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4.1 INTRODUCTION

Evaporation occurs when water is converted into water vapor. The rate is controlled
by the availability of energy at the evaporating surface, and the ease with which water
vapor can diffuse into the atmosphere. Different physical processes are responsible
for the diffusion, but the physics of water vapor loss from open-water surfaces and
from soils and crops is essentially identical. In this chapter evaporation is defined as
the rate of liguid water transformation to vapor from open water, bare soil, or vegeta-
tion with soil beneath. Unless otherwise stated, this rate is in millimeters of evapo-
rated water per day. In the case of vegetation growing in soil, transpiration is defined
as that part of the total evaporation which enters the atmosphere from the soil through
the plants.

The rate of evaporation has traditionally been estimated using meteorological
data from climate stations located at particular points within a region, and it has been
assumed that the evaporating area is sufficiently small that the evaporation has no
effect on regional climate or air movement. In reality, this simplified approach
approximates a more complex situation in which local evaporation is a function of
. bothlocal climate and regional air movement. With the advance of scientific studies

- of evaporation and the availability of remotely sensed measurements of regional
variables such as temperature and radiation, it is to be expected that eventually
evaporation estimation for local areas will be made a function of both local and
regional variables; but for the moment, such estimates are possible only on inten-
sively instrumented experimental sites.

4.1.1 Standard Evaporation Rates

Two standard evaporation rates are defined, potential evaporationand reference crop

evaporation, and used as the basis for evaporation estimates. These rates are concep-
*Now at Department of Hydrology and Water Resourdes, University of Arizona, Tucson, Arizona.
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tual in the sense that they represent idealized situations. In particular they ignore the
fact that meteorological parameters near the surface are influenced by upwind sur-
face energy exchange; that is, evaporation introduces water into the air and can
remove energy from it, which changes the atmospheric humidity deficit and may
alter the evaporation at downwind locations.

Potential Evaporation E, (in Millimeters per Day). Potential evaporation is here
defined as the quantity of water evaporated per unit area, per unit time Jrom an
idealized, extensive free water surface under existing atmospheric conditions, This is
a conceptual entity which measures the meteorological control on evaporation from
an open water surface.

Reference Crop Evaporation E,, (in Millimeters per Day), Reference crop evapora-
tion is here defined as the rate of evaporation from an idealized grass crop with a fixed
crop height of 0.12 m, an albedo of 0.23, and a surface resistance of 62 sm!. Interms
of its evaporation rate, such a crop closely resembles previous definitions of a refer-
ence crop, namely, an extensive surface of short green grass cover of uniform height,
actively growing, completely shading the ground, and not short of water.

4.2 PHYSICS OF EVAPORATION AND
TRANSPIRATION

4.2.1 Surface Exchanges

Latent Heat. The molecules in liquid water are held close together by attractive
intermolecular forces. In water vapor the moleculesare at least ten times farther apart
than in the liquid phase, so the intermolecular force is very much smaller, During
evaporation, separation between molecules increases greatly, work is done against
the attractive intermolecular force, and energy is absorbed, The energy required is
called the latent heat of vaporization of water A, and it decreases slightly with creas-
ing water temperature since the initial separation of the molecules increases with
temperature. If 7 is the surface temperature of the water in degrees Celsius, the latent
heat of vaporization is given®' by

A=2501-0.002361 T, MIkg! (4.2.1)

which means about 2.5 million joules are required to evaporate a kilogram of water,
where the joule is the standard SI unit of energy.

Water Molecule Movement between Water Surfaces and Air. Natural evaporation
occurs by exchange of water molecules between air and a free water surface. This
water surface could be a lake or a river, or inside plant leaves, adhering to soil
particles, or on soil or vegetation surfaces during or just after rain,

Figure 4.2, 1 illustrates the exchange of water molecules between liquid and vapor.
Some of the vapor molecules hitting the surface rebound, but the capture rate of
molecules by the surface is proportional to their rate of surface collision, and there-
fore to e, the vapor pressure adjacent to the water surface. A molecule must have a
minimum energy if it is to leave the surface, and the number of such molecules is
related to the surface temperature.
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FIGURE 4.2.1 Molecular exchange between liquid water and
water vapor, Not all the molecules hitting the st{rface are captured,
but some condense at a rate which is proportional to the vapor
pressure of the moist air: molecules with enough energy vaporize at
a rate determined by the surface temperature,

