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EVAPORATION AND ENVIRONMENT

By J.L.MONTEITH
Rothamsted Experimental Station, Harpenden, Herts.

A turgid leaf exposed to bright sunshine can transpire an amount of water
several times its own weight during a summer day. Rapid evaporation is
sustained by a supply of heat from the atmosphere and by a movement of
water within the plant preventing the desiccation of leaf tissue. In analysis,
the need for energy and the need for water have often been dissociated.
Meteorologists investigating the energetics of transpiration have assumed
that leaves behave like pieces of wet, green blotting paper, and plant
physiologists have demonstrated mechanisms for the conduction of water
at arbitrary rates unrelated to the physics of the environment.

This paper describes progress towards a reconciliation of parallel
concepts in meteorology and physiology. The path for the diffusion of
water vapour from leaf cells to the free atmosphere is divided into two parts,
one determined primarily by the size and distribution of stomata, and the
other by wind speed and the aerodynamic properties of the plant surface.
Diffusive resistances for single leaves and for plant communities are
established from measurements in the laboratory and in the field and are
then used:

(i) to predict relative rates of evaporation from leaves with wet and dry
surfaces;

(ii) to investigate the dependence of transpiration rate on wind speed and
surface roughness;

(iii) to demonstrate that the relation between transpiration rate and leaf
area is governed by stomatal closure in leaves well shaded from sunlight;

(iv) to calculate maximum rates of transpiration for different crops and
climates.

A final section on the advection of dry air stresses the importance of
physiological restraint on the rate of transpiration from an irrigated field
surrounded by dry land.

FIRST PRINCIPLES

The evaporation of water is like a commercial transaction in which a
wet surface sells water vapour to its environment in exchange for heat.
For each gram of water evaporated at 20° C., the surface demands
585 calories of heat and several forms of payment are acceptable. When
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water evaporates from plants, the environment can supply heat by solar
radiation, by turbulent transfer from the atmosphere, or by conduction
from the soil. A few elementary principles of thermodynamics are needed
to relate the state of the environment to the rate of evaporation from a free
water surface, an isolated leaf, or from a crop canopy.

In problems of natural evaporation, the state of a given mass of air can
be described by its temperature 7T and its vapour pressure e. The total heat
content of the air is the sum of a sensible heat content, depending on
temperature, and a latent heat content, depending on vapour pressure.
When temperature changes by 67 and vapour pressure by de, approxima-
tions discussed by Brunt (1939) lead to the relation

de _ yéT
change in latent heat = change in sensible heat’ ()

where 7, a function of the physical properties of dry air, is 0-66 mb. ° C.7%
at 20° C. and 1 atm. pressure.

Consider a mass of air isolated from all external sources of heat. Any
spontaneous change in latent heat content must be balanced by an equal
and opposite change in sensible heat content. In particular, when the air
is unsaturated and contains a small amount of liquid water, the water will
evaporate (increasing the latent heat content of the air) and the air will cool
(decreasing the sensible heat content of the air). The process stops when
the air becomes saturated at a temperature 7, known as the wet-bulb
temperature, and from equation 1, the equation for the redistribution of

energy is
&y e(T')—e = y(T-T'), (2)

where ¢(7") is the saturation vapour pressure at 7",

Further increase of vapour pressure can be produced only by adding an
amount of heat Q that is shared between an increase of sensible heat
(increasing T') and an increase of latent heat (increasing ). While liquid
water remains in the system, small changes are related by

de, = AT, (3)

where A, the change of saturation vapour pressure with temperature,
increases with temperature. (At o°C., A = o.5mb. °C.7%; at 25°C.
A = 19 mb. ° C.-%.) Combining equations 1 and 3,

increase of latent heat = _AAT-Q?’ (42)
increase of sensible heat = _% (4b)
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The rate of evaporation from a wet surface with temperature 7’ can now
be calculated from the rate of increase in the latent heat content of sur-
rounding air at temperature 7. If the specific heat of air is pe (cal. cm.—8),
then 1 cm.3 of unsaturated air cooling from T to 7'°C. will supply
pc(T—T') calories of heat for evaporation. If 7, is the time in which 1 cm.?
of air exchanges heat with 1 c¢m.? of surface, 1/7, is a rate of exchange in
cubic centimetres of air per square centimetre of surface per second. The
rate at which air supplies heat to the surface is

(5)

where D is the wet-bulb depression, A is the latent heat of water (cal. g.~1)
and E, is the evaporation rate (g. cm.~%sec.™?). '
When water evaporates into saturated air, latent heat must be taken up
at a rate
AH

= 5o (6)

from equation (4a), where H (cal. cm.~% sec.”) is the rate of heat supply.

Fig. 1 shows how the evaporation from a wet surface may be found by
combining equations (5) and (6). In this example, air at 13° C. and g mb.
vapour pressure (point W) passes over a wet surface at 16° C. and 18-2 mb.
saturated vapour pressure (point Y). In terms of thermodynamics, the
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Fig. 1. Graphical representation of evaporation formulae (see text).
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amount of energy needed to change air from state W to state Y is com-
pletely independent of the path chosen from W to Y and of the infinite
possibilities the route WX is the most revealing. Starting from W, the
air is saturated by cooling to its wet-bulb temperature (¢-2° C.) along a line
WX with slope —v and the heat released for evaporation is AE; (equation
5). Maintaining saturation, the air is now heated from state X to state Y
where X and Y are both on the saturation vapour pressure curve e(T).
Approximating to this curve by the chord XY with slope A, the corre-
sponding latent heat of evaporation is AE, (equation 6). The temperature-
dependent function A is evaluated at the mean of the wet-bulb temperature
of the air and the surface temperature.
The total latent heat of evaporation is

AE:AwﬁE9=§%%+fD.

(7)

For air at W, the relation between the wet-bulb depression D and the
saturation vapour pressure deficit is given by
e(I)—e JW JK KW
D KX RXTRxX-ANTY
where A’ is evaluated at the mean of wet- and dry-bulb air temperatures.
Assuming A == A’, equation (7) may be written

_ AH+pele(T)~élfr,.

AE
A+y

©)

Equation (8) was first derived by Penman (1948) and equation (7) is a
variant preferred by Slatyer & Mcllroy (1961). Neither equation is valid
for a surface where the vapour pressure is less than the saturation vapour
pressure at surface temperature. For example, the water in a leaf evapor-
ates at the surfaces of cell walls surrounding sub-stomatal cavities, and
reaches the outer surface of the leaf by molecular diffusion through stomata
and through the cuticle. When a leaf has a uniform temperature 7, the
vapour pressure of air in contact with wet cell walls is usually very close to
the saturation vapour pressure e(7}). At a dry leaf surface, the vapour
pressure ¢, is always less than e(7}) during transpiration, and surface air is
never saturated. In Fig. 1, the unsaturated air in contact with a leaf is given
a wet-bulb depression D, and its state is represented by point Z. To reach
Z from Y, the air is de-saturated by condensation of water vapour and

latent heat is released at a rate
cD
—AE; = p 9,

Ta
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The total rate of evaporation for the path WZ is

AE = A(Ey+ E,+ Ey) = AAfy+pc(Dra Do) (9)
Some theoretical implications of this expression were examined by
Slatyer & Mcllroy but its practical exploitation is severely limited by the
difficulty of measuring or calculating the wet-bulb depression of air at a
leaf surface. This difficulty may be resolved by eliminating surface para-
meters as follows.

