as well as on the particles carried in suspension. In the case of wind, it
depends on wind speed and direction.

Eutrophication: The enrichment of water bodies with nutrients. In surface waters, it
may lead to the proliferation of algae and to the oxygen-deprivation of fish species. In
shallow aquifers, it may render the water unsuitable for drinking.

Evaporativity: The power of the atmosphere to vaporize and remove water from a
moist surface, at a rate determined by such meteorological variables as intensity of solar
radiation, ambient temperature and humidity, and wind speed. As an approximation,
evaporativity is considered to be practically independent of the properties of the surface
itself. In fact, however, the latter properties (including color and reflectivity, as well as
roughness) always interact with the externally imposed meteorological conditions in
determining the actual rate of evaporation.

Evapotranspiration: The transfer of water from its liquid state in the soil-plant system
to the atmosphere as vapor. It includes evaporation from the soil surface and transpira-
tion from the canopies of plants. The two processes are simultaneous and interactive
and are difficult to quantify separately. Their relative rates depend on the density of
plant cover.

Exchangeable sodium percentage (ESP): The percentage of the soil’s exchange capacity
that is occupied by sodium ions. When ESP exceeds 15%, the soil is considered to be an
alkali soil.

Failure stress: The value of stress at which a stressed body collapses or fractures, i.e.
loses its structural integrity.

Failure: The reaction of a body to stresses that exceed its strength, generally leading to
loss of cohesion or structural integrity by such modes as fracturing, slumping, plastic
yielding or apparent liquefaction.
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Fertigation: The injection of soluble fertilizers into the water supply so as to fertilize a
crop while irrigating it. Fertigation is often practiced with techniques of microirrigation.

Field capacity: An empirical measurement supposed to represent the soil profile’s
ability to retain water after the process of internal drainage has ceased. It is usually
measured about two days after an infiltration event. The measured value depends on
the initial depth of wetting and on the texture and layering of the profile.

Fingering: The appearance of protrusions in the normally smooth wetting front during
infiltration. Such “fingers” may propagate downward into the subsoil and carry
plumes of water and solutes while bypassing the greater volume of the soil matrix. The
phenomenon is also called “wetting-front instability” and “unstable flow.”

Flocculation and dispersion: The tendency of clay particles in an aqueous suspension
to either clump together into flocs or to separate from one another and thus disperse
in the fluid medium, depending on the composition and concentration of the elec-
trolytes in the ambient solution.

Fluidity: The ratio between the density and dynamic viscosity of a fluid. In the case of flow
in a porous medium, fluidity is the ratio of the hydraulic conductivity to the intrinsic
permeability of the medium. It depends on the composition and temperature of the fluid.

Fourier’s law: The law governing heat conduction, stating that the flux of heat in a
homogeneous body is in the direction of, and proportional to, the temperature gradi-
ent, with a coefficient of proportionality known as “thermal conductivity.”

Greenhouse effect: Inhibition of the atmospheric transmission of outgoing thermal radia-
tion from the earth, due to the presence of certain gases in the atmosphere. The principal
“greenhouse gas” is water vapor. Another important one is carbon dioxide, the concen-
tration of which has been increasing due to forest clearing, cultivation of formerly virgin
soils, and – especially – the burning of fossil fuels (coal, petroleum, natural gas).

Greenhouse gas emissions: The emission from the soil into the atmosphere of gases
(such as carbon dioxide, methane, and nitrous oxide) that inhibit the release into outer
space of heat from the earth, thus causing global warming. Agricultural sources may
constitute as much as 20% of the total anthropogenic emissions of those greenhouse
gases. Such emissions can be reversed by judicious soil management, with the soil as a
reservoir capable of sequestering (rather than emitting) carbon.

Groundwater: The water contained in the saturated portion of the soil or the underlying
porous formations, generally at a pressure greater than atmospheric. 

Heat capacity, volumetric: The change in heat content of a unit bulk volume of a body
per unit change in temperature. In the soil, it can be estimated from the sum of the heat
capacities of the various constituents (solids, water, and air), each weighted according to
its respective volume fraction.

Heat conduction: The propagation of heat within a body by internal molecular motion,
driven by a temperature gradient. The quantitative expression of heat conduction is the
equation known as Fourier’s Law.