Vapor Content of Air. Evaporation is the difference between two rates, 102
f?:::;;ﬁ%riog rate determined by temperature, and a condensation rate determined
by vapor pressure. If molecules can diffuse away from the surface, vapor pressure
remains low, and the difference between these two rates is positive, 50 evaporation
continues. If, on the other hand, the air above the water is thermally insulated and
enclosed, the vapor pressure increases until 'Ehe rates oi_‘ vaporization and condensa-
tion are equal and there is no more evaporation. The air is then said to be saturated.
At a given temperature this equilibrium occurs for a particular vapor p}'elssurf: é.
This is called the saturated vapor pressure and s related to tqm;ﬁggture, if e, is in
kilopascals and T is in degrees Celsius, an approximate equation’'® is

1727 T
- 17277 ) wp 4.2.2
¢ = 0.6108 exp (237.3 + T) 8 “.22)
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It is important in building physicalty bascd models of evaporation thatnoton 3
kxiownpfunction of temperature, but so is A, the gradient of this function, de,/dT.
This gradient is given by

4098 ¢,

w700 kPa °C-! (42.3)
A3+t TE o°

Table 4.2.1 lists values of ¢, and A as a function of temperature.

ible Heat. A portion of the radiant energy input to the earth’s surface is not used
lt%r"::'gporation; ra}zher it warms the atmosphere in contact with :c‘hc gr_oun,t’:l and tgen
moves upward. We speak of the associated flow _of energy as “sensible” heat l.:ix
because it changes air temperature, a property of air that can be measur.ed or sensed.
The temperature change is proportional to the product (¢,s,), where g, is the dfnsitly
of air and c, is the specific heat of air at constant pressure, taken as 1.01 kF kg™ K1
The density of {moist) air can be calculated from the ideal gas laws, but it is ade-
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TABLE 4.2.1 Temperature Dependence of Saturated Vapor Pressure e,, Its
Temperature Gradient A, Together with the Psychrometric Constant at
Standard Atmospheric Pressure

Saturated vapor ~ Gradient of saturated  Psychrometric
Temperature, pressute e, vapor pressure A, constant ¥,
°C kPa kPa °C! kPa °C!
0 0.611 0.044 0.0654
1 0.657 0.047 0.0655
2 0.706 0.051 0.0656
3 0.758 0.054 0.0656
4 0.814 0.057 0.0657
5 0.873 0.061 0.0658
6 0.935 0.065 0.0659
7 1.002 0.069 0.0659
8 1.073 0.073 0.0660
9 1.148 0.078 0.0660
10 1.228 0.082 0.06661
11 1.313 0.087 0.0661
12 1.403 0.093 0.0662
13 1.498 0.098 0.0663
14 1.599 0.104 0.0663
15 1.706 0.110 0.0664
16 1.819 0.116 0.0665
17 1.938 0.123 0.0665
18 2.065 0.130 0.0666
19 2,198 0.137 0.0666
20 2.339 0.145 0.0667
21 2.488 0.153 0.0668
22 2.645 0.161 0.0668
23 2.810 0.170 0.0669
24 2.985 0.179 0.0670
25 3.169 0.189 0.0670
26 3.363 0.199 0.0671
27 3.567 0.209 0.0672
28 3.781 0.220 0.0672
29 4.007 0.232 0.0673
30 4,244 0.243 0.0674
31 4.494 0.256 0.0674
32 4,756 0.269 0.0675
33 5.032 0.282 0.0676
34 5.321 0.296 0.0676
35 5.625 0.311 0.0677
36 5.943 0.326 0.0678
37 6.277 0.342 0.0678
38 6.627 0.358 0.0679
3 6.994 0.375 0.0670
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quately estimated from

L -3

T TT kg m 4.2.4)

P, = 3.486

where P is the atmospheric pressure in kPa and T is air temperature in degrees
Celsius.