Anticipating later discussion, the same value of 7, is valid for the diffusion
of heat and water vapour. When ¢, is the vapour pressure at a leaf surface,
the transpiration rate is proportional to (e,—e)/r, and, by analogy with
Ohm’s law, (e,—¢) is a potential difference maintaining a current or flux of
water vapour across an external diffusion resistance 7, in the air surround-
ing a leaf. Similarly, the rate of diffusion within a leaf is proportional to
{e(T,)—e,}/r;, where 7, is the internal resistance of the leaf. This resistance
is provided by stomatal pores, by the cuticle, and by the cell walls during
severe water stress (see the contribution by Meidner, p. 185). In a turgid
leaf with ample water for transpiration, the resistance of cell walls is
negligible and the cuticle presents a resistance much larger than the
parallel resistance of stomata. The total leaf resistance is almost equal to
the resistance of the stomata alone and is governed by stomatal sizes and
populations (Milthorpe, 1962).

‘When the rates of diffusion within the leaf and in the external air are
equal

E(ﬁ) — es(jz))—eo — €€

pe 7 o (xe)

where the constant yA/(pc) preserves the consistency of units, and by re-
arranging terms

e(T,)—e = (+ I :—_z) (e, —e). (11)

Equation (11) shows that a leaf with internal resistance 7, can be treated
formally as a free water surface if the vapour pressure difference (e, —e) is

replaced by {e/(7})—e}/(1+nr,). Alternatively, the psychrometer constant
v can be replaced by a modified value

7*=y(1+:—“). (r2)

a.

I4 : EBS XIX
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Returning to equation (8), the latent heat of transpiration from a leaf

becomes B AH +pcleT) —ejfr,
= A4y*

AE , (13)
as derived by Penman (1953) with somewhat different symbolism.

The alternative equations (9) and (13) show how the rate of evaporation
from a wet surface or from a leaf depends on four weather parameters:
net heat from external sources, usually radiation; temperature, humidity,
and wind speed. When the leaf resistance is constant, evaporation increases
(1) linearly with radiation, (ii) linearly with saturation deficit or wet-bulb
depression, (iii) with air temperature when radiation and saturation deficit
are constant. The variation with wind speed is more complex. An increase
of wind speed increases the rate of exchange of air between the environ-
ment and the surface and so increases 1/7,. From equation (g), evaporation
rate increases with wind speed when D > D,. This condition is always
satisfied by a free water surface evaporating into unsaturated air

(D >0, D,=0)

and will sometimes be satisfied by a leaf. Evaporation rate is independent of
wind speed when D = D, i.e. when water evaporates into saturated air
(D = D, = o) or when wet-bulb depression is the same at the leaf surface
and in the surrounding air. Then the evaporation rate is AE = AH/(A+7).
Finally, the rate of transpiration from a leaf will decrease with increasing
wind speed when D < D,

Physically, the dependence of transpiration rate on wind speed depends
on relative changes of surface temperature and the rate of exchange
(1/ry). Provided H is positive, an increase of wind speed always decreases
leaf temperature. By itself, this cooling tends to decrease losses of sensible
and latent heat, but this effect is compensated by an increase in (1/ry).
When this increased rate of exchange more than compensates for the
decrease of temperature, the loss of sensible heat is forced at the expense of
latent heat and transpiration rate decreases with wind speed. Conversely,
when an increase in the rate of exchange fails to compensate for cooling,
the loss of latent heat is forced at the expense of sensible heat and trans-
piration increases with wind speed.

EXTERNAL RESISTANCE
(1) Single leaves

‘When a potential difference of one volt is maintained across an electrical
resistance, the value of the resistance in ohms is the time in seconds for the
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passage of unit charge. As a diffusive resistance, 7, is the time for unit
volume of air to exchange heat (or water vapour) with unit area of surface.
This time depends partly on the speed of the air-stream and partly on the
geometry of the surface. To compare measurements of 7, for surfaces of
different size, it is convenient to work with two non-dimensional para-
meters (d/Kr,) and (ud/v) where d = characteristic length of surface, e.g.
diameter of a circular disk or width of a narrow rectangle (cm.); K = mole-
cular diffusion coefficient for heat or water vapour (cm.? sec.™%); » = kine-
matic viscosity (cm.?sec.7); # = wind speed (cm. sec.”). When K is the
molecular diffusion coefficient for heat transfer, (4/Kr,) is a Nusselt
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Fig. 2. Non-dimensional exchange parameter (d/Kr,) as function of Reynolds number.

Both scales are logarithmic. @, Martin (1943); O, Slatyer & Bierhuizen (1964); KU and
KU, Kuiper (1961); RA, Raschke (1956); P, Powell (1942).

number and is the ratio of the characteristic length d to the effective thick-
ness (Kr,) of a laminar boundary layer for the molecular diffusion of heat.
When K is the diffusion coeflicient for water vapour, (d/Kr,) is an ana-
logous number for vapour transfer. The Reynolds number (ud/v) is pro-
portional to the ratio of inertial to viscous forces in the air near the surface.
When the surface is a flat plate and the Reynolds number is less than
2 x 104, viscous forces predominate and maintain laminar streamline flow,
but when the number exceeds 2 x 10 the flow tends to become turbulent
(Fishenden & Saunders, 1957). The dashed lines in Fig. 2 show an abrupt
increase in Nusselt number, and hence a decrease in 7,, with the onset of
turbulence. The full points are calculated from measurements of the
evaporation from squares of filter paper (Martin, 1943), and the lines P

14-2
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and KU show the mean of wind-tunnel measurements by Powell (1942)
and Kuiper (1961). The line R4 was derived from measurements by
Raschke (1956) on the heat exchange of an Alocasia leaf. All three sets of
measurements (and a fourth set by de Vries & Venema (1954) omitted for
clarity) are close to the streamline relationship for flat platesand (d/Kr,) is an
order of magnitude lessthan for turbulent flow at the same Reynolds number.