Heat flux plates: Thin, flat plates of constant thermal conductivity that can be placed
in the soil at various depths to allow precise measurement of heat flux through them. 

Heat of wetting: The heat released by a unit mass of initially dry soil when immersed
in water. It is related to the soil’s specific surface (i.e., the content and composition of
the clay fraction).

Homogeneity: Uniformity of properties in all parts of a system. Such a condition may
be safely assumed only in the case of a small volume or sample of soil. In the open field,
the soil tends to be inhomogeneous, i.e., spatially variable. 
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Hooghoudt equation: An equation relating the height of the water-table between drains
to depth of the drains and the distance between them, the hydraulic conductivity of the
soil, and the rate of recharge by percolating water. 

Hooke’s law: The deformation (strain) of a body under stress is proportional to the
stress applied to it. This law pertains to elastic bodies. The constant of proportionality
between stress and strain is known as “Young’s modulus.”

Humid regions: Regions in which the amount of rainfall equals or exceeds the
potential evapotranspiration throughout the growing season. In such regions, plants
may suffer from excess water in the soil and impeded aeration, but seldom from
shortage of water.

Humus: The fraction of the organic matter in the soil that remains relatively stable
after the initial decomposition of the more labile components of plant and animal
residues. It is usually dark-colored, found mostly in the surface zone (the A horizon),
and it contributes to the stabilization of soil aggregates.

Hydraulic conductivity: The ratio between the flux of water through a porous medium
and the hydraulic gradient (i.e., the flux per unit hydraulic gradient). 

Hydraulic diffusivity: The ratio between the flux of water and the gradient of soil wet-
ness. This term is somewhat misleading, since it does not refer to diffusion as such but
to convection. The term is taken from the analogy to the diffusion equation (Fick’s law),
stating that the rate of diffusion is proportional to the concentration gradient.

Hydraulic head: The sum of the pressure head (hydrostatic pressure relative to atmos-
pheric pressure) and the gravitational head (elevation relative to a reference level).  The
gradient of the hydraulic head is the driving force for water flow in porous media.

Hydrodynamic dispersion: The tendency of a flowing solution in a porous medium
that is initially permeated with a solution of different composition to disperse, due to
the non-uniformity of the flow velocity in the conducting pores. The process is some-
what analogous to diffusion, though it is a consequence of convection. 

Hydrogen bonding: The electrostatic attraction between molecules due to the presence of
hydrogen atoms bound to negatively charged atoms. A primary example is the mutual
attraction of water molecules.

Hydrology: The study of the dynamic state, cyclic movements, transformations, spatial
and temporal distribution, and interactions of the Earth’s water in the various domains
in which it occurs – oceans, continents, and the atmosphere, particularly as it affects
living systems in general and human life in particular.

Hydrophobicity: The tendency of a surface or of an assemblage of particles to resist
wetting by water, caused by the obtuse contact angle between water and the surface.
Most mineral soils have a natural affinity for water (i.e., are hydrophilic). The surface
zone of some soils, however, may be hydrophobic (water-repellent), especially when
coated with oily resins, and tends to shed rather than absorb water applied to it.

Hysteresis: The dependence of an equilibrium state on the direction of the process
leading up to it. A prime example is the difference between the soil moisture charac-
teristic curves measured in sorption (i.e., as an initially dry soil is gradually wetted) and
in desorption (i.e., as an initially saturated soil is gradually dried).

Infiltrability: The flux of infiltration resulting when water at atmospheric pressure is
applied and maintained at the soil surface. Infiltrability is relatively high when water is
first applied to a dry soil, but diminishes in time and, if the soil is deep, it eventually
tends asymptotically toward a constant rate called the soil’s “steady infiltrability.”

Infiltration: Water entry into the soil, generally by downward flow through all or part
of the soil surface.
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Infiltrometer: A device to measure the infiltration rate and hence the infiltrability of a soil
in situ, generally by applying a shallow head of water to the soil surface inside a ring.
A special type is the “disc infiltrometer,” which introduces water to the soil surface at sub-
atmospheric pressure. Another type is the “sprinkling infiltrometer,” which applies water
to the surface by a controlled rate of sprinkling.