" The sensible heat flux, or heat flow per unit area A, is commonly upward from the
ground during the day, but it is usually downward at night to support radiant energy
loss from the land surface. Locally the flux of sensible heat can be downward during
the day if the vegetation is wet and evaporation is rapid. ‘

4.2.2 Radiation Balance at Land Surfaces

In the absence of restrictions due to water availability at the evaporative surface, the
amount of radiant energy captured at the earth’s surface is the dominant control on
regional evaporation rates. As a monthly average, the radiant energy at the ground
may be the most “portable” meteorological variable involved in evaporation estima-
tion, in the sense that it is driven by astronomical rather than local climate condi-
tions. Understanding surface radiation balance, and how to quantify it, is therefore
crucial to understanding and quantifying evaporation.

Net Short-Wave Radiation. Figure 4.2.2 illustrates the radiation balance at the
earth’s surface. The sun is the main source of radiant energy. It is equivalent to a
radiator of about 6000°C, but the input of extraterrestrial short-wave radiation S, is
modified by absorption by atmospheric gases, particularly water vapor, through
scattering by air molecules and dust particlesin clear sky conditions, and additionaily
by clouds when these are present. Much of the radiation has short wavelengths, 0.3 to

Long-wave Radiation

FIGURE 4.2.2 Radiation balance at the earth’s surface. A proportion S; of the
solar radiation incident at the top of the atmosphere S, reaches the ground,
some S, indirectly after scattering by air and cloud. A proportion a, the albedo,
is réflected, Outward long-wave radjation L, is partly compensated by incom-
ing long-wave radiation L. S, is typically 23 to 75 percent of 5 . while S, can
vary between 15 and 100 percent of S,: both these proportions are influenced by
cloud cover. « is typically 0.23 for land surfaces and 0.08 for water sutfaces,
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3.0 i, the spectrum varying with the fraction of the total short-wave energy input S,
reaching the ground in the direct solar beam. Some of the short-wave radiation S,
reaches the surface in a diffuse, i.e., multidirectional form after scattering by atmo-

spheric particles and clouds. This fraction is typically 15 to 25 percent in clear sky -

conditions but approaches 100 percent in overcast conditions.

Part of the short-wave radiation is reflected. The reflection coeficient or short-
wave albedo o depends on transient features, such as the direction of the solar beam,
and the proportion of diffuse radiation, but it also changes with land cover, since
taller vegetation usually reflects less solar radiation than does shorter vegetation. The
scientific literature reporting measured short-wave albedo is extensive, and reported
values vary greatly. However, Table 4.2.2 gives the author’s recommendation on
plausible values of albedo for broad land cover classes. The value &« = 0.23 is a good
overall average value for grassland and a range of agricultural crops, and e = 0.08 isa
reasonable value for open water surfaces.

The ret short-wave radiation S, is that portion of the incident short-wave radia-
tion captured at the ground taking into account losses due to reflection, and is given
by

S,=8,{1 —a) MJ m~2 day! (4.2.5)

Solar radiation is measured in specialized agrometeorological stations with radio-
meters. These instruments require careful calibration and maintenance, however,
and measured solar radiation data are usually not available at standard stations. The
total incoming short-wave radiation can in most cases be estimated!s from measured
sunshine hours according to the following empirical relationship:

5, = (as + bs%) S,  MJm2day! (4.2.6)

where , = fraction of extraterrestrial radiation S, on overcast days (7= ()
4. + b, = fraction of extraterrestrial radiation S, on clear days
#/N = cloudiness fraction
n = bright sunshine hours per day, h
N = total day length, h
S, = extraterrestrial radiation, MJ m~2 day™!

TABLE 4.2.2 Flausible Values for Daily Mean Short-
Wave Solar Radiation Reflection Coefficient (Albedo) for

Broad Land Cover Classes
. Short-wave radiation

Land cover class reflection coefficient o
Open water 0.08
Tall forest 0.11-0.16
Tall farm crops (e.g., sugarcane) 0.15-0.20
Cereal crops (e.g., wheat) 0.20-0.26
Short farm crops (e.g., sugar beet) 0.20-0.26
Grass and pasture 0.20-0.26
Bare s0il (.10 (wet)-0.35 {dry)
Snow and ice . 0.20 (old)~0.80 (new)

Note; Albedo can vary widely with time of day, season, latitude,
and cloud cover.