On the left-hand side of the diagram, open circles are recent measure-
ments by Slatyer & Bierhuizen (1964) at wind speeds less than 3 cm. sec.™,
and KU’ is the mean of measurements by Kuiper at wind speeds less than
20 cm. sec.”!, Kuiper attributed the discontinuity between KU and KU’
to the transition from streamline to turbulent flow with increasing wind
speed. It is unlikely that this transition occurred at such a small Reynolds
number (2 x 10%) or that the Nusselt number decreased by an order of
magnitude after the onset of turbulence. More plausibly, the two sets of
measurements at slow wind speeds (KU’ and open circles) are character-
istic of a régime of free convection where transfer processes are governed
by a downward flow of relatively cool dense air from the surface of a
transpiring leaf, or by the upward movement of relatively warm air when
the leaf is heated by radiation.

When Raschke measured the exchange of heat and water vapour at the
surface of leaves in the open air, the diffusion resistances for heat and
vapour were identical within the limits of experimental error. Powell
found that the resistance for the diffusion of water vapour from wet
surfaces in a wind tunnel was o-9 of the diffusion resistance for heat. This
small difference is negligible in most problems of heat balance and evapora-
tion. Slatyer & Bierhuizen report mean values of 7, for heat that are only
o4 of the resistance for vapour transfer at the same wind speed, and this
much larger difference can be attributed to the exchange of heat by
buoyancy in the régime of free convection. During the day, at levels in
vegetation where the wind speed exceeds 50 cm. sec.™., the exchange of heat,
water vapour, and carbon dioxide at leaf surfaces is governed by the laws
of forced convection and, in principle, all three rates of transfer can be
calculated from the same external resistance.

Reviewing all the measurements summarized in Fig. 2, the line R4 is
probably the most representative of leaves in the open air. This line gives

the relation i
3'4 d(ud[v)~*? (14)
13 4/(dfu),

whereas the results of de Vries & Venema give

il

Ta

I

7, = 20 d(ud[r)~07. (13)
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For Reynolds numbers between 10® and 3 x 10%, the two equations give
similar values of 7, lying between o-2 and 0-02 sec. cm.~%. Treating a leaf
as two similar surfaces in parallel, external resistance is half the resistance
for a single surface, and Fig. 3a shows values calculated from equation
(14) for a range of wind speeds and leaf widths.

20 -

05

External resistance r, (sec. cm.™)

02 -

01— 4 cm.

Wind speed (m. sec.”1)

Fig. 3. (@) External resistance of single leaves with characteristic length d (equation 14);
(b) external resistance of crop canopy with roughness constant z and wind speed measured
at 2 m. above zero plane d’ (equation (175)).

(i1) Uniform crop surfaces

Diffusion by atmospheric turbulence governs processes of exchange
between the atmosphere and the surface of a crop. Over extensive, uniform
surfaces, measured diffusion coeflicients of water vapour and momentum
are equal over a wide range of atmospheric stability (Priestley, 1959) and
profiles of vapour pressure and wind speed are the same shape (Robinson &
Rider, 1951; Rider, 1954). When vapour pressure ¢ and wind speed u are
measured at several heights above a crop canopy, e can be plotted against
to give a straight line intercepting the axis # = o at ¢ = ¢,. Penman &
Long (1960) showed that the latent heat of evaporation is

_ Ripc(e,—e)u
AE ne(—2)js (16)

where # and e are measured at the same convenient height 2 above the
crop, and & (=0-41) is a constant of proportionality. The zero plane height
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d’ is chosen to make wind speed proportional to In(z—d’), and the rough-
ness parameter 2, is found by plotting « against In(2—d’) to give an
intercept In 2, on the axisu = o. By definition, the external or aerodynamic
resistance between the crop surface and the air at height 2 is then

C e,—e
=3t (17¢)
In (2 —d')/z,}?
LICE A (78)

and the variation of 7, with roughness and wind speed is shown in Fig. 3.
Businger (1956) incorporated equation (174) in Penman’s equation for
evaporation and the success of this modification was later confirmed by
Tanner & Pelton (1960a).

When the roughness length of a surface is constant, its aerodynamic
resistance is inversely proportional to wind speed. In practice, many crops
get smoother, and roughness decreases as wind speed increases (Monteith,
1963a; Stoller & Lemon, 1963). For these surfaces, there is a range of
wind speeds within which the resistance is almost constant.

The derivation of an aerodynamic resistance from a logarithmic wind
profile is strictly valid only when the change of temperature with height is
close to the dry adiabatic lapse rate. In practice, this usually means that
the surface is only a fraction of a degree Centigrade hotter or cooler than
the air at screen height. When the temperature difference is several
degrees and the wind speed is a few metres per second or less, the rate of
mixing of the air by buoyancy is comparable with mixing by mechanical
turbulence. When temperature decreases with height so.that the air is
unstable, the logarithmic wind profile exaggerates the increase of wind
with height, and 7, is overestimated when a value of surface roughness
derived in neutral conditions is used in equation (174). Conversely, when
temperature increases with height and the air is stable, , is underestimated.
Resistances can be corrected for buoyancy from functions of the wind and
temperature gradients (Monteith, 19634) or from fluxes of sensible heat
and momentum (Monteith, Szeicz & Yabuki, 1964).

Table 2 contains values of 7, for several types of vegetation, calculated
where possible from the ratio of a vapour pressure gradient to an evapora-
tion rate. When the air is unstable this ratio gives a ‘true’ resistance,
smaller than the value estimated from wind speed and surface roughness.
For example, the smoothest surface in Table 2 is short grass with

2, = O'Icm.
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In neutral conditions, the resistance calculated from equation (170) is
about 1 sec. cm.™!, but the ‘true’ value of 7, derived from equation (174)
is only o-5 sec. cm.™L.

For several farm crops, the aerodynamic resistance lies between o'z and
o5 sec. cm.~L. It is notoriously difficult to measure representative wind
profiles over forests, and curious values emerge from attempts to determine
roughness length. A roughness of z, = 290 cm. seems large for pine trees
only 500 cm. tall (Baumgartner, 1956), but the corresponding resistance of
006 sec. cm. % is consistent with measured vapour pressure gradients and
estimated transpiration rates.

INTERNAL RESISTANCE
(1) Single leaves

The diffusion resistance of leaf stomata can be calculated from stomatal
sizes and populations with the help of simplifying assumptions about the
shape of the stomatal wall. Penman & Schofield (1951) derived a resistance
of o-4 sec. cm.™ for sunflower leaves and Penman & Long (1960) quote
a figure of 1-4 sec. cm.™ for wheat. Bange (1953) calculated a minimum
resistance of o-8 sec. cm.™! for Zebrina leaves. Experimental values of
total leaf resistance tend to be larger than these theoretical values for the
stomatal path alone.