Internal drainage: The post-infiltration movement of soil moisture in an initially
deeply wetted or saturated profile, or in the presence of a high water table.

Ion exchange: The adsorption of ions (particularly cations, but in some cases anions as
well) by the surfaces of clay particles, and their exchange with cations in the surrounding
aqueous solution. 

Irrigation: The practice of supplying water to the root zone of a crop so as to permit
farming in arid regions and to offset drought in semiarid or semihumid regions. The
potential productivity of irrigated land generally exceeds that of unirrigated (“rain-
fed”) land, due to increased yields per crop and to the possibility of multiple cropping.

Isotropy: Each point in the system having equal permeability in all directions. In
contrast, an anisotropic system may have a higher permeability or conductivity in one
direction than in another. Anisotropy is typically due to the layering of the soil or to a
pattern of micropores or macropore with a distinct directional bias.

Kriging: A method of estimating the unmeasured value of a physical property for any
location by means of a geostatistical interpolation procedure in which the known values
of surrounding locations are analyzed spatially so as to minimize the overall variance. 

Laminar flow: The flow of a fluid such that adjacent laminae (layers), moving at different
velocities, slide over one another smoothly, without creating eddies.

Laterites: Soils typically occurring in the humid tropics, in the genesis of which silica
dissolves and is leached while iron and aluminum oxides accumulate and impart a
typical red color to the soil. Chunks dug up from laterites and dried in the sun tend to
harden and form bricks, hence the name derived from the Latin word later, meaning
“brick.”

Leaching fraction: The additional fractional volume of water that must be applied per
unit area (in excess of seasonal evapotranspiration) in order to leach the residual salts
and to prevent their accumulation in the root zone.

Leaching: The removal of solutes from the soil by the downward percolation of water.
This process is desirable to the extent that it removes excess salts, but may be harmful
to soil productivity where it removes essential nutrients.

Loam: A soil of intermediate texture that contains a balanced proportion of the tex-
tural fractions. As such, a loam is often (but not always) considered to be the optimal
soil for plant growth and for agriculture.

Macropores: Relatively large pores in the soil, generally several millimeters in width,
occurring between aggregates or as cracks or fissures in the soil matrix. Some macro-
pores are biogenic (e.g., channels formed by decaying roots or by earthworms). When
open to the surface, macropores serve as pathways for the rapid infiltration of water.
They may also allow evaporation to dry the soil to considerable depth.

Matrix of the soil: The assemblage and arrangement of the solid phase (mineral
and organic components) constituting the body of the soil, and the interstices (pores)
contained within it.

Mechanical analysis: A procedure in which the array of particle sizes of a soil is deter-
mined quantitatively, by means of sieving, sedimentation, and/or microscopy.
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Meniscus: The curved surface of a liquid inside a capillary pore. The curvature of the
meniscus depends on the liquid-solid contact angle as well as on the liquid-to-gas
surface tension and the atmospheric pressure.

Microirrigation: The low-volume, high-frequency (or continuous) application of water
to the soil at selected points (rather than over the entire surface), generally via narrow-
orifice emitters set in tubes that convey water at relatively low pressure. Microirrigation
includes such techniques as drip, trickle, bubbler, and microsprayer irrigation. 

Miscible displacement: The displacement of one solution by another inside the soil,
when the two solutions are miscible and tend to mix along their contact front, due to
both diffusion and hydrodynamic dispersion.

Modulus of rupture test: A procedure to characterize the cohesive strength of dry soil
briquettes. This test is applied mainly to the characterization of soil crusts.

Mohr circle: A graphic representation of the values of normal and tangential (shearing)
stresses acting within a body at any angle of inclination. 

Mohr envelope: If a series of stress states just sufficient to cause failure is imposed on the
same material and these are plotted as a set of Mohr circles, the tangent line (envelope)
to these circles can be used as a criterion of shearing strength. In soils, this envelope often
forms a straight line that is seen to obey Coulomb’s law.