There are three ways of estimating leaf resistance 7, from transpiration
rates. The most fundamental is also the most difficult because it needs
supplementary measurements of surface temperature 7, and vapour pressure
e, Given these measurements, r; is calculated from equation 10 re-

written as . g) e To) ~ ¢,
7 YA E

In a second method avoiding the measurement of vapour pressure at the
leaf surface, the rate of transpiration E from a leaf is compared with the
rate of evaporation E, from a piece of wet filter paper of the same size
exposed in the same air stream. If the paper behaves like a free water
surface with surface temperature 7,

(104a)

E= £€ es(To)~e

YA it (182)
pce(T)—e
‘Ep = '}T/{ —8‘—-::;‘— . (ISb)
Elimination of 7, then gives
pc [es(To)*e es(Tp)_e]
r; =— - . (19)
Tl E E, 9




216 WATER IN THE PLANT

In a simpler third method, 7, is calculated from leaf size and wind speed
using equation (14) or Fig. 3a. When the reflectivity of the leaf and a
similar piece of wet filter paper are equal, both surfaces absorb the same
amount of radiation and equations (12) and (13) give

_A+y
A\ (E,
n= Ta(I +?) (ﬁp—l). (21)

When stomata are fully open in bright light, the leaf resistances of several
species lie between 1 and 3 sec. cm.™! (Table 1), an order of magnitude
greater than the external resistance at wind speeds met in the field.

Table 1. Leaf resistances estimated from transpiration rates

7

Species (sec. cm.71) Reference
Turnip, sugar beet 1'5-1-7 Gaastra (1959)
Bean, tomato 2°3-3°3 Kuiper (1961)
Xanthium o 8-1-7 Mellor et al. (1964)
Cotton 0'g-1-3 Slatyer & Bierhuizen (1964)
Barley 1'0-2'0 Armstrong (unpublished)

(i1} Uniform crop surfaces

The external resistance of a crop can be found from wind, temperature and
humidity profiles above the crop. When these are the same shape, plotting
temperature (and vapour pressure) against wind speed at a series of heights
gives a straight line from which T' = 7, atu = o can be read (and similarly
¢ = e,). Then by analogy with the equation defining the internal resistance
of a single leaf, the surface resistance of a crop canopy may be written

T, = %{g{%——ﬁ} (10b)

Although it will seldom be possible to identify 7, and e, with conditions at
a specific level within the canopy, the parameters 7, and 7, allow the
equations of heat and vapour flux derived for a single leaf to be applied to
a plant community. In particular, the rate of transpiration from a crop in
given weather can be calculated from equation (13).

When evaporation from the soil surface is negligible, , is expected to be
a plant parameter revealing diurnal and seasonal changes of stomatal
resistance. When evaporation from the soil is comparable with transpira-
tion, 7, combines the resistance of crop leaves with the capillary resistance
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to the diffusion of water vapour in soil pores. The surface resistance is
inversely proportional to a wetness parameter AE/{e,(T})—e,} proposed by
Covey (1959).

Resistances were estimated from evaporation measurements at Rotham-
sted and were incorporated in a theoretical model of crop transpiration
and photosynthesis (Monteith, 19634) that was adversely criticized by
Tanner (1963). He objected that the derivation of r, was invalid when the
sources and sinks of heat, water vapour, and momentum were set at different
levels within a crop canopy, but this criticism is irrelevant when 7, (and 7,)
are determined from measurements above the canopy where established
profiles are the same shape. When profiles are distorted by small diver-
gences of flux or by effects of buoyancy, resistances can sometimes be
estimated from measurements very near the surface where these anomalies
are smallest. It has also been argued that r, is not a purely physiological
parameter because it includes an external resistance between transpiring
leaves and air moving through the canopy. If so, this external component
should change with wind speed but recent measurements at Rothamsted
show no such effect.

Table z summarizes values of surface resistance calculated from evapora-
tion rates and profiles using equation (104) (Rothamsted, Kew, Davis,
O’Neill), or from components of the energy balance and weather above the
canopy using equation (13) (Hancock, Munich). Most of these values are
the mean resistance for each hour during daylight, weighted by net
radiation. At Kew and O’Neill, only 3 or 4 hr. were available each day.
The resistance for Cambridge is an unweighted mean from a set of 23
profiles randomly timed over 5 days. From these profiles, Pasquill (1950)
established that the ratio of actual transpiration rate to potential transpira-
tion from a wet surface at the same temperature was 0-41, and a correspond-
ing surface resistance is derived from equation (11). Linacre, Palmer &
Trickett (1964) calculated the resistance of crops under glass from measure-
ments of surface temperature.

Minimum values of surface resistance are between 0-3 and o-5 sec. cm. ™3,
roughly a third to a quarter of the minimum resistance for individual leaves
(Table 1). Oversimplifying, the effective surface resistance of a transpiring
crop is equivalent to the stomatal resistance of three or four leaf layers in
parallel, each layer containing unit leaf area.

The surface resistance of barley increased from a minimum of o-3 sec.
cm.~! in mid-June to o-7 sec. cm.™! at the end of July. During this period,
the total leaf area index (leaves and sheaths) decreased from 10 to 6, partly
from natural senescence and partly because many of the lower leaves were
attacked by mildew. The increase of resistance with time may be caused by
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a decrease in total leaf area, by an increase in the resistance of individual
leaves, or by a combination of both effects. As a further complication, the
soil moisture deficit increased from o-5 to 5 cm., but the maximum deficit
was probably too small to restrict the uptake of water by the deepest roots.

Eliminating differences in soil moisture by irrigation, Fritschen & van
Bavel (1964) found that daily transpiration from Sudan grass (Sorghum
vulgare var. sudanensis) 75 cm. tall was 709, more than the transpiration
from a neighbouring stand 140 cm. tall that had begun to flower. This
difference reveals an increase of surface resistance that may be associated
with the development of inflorescences or with an increase of stornatal
resistance in leaves that had reached maturity.

I, (sec. em.™)
-

1 -l 1 1
9 12 15 18

Pacific Standard Time

Fig. 4. Diurnal variation of crop surface resistance at Davis, California (Pacific Standard
Time). <, 28 May 1960; A, 30 July 1962; O, 1 June 1960 O, 31 July 1962.

The increase of surface resistance at O’Neill during August 1953 is
correlated with a decrease in soil moisture in the absence of rain. On
13 August when the soil moisture at 1o cm. depth was 6%, of wet weight,
the surface resistance was 2 sec. cm.™, but, after 18 days without rain,
soil moisture decreased to 39, and the resistance increased to about
15sec. cm.”). From the same measurements, Halstead (1954) showed
that the fraction of net radiation used for evaporation decreased linearly
with soil water content.

Diurnal changes of surface resistance are superimposed on these
seasonal changes. Because the uptake of water by plant roots lags behind
the loss of water from leaves, water stress increases during the day and the
increase of surface resistance shown in Fig. 4 suggests that stomata were
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gradually closing in response to this stress. This interpretation is con-
sistent with an increase of surface resistance when transpiration rate is
increased. When the mean rate was o-48 mm. hr.”%, the resistance was
o-5 sec. cm.~. Three days later, hot dry winds forced the rate of evapora-
tion to o-84 mm. hr.7, and the corresponding increase of resistance to
1-1 sec. cm.”! may be a response of self-preservation stimulated by an
increase in the water deficit of leaf tissue. The decrease of resistance after
sunrise may demonstrate a slow opening of stomata in response to in-
creasing light intensity; or an increase of permeability in plant roots as the
soil gets warmer near the surface.

EVAPORATION FROM WET AND DRY SURFACES

The rate of evaporation E, from a surface thoroughly wetted by rain or
dew can be calculated from equation (8). If E is the rate of transpiration in
the same weather when the surface is dry, the relative transpiration rate is

E_ _&7__, (20a)

and this fraction depends only on air temperature and the ratio ryjr,.
(Equation (204) is valid when wet and dry leaves reflect the same fraction
of solar radiation, a condition usually satisfied unless the sun is very near
the horizon.) Fig. 5 shows how the relative transpiration rate changes with
resistance. Taking a constant minimum leaf resistance of 2 sec. cm.™1, the
ratio r,/r, ranges from 5 to 20 when 7, ranges from o-4 to o-1 sec. cm. L.

1-0

0-8

06
Luo
vy
0-4
02
l_ 1 1 1 1 1 H
2 4 6 8 10 12 14

r’/ril orrjr,

Fig. 5. Change of relative evaporation rate E/E,; with ratio 7,7, or 75/r,
and with temperature.
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At 20° C. the relative transpiration rate lies between 14 and 40%. The
absolute rate of transpiration for single leaves is sensitive to changes in
stomatal resistance and is relatively independent of wind speed. In very
still air when 7, is very large, E approaches E,and then the physiological
control of transpiration is negligible. This was illustrated by Bange (1953),
who found that the rate of transpiration from Zebrina leaves increased
almost linearly with stomatal width in ‘still’ air, whereas, in ‘wind’,
transpiration rates were independent of stomatal width between 10 and 20 4.

Ehlig & Gardner (1964) found that when soil moisture potential reached
16 atm., transpiration from pepper, sunflower and cotton grown under
glass decreased to about 209, of the maximum rate of transpiration in wet
soil. Because this decrease depends on the ratio 7,/r, and not on r, alone,
the results of these and similar experiments are not nécessarily relevant to
field conditions.

When field crops are supplied with adequate water, the minimum ratio
74/7, is between 1 and 2, and at 20° C. the corresponding ratio of E/E, is
between o-76 and o-62. This range is consistent with measurements by
Frankenberger (1960), who calculated the ratio of actual transpiration to
the evaporation from the same crop in similar weather immediately after
the leaves were wetted by rain. On many rainless days, the rate of trans-
piration from grass, potatoes, sugar beet and rye was between 06 and
o8 B,

Mecllroy & Angus (1964) were unable to detect an increase in the rate of
evaporation from grass immediately after the leaves were wetted by
irrigation, a result predictable as follows. The grass was mown to a height
of 6-10 cm. and the roughness length would be near 2, = 1 cm. From
equation (17b), at a mean wind speed of 2-5 m. sec.™, the value of 7, is
o-7 sec. cm.”, for neutral conditions, but internal evidence shows that
during most daylight hours air temperature increased with height. In this
stable air, the resistance must have exceeded o-7 sec. cm.~! (p. 214) and
may often have reached 1—2sec.cm.”’. Because irrigation was very
frequent, the surface resistance was probably about o-3sec.cm.™,
Assuming a maximum value of r;, = o3, Fig. 5 shows that the difference
between E and E, would be a few per cent at most and too small to detect.
Similar measurements reported by McMillan & Burgy (1960) can be inter-
preted in the same way.

By contrast, the ratio r/r, for a pine forest is 15 and the transpiration

_rate is about one-fifth of the evaporation rate from leaves wetted by rain

and exposed to the same weather. The rapid loss of intercepted rain after
a shower may be an important factor in the water economy of trees growing
in dry regions, and in the yield of water from forested catchments.
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LATENT HEAT AND AVAILABLE ENERGY

With values of r; and r, established for a range of crops, maximum rates of
transpiration will now be related to prevailing weather. It is convenient to
write equation (13) non-dimensionally as

AE (A +rifre

H =B+t (22)
where
eT)—e
Ty = pe TH (23)

is a property of the atmosphere with the dimensions of a diffusive re-
sistance. When r, = r,+r,, AE = H, showing that 7; is a critical value of
(r¢+7,) at which the net supply of heat from external sources is used
exclusively to evaporate water. Then the flux of sensible heat is zero and the
system is isothermal because it contains no gradients of temperature. This
theorem identifies 7, as an ‘isothermal resistance’ proportional to the ratio
of saturation deficit to net available heat. 'Table 2 shows that this ratio
increases from a minimum of about o-4 sec. cm. ! in the relatively humid
climate of south-east England to a maximum of about 1-3 sec. cm.~1 in the
much drier climate of the western U.S.A.

(1) Dependence of AE/H on 7,

To find how AE/H changes with external resistance, equation (22) is
differentiated with respect to 7, assuming constant radiation, temperature
and humidity. The evaporation rate is independent of 7, when

= (1+3) 7 (24)

and substitution of this ratio in equation (22) gives

AE_ A
H A+y

Fig. 6 shows this result graphically for weather with 7, = 0-6 sec. cm.™?,
A= 1mb.°C.72. At r, = (1+7y/A)r, = 1sec. cm.”}, the evaporation
rate is independent of r, and hence of wind speed and surface roughness.
From equation (24), the Bowen ratio (sensible heat flux:latent heat flux) is
then (y/A). When 7, exceeds 1 sec. cm.™!, the evaporation rate decreases
with increasing wind speed and roughness, and the Bowen ratio is more
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than (y/A). Conversely, when 7, is less than 1 sec. cm.™, evaporation in-
creases with wind speed and roughness and the Bowen ratio is less
than (y/A).

In laboratory studies of transpiration, 7; is usually large because H is
small without intense radiation. Then 7, < (1 +7y/A)r; and transpiration
rates increase with wind speed. To demonstrate the opposite effect, Mellor,
Salisbury & Raschke (1964) exposed leaves of Xanthium to an intense

ro=1-0 sec. cm.-1

EJH

05 -
r =10

} L | ] !
0-1 02 03 0-4 05

r, {sec. cm.”)

Fig. 6. Fraction of net heat used for evaporation as function of r, and 7, (or r;), assuming
A = 1mb.°C.71and r; = 0'6 sec. cm.™L,

source of light (about 1 cal. cm.~2 min.~) in air with a saturation deficit of
only o-8 mb. The calculated value of 7; is only o2 sec. cm.™%, and pre-
sumably r, exceeded (1+7/A)7;. The transpiration rate decreased by a
factor of two when wind speed increased from o2 to 4 m. sec.”.