Mulch: A layer of loose material on the soil, serving to protect its surface against the
direct impact of raindrops and against rapid desiccation by sun and wind. A virgin soil
is generally covered with a natural mulch consisting of the remains of dead plants and
animal droppings. Special practices are needed, however, to maintain mulch over a
cultivated soil. Materials used for the purpose may include straw, wood shavings,
paper, plastic sheeting, sprayable asphalt, sand, and even gravel. 

Neutron moisture meter: A device to measure the wetness of a soil profile, consisting
of a probe that includes a radioactive source of fast neutrons and a detector of slow
(thermalized) neutrons. The fast neturons are emitted radially into the soil and are
slowed by repeated collisions with the hydrogen nuclei in soil water. The density of the
cloud of slowed neutrons around the probe is proportional to the volumetric wetness
of the soil.

Oasis effect: The extraction of sensible heat from a warm mass of air flowing over the
top of a field and the conversion of this heat to latent heat of evaporation.

Osmosis: Diffusion of molecules or ions of a substance in solution through a barrier
having pores of molecular size.

Osmotic Pressure: The pressure that must be applied to a solution that is in contact with
pure water via a semipermeable membrane (i.e., permeable to the molecules of water but
not to those of the solute) so as to prevent the net diffusion of pure water into the solution
through that membrane.

Overland flow: The flow of uninfiltrated rainwater over the surface of the ground. The
term is sometimes used synonymously with “runoff,” though some soil physicists tend
to distinguish between the two terms, using the former to describe unchanneled “sheet”
flow toward a stream and the latter term for channeled flow in streams.

Particle size distribution: The continuous array of particle sizes in the soil, typically
represented in graphic form as a “particle-size distribution curve.” 

Ped: A term used by pedologists to describe aggregates formed by natural processes in
the course of soil formation, in contrast with the aggregates occurring in cultivated
soils, which are referred to as “clods.”
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Penetrometer: An instrument for assessing soil strength in the field. It consists of a narrow
probe driven into the soil. The soil’s resistance to penetration is measured in terms of the
energy expended per unit depth.

Penman equation: An equation based on the simultaneous solution of the heat and
mass balance equations, designed to estimate the potential evapotranspiration from a
smooth, well-watered field with a dense, low crop.

Penman-Monteith equation: An extension of the Penman equation, estimating the rates
of heat and vapor transfers from less-than-saturated surfaces. Specifically, this form of
the equation accounts for the existence of “canopy resistance,” due to the physiological
restriction of transpiration by the crop (the so-called “stomatal control mechanisms”).

Perched groundwater: An accumulation of water that is under positive pressure, at
some depth in or under the soil profile, resting on a relatively impermeable layer that
lies above the general (regional) water table. 

Percolation: The downward flow of water through saturated or nearly saturated layers
of the soil profile, generally due to gravity (i.e., where suction gradients are negligible).

Permeability (intrinsic): A property of a porous medium affecting fluid flow. It is
presumed to be independent of the properties of the permeating fluid. Permeability is
proportional to the hydraulic conductivity, with the proportionality constant being the
ratio of viscosity to the product of density and gravitational acceleration. This defin-
ition assumes that the fluid and the medium do not interact is such a way as to change
the properties of either.

Planck’s law: The intensity distribution of radiation (energy flux in a given wavelength
range) emitted from a body as a function of absolute temperature. 

Plow pan: A compact layer formed in cultivated soils, just below the tilled topsoil, as
a result of the pressures exerted by tillage implements and tractor wheels.

Poiseuille’s law: The volume-rate of laminar flow through a narrow (capillary) tube is
inversely proportional to the viscosity and directly proportional to the pressure drop
per unit distance and to the fourth power of the tube radius.

Porosity: Fractional volume of voids (pores) in the bulk volume of the soil.

Potential evapotranspiration: The rate of evapotranspiration from a dense stand of an
actively growing herbaceous crop (e.g., grass) that is well endowed with water. As such,
potential evapotranspiration represents the maximal, weather-determined, rate of
evaporation from a vegetated surface. It depends on such meteorological variables as
solar radiation, air temperature and humidity, and wind speed.

Pressure-plate apparatus: An instrument to measure the soil moisture characteristic in
the range of 1 to 15 or more bars of tension. Pressurized air is used to extract water
incrementally from initially saturated soil samples resting on a porous plate. 