The dependence of transpiration rate on wind speed is difficult to
establish in the field because 7,, r; and temperature all vary diurnally,
Ladefoged (1963) found that the rate of transpiration from beech trees was
uncorrelated with wind speed between 1 and 7 m. sec.”. Very roughly, the
isothermal resistance corresponding to mean weather was o-3 sec. cm.™?
and, from equation (24), r, = o-5 sec. cm.™%, consistent with values in
Table 2.
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(ii) Dependence of AE/H on 1,
Because A and 7, appear both in the numerator and in the denominator of
equation (22), (AE/H) is insensitive to changes of wind speed and temper-
ature. This leaves only two variables, 7, and 7, to determine the fraction of
net available heat used for evaporation. The values of (AE/H) in Table 2
show a clear inverse correlation with 7, alone and Fig. 7 shows that they

fit a straight line
AE 25\?
= (108 f_s) - (25)

There are two reasons why (AE/H) should appear independent of ;.
First, saturation deficit decreases, and so 7; decreases, when air blows from
a hot, dry surface (large 7,) to a relatively cool, moist surface (small 7).
This process introduces a correlation between the equilibrium values of 7;

and 7, some distance from the boundary. Near the boundary, there is a-

06 -
g
o
04
02 |-
1 1 [ ! I 1
01 03 05 1 - 3 5 10

r, (sec. cm.=1)

Fig. 7. Fraction of net heat used for evaporation as function of surface resistance 7,
Measurements from Table z. W, Grass; P, grass, Davis, 1 June r96o; [, pine forest;
@, beans; O, barley.

¢

EVAPOR.

lack of equilibrium illust
1 June 1960, and examin
obvious reason for the gooc
r; is much smaller than th.

The numerical constant
measurements that establi:
surfaces have their own ch
can be used cautiously to
canopies from measuremet
that uses water conservati-
has never been measured
transpiration was about 12
r, = 1§sec. cm.L,

TRANSPI

In previsus sections, E was
the sum of transpiration
evaporation from the surfa
vertical flux increases with
Saito (1962) and was calcu
model. This model will no
tion determining the ener
visible radiation (in the ra
To relate the attenuatio
foliage of a crop is divide:
taining unit leaf area inde
can be described by the di
plane or, more simply, b
radiation passing straight
fraction ranges from o4 fi
o8 for crops with more n¢
1965). In each layer, a fra
by leaves whose transmiss:
nth layer below the top of t

but the mean intensity of

amount of radiation interc

When a crop with s = ¢
a visible intensity of o4 ¢
15



NT

onr,

r and in the denominator of
of wind speed and temper-
to determine the fraction of

ralues of (AE/H) in Table 2
and Fig. 7 shows that they

(25)

appear independent of 7.
sreases, when air blows from
ol, moist surface (small 7).
the equilibrium values of 7;
:ar the boundary, there is a

function of surface resistance r,
avis, 1 June 196o; [J, pine forest;

EVAPORATION AND ENVIRONMENT 225

lack of equilibrium illustrated by the anomalous point for Davis on
1 June 1960, and examined later in more detail. A second and more
obvious reason for the good correlation-of (AE/H) and 7, is that the range of
r; is much smaller than the range of 7,.

The numerical constant in equation (25) may depend on the choice of
measurements that establish it and further work may show that different
surfaces have their own characteristic constants. Meanwhile, the equation
can be used cautiously to estimate the internal resistance of closed crop
canopies from measurements of (AE/H). For example, pineapple is a crop
that uses water conservatively for transpiration but its internal resistance
has never been measured. Ekern (1964) found that the latent heat of
transpiration was about 12 9%, of net radiation and, if equation (25) is valid,

r, = I5sec.cm.™L,

TRANSPIRATION AND LEAF AREA

In previous sections, E was the total flux of water vapour from a field crop,
the sum of transpiration from all the leaves intercepting radiation and
evaporation from the surface of the underlying soil. Within the canopy, the
vertical flux increases with height at a rate that was measured in wheat by
Saito (1962) and was calculated by Penman & Long (1960) from a simple
model. This model will now be extended to include a profile of net radia-
tion determining the energy available for transpiration and a profile of
visible radiation (in the range o-4-0-74) determining stomatal aperture.
To relate the attenuation of radiation to the distribution of leaves, the
foliage of a crop is divided into a set of horizontal leaf layers, each con-
taining unit leaf area index. Within each layer, the distribution of leaves
can be described by the distribution of angles with respect to a horizontal
plane or, more simply, by a bulk parameter s which is the fraction of
radiation passing straight through the layer without striking a leaf. This
fraction ranges from o-4 for crops with horizontal leaves (kale, clover) to
0-8 for crops with more nearly vertical leaves (cereals, grasses) (Monteith,
1965). In each layer, a fraction (1 —s) of incident radiation is intercepted
by leaves whose transmission coefficient is 7. It can be shown that, in the
nth layer below the top of the canopy, the intensity on a horizontal surface is

In = {S+(I—S) T}n_llm

but the mean intensity of radiation on leaf surfaces is only (1—5s) I, the
amount of radiation intercepted by unit leaf area.

When a crop with s = 0'8, 7 = o1 is exposed to bright sunshine with
a visible intensity of o-4 cal. cm.~2 min.~?, the mean intensity of light on

15 EBS XIX
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leaf surfaces is 0-08 cal. cm.~2 min.~! in the first layer (with unit leaf area
index) and o-07 cal. cm.~%2 min.~? in the second layer. Gaastra (1959) and
Kuiper (1961) found that the leaf resistances of several field crops increased
rapidly with decreasing light intensity below 0-08 cal. cm.~% min.7?
because stomata began to close. Comparison of these figures suggests that
the amount of visible light reaching crop leaves in the field may often fail
to reach the intensity needed for maximum stomatal opening.

This hypothesis will now be tested from profiles of radiation, temper-
ature, humidity and wind speed available from a field of barley on 23 July
1963 (Long, Monteith, Penman & Szeicz, 1964). The transmission co-
efficient for visible radiation was o-07 and s was 0-8. The resistance of

Leaf area (a) (b) ()
index 0-58 0-53 0-39
mm. hr."?
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| ..t 11 d 1 1 1

40 60 80 40 80 40 80 40 80
Height (cm.)

Fig. 8. Calculated transpiration from a stand of barley, 23 July 1963, in three layers,
40 to 60, 60 to 80, 8o to 95 cm.: (a) with T, e, u, 7, constant; (b) with T, ¢, u varying with
height, r, constant; (c) with T, e, u, r, varying with height. Figures above each section are
total transpiration.

barley leaves was assumed equal to the resistance of Kuiper’s bean leaves
at the same light intensity. Between 09.00 and 16.00 hours G.M.T., the
measured mean rate of transpiration was o-37 mm., hr.~1, and Fig. 8 shows
how estimates of this amount are improved as more of the relevant physical
parameters are taken into account. In all the estimates the measured change
of net radiation with height is included, but, in the first, values of temper-
ature, humidity, and wind speed at a height of 2 m. were assumed to exist
at all levels and all stomata were assumed to be fully open. For these
conditions, the transpiration rate was o-58 mm. hr.-' and the largest
contribution came from the lowest layer of leaves, between 40 and 60 cm.
Putting in the measured values of temperature, humidity and wind, but
continuing to assume fully open stomata, the total transpiration calculated
is 0-53 mm. hr,7?, still too big, with the lowest layer contributing 209, less
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than before. Finally, putting in values of stomatal resistance estimated
from measurements of light intensity, the total flux was 0-39 mm. hr.~%, in
good agreement with the measurement for the whole canopy.

Fig. g illustrates a more general relationship for crops with s = 0-4 and
0-8. The transmission of leaves was assumed to be 0-05 for visible radiation
and o-25 for both solar and net radiation because their profiles are usually
similar in shape. Above the canopy, intensities were o-6 cal. cm.~2 min.—?
net radiation and o-45 cal. cm.~2 min,? visible radiation, and the following
values were assumed constant throughout the canopy: A = 1 mb. °C.-,
r; = 0'6 sec. cm.™%, r, = o-2 sec. cm:~L. The left-hand side of Fig. g shows
that transpiration rates reach a maximum at a leaf area index of 3 when

Leaf area index {maize)

1 2 3 4
03k (2
= 100 §
L
: B Q
g - o &
E 02 57 80 %
5 S
:a' g
2
.§_ 01 60 <
g &
‘_ b
°
40

| ! 1 °\°

2 4 6 100

Leaf area index Cover (%)

Fig. 9. (a) Calculated transpiration for crops with s'= o4 and o-8, as function of leaf
area index; (b) measured evaporation (soil and plants) as a fraction of open water evapora-
tion plotted as function of visual estimate of cover or of leaf area index. (After Cackett &
Metelerkamp, 1963, 1964.) .

§ = 04 but increase beyond an index of 6 when s = 0-8. The right-hand
side of the figure shows comparable measurements by Cackett & Meteler-
kamp (1963, 1964) on beans and maize. The two curves may reflect
differences in leaf arrangement between beans (small s) and maize (large
§). In particular, an increase in the rate of transpiration from maize
beyond a leaf area index of 4 is consistent with the theoretical prediction
for a crop with s = 0-8. The calculations for Fig. gz assume that evapora-
tion from the soil is negligible. If the soil were wet, the total rate of
evaporation would be larger and would increase less rapidly with leaf area
index.

15-2
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POTENTIAL TRANSPIRATION

Much of the evidence reviewed by Penman (1963) supports his hypothesis
that vegetation with its roots in moist soil and with leaves forming a com-
plete canopy transpires at a maximum or potential rate determined pri-
marily by weather. From discussion in the last section, a canopy is
‘complete’ when the transpiration of its lowest leaves is restricted by
stomatal closure. When leaves are predominantly horizontal, the minimum
leaf area needed to form a complete canopy may be somewhat less than the
minimum area at which the soil appears to be fully shaded (Fig. 9).
Cereals and other crops with leaves more nearly vertical may not transpire
at their maximum rate until the leaf area exceeds the minimum for full
shading. Results in Table 2 imply that farm crops satisfying the conditions
for potential transpiration have a minimum surface resistance between 0-3
and o-5 sec. cm.”l. On the slender evidence of one set of observations, the
minimum resistance of a pine forest is about o-g sec. cm. 1.,

Sets of resistances were chosen to estimate the seasonal variation of
potential transpiration from three contrasting surfaces in two climates:
very short grass, a tall farm crop, and a pine forest, in south-east England
and in California. Table 3 shows the choice of roughness length, surface
resistance and reflectivity. Rationalizing differences between surfaces, the
roughness length increases by a factor of 50 from short grass to tall crop,
and by a further factor of 50 from crop to forest. The surface resistance for
the forest is twice the resistance for grass and crop. Heat stored in the soil
and in the products of photosynthesis was assumed to be 109, of net
radiation so that H is go%, of net radiation. Differences in net radiation
absorbed by pine forests and by short, green vegetation were calculated
from reflexion coefficients for solar radiation given by Angstrom (19253).

Assuming that weather at London Airport and Kew Observatory is
representative of the Thames Valley, records were taken from the Monthly
Weather Report for 1963, a year in which the distribution of solar radiation
during summer was close to the long term average for the decade 1954-63.
Net radiation absorbed during daylight was estimated empirically from
solar radiation and cloudiness (Monteith, 1965). For the much drier
climate of the Sacramento Valley in northern California, corresponding
records from a U.S. Weather Bureau Summary were available for 1961 and
radiation figures for Davis were kindly supplied by W. O. Pruitt and
H. B. Schultz. Fig. 10 shows the seasonal variation of monthly transpira-
tion in the Thames Valley and annual totals are in Table 3.

Relative transpiration rates depend on the relative values of 7,, 7, and 7;.
Moving from the short grass to the tall crop, 7, decreases (because z,
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increases) whereas r, and 7, stay constant in a given climate. Because the
surface resistance is less than the critical value (1+y/A)7;(p. 222), trans-
piration rate increases with increasing roughness. Moving from the tall
crop to the forest, there is a further decrease of 7,, a decrease of 7, (because
reflectivity decreases) and an increase of r,. The stomatal resistance is now
only slightly smaller than (1 +v/A) 7, so the increase of roughness from 5 to
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Fig. 10. Estimated annual variation of potential transpiration in Thames Valley, 1963.
Some symbols are displaced horizontally to avoid overlapping. @, Short grass; W, tall
crop; A, pine forest.

Table 3. Assumed crop parameters and annual transpiration

r; . 7, E
2, (sec. (sec. (sec. A {cm. AEIH
reflectivity %, (cm.) cm.”) cm.7l)  cmY) ) yr. 1) (%)
Thames Valley
Short grass 25 oI o8 II o5 13 47 76
Thall crop 25 50 . o8 036 o5 13 58 95
Pine forest 15 250 o7 0025 10 13 48 69
Sacramento Valley
Short grass 25 o1 11 I'I o5 24 148 96
Tall crop 25 50 11 036 05 24 187 117
Pine forest 15 250 o9 0025 1-0 24 182 100

250 cm. increases the transpiration rate very little. The decrease of re-
flectivity per se increases transpiration by about 12%,. Finally, the increase
of surface resistance more than outweighs the changes in reflectivity and
roughness and makes transpiration from the forest less than from a tall
crop and only slightly greater than from short grass. '

The estimate predicts that, in the Thames Valley, vegetation with the
roughness of a tall crop and with access to soil moisture throughout the
year will use about 959, of available heat to transpire water. This pre-
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diction is supported by measurements during summer at Rothamsted,
where net radiation was close to the latent heat of transpiration from
cereals, sugar beet, and beans. Elsewhere, net radiation was within 209,
of latent heat losses from grass (House, Rider & Tugwell, 1960), irrigated
alfalfa-brome (‘Tanner & Lemon, 1962), Bermuda grass (Cynodon sp.: van
Bavel & Harris, 1962), maize (Graham & King, 1961), and rice (Uchijima,
1961). By inference from Fig. 7, all these crops have a similar minimum
surface resistance in the range 0-2-0-5 sec. cm.™! and, as a first approxima-
tion to guide the application of water by irrigation, the energy for potential
transpiration is equal to the net income of radiation. Environments in
which this rule breaks down are examined in a final section.