Profile of the soil: A vertical section of the soil, from the surface through the soil’s
various horizons, down to the underlying parent material.

Puddling: The mechanical manipulation (e.g., kneading) of a wet soil, especially of a
clayey soil that tends to be plastic when very wet, resulting in the destruction of the
soil’s aggregates. After drying, a puddled soil typically forms massive, hardened clods. 

Radiation balance: The sum of all incoming minus outgoing radiant energy fluxes for
a given surface. The radiation balance for a typical soil surface is generally positive
during daytime (as the incoming shortwave solar radiation flux exceeds the outgoing
longwave radiation flux) and negative during nighttime. 

Radiation: The emission of energy in the form of electromagnetic waves from all
bodies above 0 degrees Kelvin. The intensity of the emitted radiation is proportional to
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the fourth power of the body’s surface temperature. It also depends on a property of
the body called emissivity, according to the Stefan-Boltzmann law.

Redistribution of soil moisture: The post-infiltration movement of soil moisture in a
partially wetted (unsaturated) profile in the absence of a shallow water table, during
which water moves progressively (albeit at a diminishing rate) from the initially wetted
upper part of the profile to the unwetted lower part of the profile and the initially sharp
wetting front becomes indistinct. 

Redox potential: A quantitative measure of the reducing or oxidizing power (i.e. of the
electron activity) of a medium or solution. The redox potential of anaerobic soils is
usually determined by measuring the difference in potential between an inert platinum
electrode and a reference electrode (such as a saturated calumel or Ag:AgCl solution). 

Representative elementary volume: Minimum volume of a soil sample needed to obtain
a consistent value of a measured parameter.

Respiration (aerobic): The release of chemical energy from organic matter by living
organisms via the process of oxidation. This process is the reversal of photosynthesis,
by which green plants transform radiant energy into chemical energy by synthesizing
carbohydrates while releasing oxygen.

Reynolds number: A quantitative criterion for the transition from laminar to turbulent
flow, equal to the product of mean flow velocity, tube diameter, and fluid density divided
by dynamic viscosity. In straight tubes, the critical value is of the order of 1000. That value
is reduced greatly when the tube is curved and its diameter varies. In porous media, it
is safe to assume that flow remains linear with hydraulic gradient only if the Reynolds
number is smaller than unity.

Rheology: A branch of the science of mechanics, describing the deformation of bodies
under applied stresses, and more specifically the stress-strain-time relations of deformable
bodies. When applies to soil bodies, the science dealing with that set of phenomena is
often designated “soil dynamics.”

Richards equation: A flow equation combining Darcy’s law with the continuity equa-
tion, along with the proviso that in an unsaturated soil the hydraulic conductivity is a
function of matric potential (or of soil wetness).

Richardson number: A criterion for estimating the relative importance of buoyancy
versus frictional forces in producing atmospheric turbulence, hence for assessing the
stability or instability of the air over a field. The air temperature profile tends to be
stable when the Richardson number is positive, and unstable when it is negative.

Root zone: The part of the soil profile that is penetrated and permeated by plant roots,
and that provides them with their water, nutrient, and oxygen requirements.

Runoff inducement: The practice of treating the soil surface on sloping ground so as
to reduce infiltrability and increase runoff; as well as of collecting, directing, and util-
izing the runoff thus obtained. Also called “water harvesting,” this practice has been
applied since ancient times by societies in arid regions, to obtain drinking water and
irrigation.

Runoff: The volume of water that runs off the soil surface and flows into streams dur-
ing episodes of intense rainfall or during an irrigation that exceeds the soil’s infiltrability. 

Salinity of soil: The excessive accumulation of salts in the soil, such that restricts plant
growth and causes a decline of soil productivity (in extreme cases, it may even result in
soil sterility). Salinity affects plants directly through the reduced osmotic potential of the
soil solution and by the toxicity of specific ions such as boron, chloride, and sodium.

Saltation: The bouncy movement of sand particles caused by wind blowing over the
surface. Gusts of wind pick up protruding particles and carry them downwind in short
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spurts. As they fall to the ground at an angle, they strike other particles and bounce
them up in sequence.