ADVECTION

When air with a water vapour content y g. cm.—® moves horizontally with
wind speed # cm. sec.}, water vapour is transported at a rate uy g. cm.~2
sec.”. This transport is an ‘advective’ flow, present throughout the

Mean vapour concentration ¥
X o— — — // Evaporation rate
+ i i t— ;
uX -L -+ —r - —— — X Z
A 8 c

Fig. 11. Diagram representing the advection of water vapour and change in evaporation
rate when air blows from a relatively dry surface AB to a moist surface BC. Fluxes of
water vapour are proportional to lengths of arrows.

atmosphere because # and y are always finite. In most meteorological
estimates of evaporation, the vertical flux of water vapour a few metres
above the surface is assumed equal to the flux at the surface. This assump-
tion is not valid when #x changes horizontally. For example, when air
moves from an underlying dry surface to a moister surface, the concen-
tration of water vapour increases and the increase in the horizontal flux of
water vapour is often loosely referred to as ‘local advection’. In Fig. 11,
AB is a section of dry surface (e.g. bare soil) and BC is a wet surface (e.g.
an irrigated crop). The atmosphere is represented in two dimensions by a
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layer of height Z divided into arbitrary vertical sections, and fluxes of
water vapour are represented by arrows whose length is proportional to
flux. To satisfy the conservation of water vapour, the total length of arrows
entering any vertical section or box must equal the total length of departing
arrows.

The box on the extreme left shows a state of equilibrium over the dry
surface where y is the mean concentration of water vapour between the
surface and height Z. Here, the advective flux uy entering from the left is
equal to the flux leaving on the right and the vertical flux at height Z must,
therefore, be equal to the rate of evaporation from the surface. When the
air begins to move over the wetter surface, the evaporation rate increases,
s0 y increases and the horizontal arrows entering and leaving the second
box show the increase of advective flux. To satisfy the conservation of
vapour, the vertical flux at height Z must now be less than the evaporation
rate at the surface. Moving towards the right of thle diagram, the evapora-
tion rate tends to decrease as the air becomes moister and equilibrium is
re-established when the mean concentration of vapour reaches a new value
x'. In the fifth box, the horizontal flux is constant at #y’ and the vertical
flux at Z is once more equal to the rate of evaporation at the surface.

The maximum height Z’ at which the vertical flux is equal to the evapora-
tion rate is the depth of a boundary layer characteristic of the surface and
increasing with downwind distance X. The relationship between Z’ and X
has not yet been established by experiment but measurements by Dyer &
Pruitt (1962) suggest that Z’/X is much less than 1/50. Theoretical analysis
for a neutral atmosphere (Dyer, 1962) predicts that the vertical flux will be
95%, of the evaporation rate at a height Z = X/500.

Local rates of evaporation at the surface can be estimated from net
radiation and from temperature, humidity, and wind speed measured
within the boundary layer. When weather is measured above this layer,
Penman’s equation (13) underestimates evaporation rates because the
vapour pressure profile is not logarithmic. Abdel-Aziz, Taylor & Ashcroft
(1964) found that the mean rate of transpiration calculated from equation
(13) was only 73 %, of the actual rate of transpiration from a field of irri-
gated lucerne in Utah.

The leaves of an irrigated crop surrounded by dry land are often cooler
than the air because the latent heat of transpiration exceeds the energy
available from net radiation and the deficit of energy is made good by a
downward transfer of sensible heat from warmer air to cooler surface. This
is one of the effects of the advection of dry air over a wet surface, not a
cause of anomalous evaporation rates as some writers imply. The relation
between heat balance and advection was well illustrated by measurements
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of transpiration from a field of irrigated Bermuda grass 15 m. square.
When the surrounding land was wetted by rain, latent heat of evaporation
AE was about 0-8 of net radiation but, during 12 rainless days, the transpira-
tion rate increased as the surroundings became drier until AE was almost
twice the net radiation. On a much larger scale, daily values of AE for
cotton were 1-75 times net radiation although the upwind fetch over a
uniformly cropped and irrigated area exceeded 10 miles. Both these
experiments were quoted by Tanner & Lemon (1962).

Downwind from the boundary of a wet area, AE decreases as the air
becomes cooler and moister. The rate of decrease was predicted by Philip
(1959), who solved equations for the diffusion of heat and water vapour from
a wet surface (r, = 0). In a numerical example (Rider & Philip, 1960),
AE was 1-24, 0-98, 0-78 and o0-42 times net radiation at downwind distances
of 1, 10, 10% and 10° m. Rider, Philip & Bradley (1963) measured changes
of x with height (to 15 m.) and with distance (to 18 m.) over irrigated
grassland when the upwind fetch over dry tarmac was 350 m. Measuring
the divergence of horizontal flux, they found that the ratio of latent heat to
the net supply of radiation decreased from 3-7 averaged over the first
metre of grass to 1-7 averaged over the first 16 m., but these figures were
not compared directly with estimates from theory.

A surprisingly small change of transpiration rate was reported for
irrigated clover by Millar (1964). Downwind from the edge of the field,
the transpiration rate, measured with a set of lysimeters, decreased by 109,
from 14 to 470 cm., and was constant from 5 to 14 m. At mid-day, plants
near the boundary began to wilt and the turgidity of leaves increased
downwind to 14 m. at least. Other workers have shown that transpiration
is often restricted by the rate at which plant roots extract moisture from
the soil. Even when soil moisture tension is only I atm., the surface
resistance of grass and maize begins to increase when the rate of transpira-
tion exceeds 4 mm. day~! (Makkink & van Heemst, 1956; Denmead &
Shaw, 1962). Associated physiological symptoms are loss of leaf turgidity,
stomatal closure, and possibly some drying of cell walls. When crops are
grown in an arid environment, transpiration rates often exceed 4 mm. day—?
and surface resistance increases with transpiration rate as shown in Fig. 4.
The correlation of transpiration rate and leaf turgidity in Miller’s experi-
ment suggests that the downwind change of evaporation rate expected for
a wet surface was largely offset by the downwind change of surface
resistance. Progress here needs a technique for measuring leaf resistances
directly and a modification of theory to include a surface resistance that
changes with transpiration rate.
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