Sedimentation: The deposition of eroded particles, which takes place where the
flowing water or blowing wind that had detached and transported the particles
becomes quiescent. 

Seepage: The loss of water from a pond or reservoir by percolation into and through
the soil. An alternative use of the term is to describe the emergence of water from an
exposed stratum of a saturated soil.

Semipermeable membrane: A membrane that permits the passage of solvent molecules
but not the molecules or ions of certain solutes. When such a membrane is placed
between solutions of different concentration, osmotic effects occur. Naturally occurring
semipermeable membranes play a vital role in the physiology of plants and animals.
Artificial semipermeable membranes serve in many industrial processes, including the
desalination process of reverse osmosis.

Sodium adsorption ratio (SAR): The ratio between the concentration of sodium ions
in an aqueous solution and the square root of the combined concentration of calcium
and magnesium. This ratio serves to predict the equilibrium exchangeable sodium
percentage (ESP) of a soil that is to be irrigated with the given solution. 

Soil physics: The branch of soil science that deals with the state and transport of
matter and with the state and transformations of energy within the soil, as well as
between the soil and the adjacent domains (namely, the atmosphere above and the
substrata below).

Soil: The weathered and fragmented outer layer of the earth’s terrestrial surface,
formed initially through the disintegration and decomposition of rocks by physical and
chemical processes and influenced subsequently by the activity and accumulated
residues of numerous species of microscopic and macroscopic biota.

Soil-Plant-Atmosphere Continuum: A concept recognizing that the field with all its
components – soil, plant, and ambient atmosphere taken together – constitutes a phys-
ically integrated, dynamic system in which the various flow processes involving energy
and matter occur simultaneously and interdependently like links in a chain.

Spatial variability of properties and processes: The non-uniform distribution of speci-
fiable attributes of an area, whether random or systematic (structured), and the range
of their variation expressed by means of statistical (probabilistic) criteria. 

Specific heat: The change in heat content of a unit mass of a substance or body per unit
change in temperature. Of the various substances constituting the soil, water exhibits
the highest specific heat.

Specific surface: The total surface area of particles per unit mass of the particles or per
unit volume of the soil, usually expressed as square meters per gram or per cubic
centimeter. 

Splash erosion: The action of raindrops on bare soil, in which the impacting drops
detach soil particles and splash them in all directions but with a net tendency toward a
downslope direction. This lashing action initiates the process of water erosion, which
is then continued by running water (i.e., particle-laden overland flow and runoff).

Stefan-Boltzmann law: The total energy flux emitted by a radiating body, integrated
over all wavelengths, is proportional to the fourth power of the absolute temperature of
the body’s surface.

Stokes law: An equation relating the velocity of a spherical particle settling in an
aqueous suspension, under the influence of gravity, to the particle radius and density,
as well as to the viscosity and density of the fluid. 

Strain: The ratio of the deformation of a body that is subject to stress (compressive,
tensile, or shear) to the body’s original dimensions.
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Strength: The capacity of a body to withstand stresses without experiencing failure,
whether by rupture, fragmentation, collapse, or flow. In quantitative terms, it is the
maximal stress a given body can bear without undergoing failure, or the minimal stress
that will cause the body to fail.

Stress: A force per unit area acting on a body and tending to deform it by compression,
tension, or shear. 

Structural stability: The ability of the soil’s aggregated structure to resist the forces
tending to cause its disruption, such as slaking by water or grinding and compaction
by machinery.

Structure of soil: The arrangement and organization of the particles in the soil (i.e., the
internal configuration of the soil matrix, or fabric), whether single-grained (unattached
particles variously stacked) or associated in more or less stable aggregates. As such, the
structure of the soil determines the geometric configuration of the pores and the
permeability of the soil to fluids.

Surface storage capacity: The maximal volume of water per unit area that can accu-
mulate over the surface during periods of intense rainfall (i.e., rainfall exceeding the
soil’s infiltrability). When surface storage capacity is exceeded, overland flow begins.

Surface tension: The resistance of a liquid body to an increase in its surface area. It is
due to the cohesion between the liquid molecules and is expressed quantitatively as the
force per unit length or the energy per unit area needed to overcome that resistance and
to increase the surface of the liquid.

Surface-water excess: The excess of rainfall intensity over the infiltration rate. That
excess tends to accumulate in pockets or depressions over the surface, or – if the surface
is smooth and sloping – to run off the surface in the form of overland flow.

System: A group of interrelated, interdependent elements constituting an integrated
entity; e.g., the soil is a heterogeneous, polyphasic, particulate, and porous system.

Tensiometer: A device to measure the matric potential of soil moisture in situ, consisting
of a porous (ceramic) cup filled with water, with a manometer to monitor the pressure of
the water in the cup at equilibrium with soil moisture. As soil moisture diminishes, its
matric tension increases, hence it draws water from the cup, which in turn registers a
subatmospheric pressure, called tension.

Tension-plate assembly: A device for equilibrating an initially saturated soil sample
with a known matric tension value, applicable to the tension range of 0 to 1 bar.

Terracing: The practice of building horizontal barriers on the contour, aimed at checking
surface runoff and preventing it from accelerating downslope.

Texture of soil: The range of particle sizes in a soil, expressed in terms of the proportions
by mass of the fractions known as sand (the coarsest particles), silt (intermediate-size
particles), and clay (the finest particles).

Thermal conductivity: The flux of heat (i.e., the amount of heat conducted across a
unit crosssectional area in unit time) per unit temperature gradient.

Thermal regime of a soil profile: The variation of soil temperature with time for various
depths in the profile.

Thermocouple psychrometer: A device to measure relative humidity of the air phase in
the soil. Soil-moisture potential (sum of the matric and osmotic potentials) is related to
the logarithm of the relative humidity. The measurement is made by a thermocouple
(two junctions of dissimilar metals), one junction in a hollow porous cup embedded in
the soil, the other kept in an insulated medium. 

Thixotropy: The tendency of bodies composed of certain materials to change their
mechanical properties when subjected to abrupt stresses; e.g., the tendency of an appar-
ently solid body of moist clay to liquefy and slump when jarred suddenly. 
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Threshold hydraulic gradient: The minimal value of hydraulic gradient above which
Darcy’s law is valid. Below that value the flow rate may be either zero (the water being
effectively immobile) or lower than predicted by Darcy’s law. The possible existence of
a threshold hydraulic gradient in soils is, howver, a controversial issue.  

Tillage: Mechanical manipulation of the soil’s upper layer by means of implements
designed to slice, pulverize, loosen, invert, and/or mix the soil. The aims of tillage are
to prepare a seedbed, eradicate weeds, enhance infiltration, and/or shape the surface. 

Time-domain reflectometry: A technique for measuring soil wetness, consisting of
parallel metal rods inserted into the soil. When a step pulse of electricity is sent through
the rods, the received signal is related to the dielectric properties of the medium. Since
the dielectric constant of water is about 81 while that of soil solids is 4 to 8 and that of
air is about 1, the reading depends mainly on the fractional volume of water present.

Tortuosity: The ratio of the average “roundabout” path of flow in a porous medium
to the apparent, or straight, flow path. Tortuosity is thus a dimensionless geometric
parameter of porous media, which is always greater than 1 and may exceed 2. The
“tortuosity factor” is sometimes defined as the reciprocal of the above ratio. 

Transpiration: Evaporation from plants, principally through the open stomates in the
leaves. When plants experience water stress, they tend to close their stomates, thereby
restricting transpiration. By so doing, however, they also curtail the process of photo-
synthesis, i.e., the absorption of atmospheric carbon dioxide by the stomates.

Turbulent flow: The internally disordered flow of a fluid such that “packets” of the
fluid swirl about in eddies, and more energy is dissipated in internal friction than is the
case in laminar flow. 

Two-phase flow: The simultaneous flow in the soil of two fluids, either immiscible
(e.g., air and water, or petroleum and water) or miscible (e.g., saline and fresh water).

Universal soil loss equation: An empirical equation that considers the rate of erosion
as a combined product of rainfall erosivity, soil erodibility, slope steepness or length,
surface cover, and management.

Vadose zone: The generally unsaturated soil and the underlying porous strata that
overlie the permanent water table. It is also called the “unsaturated zone” or the “aer-
ated zone,” in contrast with the saturated zone that lies underneath the water table.

Vapor pressure: The partial pressure of water vapor in the atmosphere. It depends on
the pressure and temperature of the atmosphere, as well as on the state of water in a
water-containing body (such as soil) at equilibrium with the atmosphere. 

Vertisols: Soils rich in expansive clay (e.g., montmorillonite). When subject to alter-
nating cycles of wetting and drying, as in a semiarid region, such soils tend to heave and
then to settle and form wide, deep cracks, as well as slanted sheer planes extending deep
into the soil profile.

Viscosity: The resistance of a fluid to shear (i.e., to a force causing the adjacent layers
of the fluid to slide over each other). That resistance is proportional to the velocity of
the shearing. As such, viscosity can be visualized as the fluid’s internal friction.

Void ratio: Fractional volume of voids (pores) per volume of soil solids.

Water application efficiency: The net amount of water added to the root zone as a frac-
tion of the amount applied to the field. Surface irrigation methods such as flooding or
furrowirrigation may result in runoff and/or in percolation beyond the root zone, thus
reducing the application efficiency. Sprinkling irrigation may involve losses due to
wind-drift. Microirrigation methods, if well managed, offer the potential for relatively
high application efficiency. 
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Water balance of a field: an equation embodying the law of mass conservation by
summing all quantities of water added to, subtracted from, and stored within a given
volume of soil (e.g., the root zone of a cropped field or of a natural plant habitat) during
a specified period of time.

Water conveyance efficiency: the volume of water arriving at the field as a fraction
of the volume taken from some source (say, a reservoir). The difference between those
volumes represents the loss of water incurred in conveyance and distribution, such as
seepage and evaporation from open (often unlined) canals or leakage from pipes.

Water potential in the soil: A measure of the energy state of water in the soil relative to
that of pure water at atmospheric pressure and a standard elevation. At each point,
water potential depends on temperature, hydrostatic pressure (being “negative” in
unsaturated soil, hence called tension or suction), solute concentration, and relative
elevation.

Water Table: The top surface of a body of groundwater, that surface being at atmos-
pheric pressure. All groundwater beneath the water table is at a pressure greater than
atmospheric, whereas soil moisture above it is at a pressure smaller than atmospheric
(i.e., at a state of tension, or suction).

Water use efficiency: The measure of crop produced (in terms of total vegetative growth
or – preferably – in terms of the weight or value of the marketable product), either per
unit amount of water applied or per unit amount of water consumed (evaporated and
transpired). Unlike other measures of efficiency, this index is not expressed in dimen-
sionless terms as percentage, but as crop mass or value per unit volume of water. 

Waterlogged soil: A soil that is nearly saturated with water much of the time, such that
its air phase is restricted and anaerobic conditions prevail. In extreme cases of pro-
longed waterlogging, anaerobiosis occurs, the roots of mesophytes suffer, and chemical
reduction processes occur (including denitrification, methangenesis, and the reduction
of iron and manganese oxides).

Watershed (catchment): A section of the land surface that drains its surface-water
excess (i.e., the excess of rainfall over infiltration) to a specified point along a stream.

Watershed divide: The line delineating the upper edge of a watershed and separating
between it and adjacent watersheds. 

Wetness: Water content per unit mass of soil solids (mass-wetness); or per unit bulk
volume of the soil (volume-wetness).

Wettability: The tendency of a soil to accept water (in contrast with the opposite ten-
dency of some soils to repel water, called “hydrophobicity”). Water applied to a wettable
soil typically forms an acute contact angle, and is drawn into the soil’s pores. 

Wien’s law: A statement that the wavelength of maximal radiation intensity emitted by
a blackbody is inversely proportional to the absolute temperature of the body’s surface.

Windbreaks: Strips of trees or fences built of slats or brush, arranged perpendicularly
to the direction of the prevailing wind, aimed at reducing its speed so as to prevent
wind erosion and desiccation, as well as mechanical damage to crops and roads by
drifting sand and snow. Vegetated windbreaks are also called shelterbelts. 

Zonal soil: A mature, residual soil formed under local climatic conditions and reflect-
ing the cumulative and lasting influence of its formative conditions.