In the absence of knowledge on crop cover the value o = 0,23 is
recommended.
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Available local measurements of S, can be used to carry out a regression analysis to
determine the angstrom coefficients 4, and b, by comparing with S, on overcast days
to give ,, and on days with bright sunshine to give (a, + ;). Depending on atmo-
spheric conditions (humidity, dust) and solar declination (latitude and month), the
values of &, and b, will vary. When no actual solar radiation data are available, and no
calibration has been carried out for improved g, and b, parameters, the following
values are recommended for average climates:

a,=025 and b,=050

Net Long-Wave Radiation. There is a significant exchange of radiant energy be-
tween the earth’s surface and the atmosphere in the form of radiation at longer
wavelengths, i.e., in the range 3 to 100 gm (see Fig. 4.2.2). Both the ground and the
atmosphere emit black-body radiation with a spectrum characteristic of their tem-
perature, Since the surface is on average warmer than the atmosphere, there is usually
a net loss of energy as thermal radiation from the ground.

The exchange of long-wave radiation L, between vegetation and soil on the one
hand, and atmosphere and clouds on the other, can be represented by the following
radiation law:

L =L—L,=—f¢a(T+2732" MJm2day"’ (42.7)

where L, = outgoing long-wave radiation (ground to atmosphere), MJ m2 day™!
L, = incoming long-wave radiation (atmosphere to ground), MJ m~2 day~!
J= adjustment for cloud cover
€' = net emissivity between the atmosphere and the ground
o = Stefan-Boltzmann constant (4.903 X 107° My m~2 "K~* day™'}
T = mean air temperature, ‘C

The net emissivity € can be estimated™! from
e =a,+be, (4.2.8)
where ¢; = vapor pressure, kPa

a, = correlation coefficient
b, = correlation coefficient

a, lies in the range 0.34 to 0.44 and b, in the range —0.14 and —0.25, but for average
conditions the following indicative values can be taken:®

a,=034 and b =—-014

When humidity measurements are not available, the dew point at minimum temper-
ature can be taken to estimate average vapor pressure. Alternatively net emIssivity
can be estimated? from average temperature (in degrees Celsius) according to the
equation

¢ =—0,02+0.261 exp (—7.77 X 107+ T?) (4.2.9)
The cloudiness factor fin Eq. (4.2.7) can be estimated!? using solar radiation data
from

f=a, '—;‘— +b, (4.2.10)
to
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where S, = measured solar radiation
5., = solar radiation for clear skies [Eq. (4.2.6) with n/N = 1}
a., b = long-wave radiation coefficients for clear skies (sum = 1.0)

a,and b, parameters are calibration values to be determined through specialized local
studles which involve measuring long-wavc radiation values. The following indica-
tive valies are recomimended:3¢

a,=1.35 b.=-0.35  (arid areas)
Ca,=100 b, =000 (humid areas)

When data on sunshine hours » are available, the elondiness factor for partly cloudy
skies can be determined by substituting the relevant terms of Eq. (4.2.6) into Eq.
(4.2.10) to give

b,
f—( as+b) (b +a,+b ) (4.2.11)
For a, = 1.35, b,=—0.35, 4, = 0.25, and ), = 0.50, this becomes

=09 % +0.1 (4.2.12)

Net Radiation. The net radiation R, is the net input of radiation at the surfice, i.e.,
the difference between the incoming and reflected solar radiation, plus the difference
between the incoming long-wave radiation and outgoing long-wave radiation (see
Fig. 4.2.2). It is given by

R,=S,+L, MIm2day"’ (4.2.13)

Net radiation is comparatlvely simple to measure using instrumentation, and indi-
rect measuremeént is increasingly possiblé using satellite data,*! albeit with consider-
able uncertainty. Often, however, practicing hydrologists are required to provide
estimates of evaporation from data records which do not include net radiation. In
these circumstances S, must be estimated from Eqs. (4.2.5) and (4.2.6), and L, from
Eq. (4.2.7} and assoclated equations. Using the indicative values given in previous
sections, for general purposes when only sunshine, temperature, and humidity data
are available, net radiation (in MJ m~2 day~!) can be estimated by the following
equation: - -\4)

R, /[(025+05 )Su ( %+0.1)(0.34—0.14J2,)ar4 (4.2.14)

Because of the strong link between energy and évaporation (through the latent heat of
vaporization; see Sec, 4.2.1), R, can be expressed as an equivalent depth of evapo-
rated water in mm by dividing R, by p, A where p,, (in kg m™?)is the density of water,
and 1 is the latent heat of vaporization (in MJ kg™!) from Eq. (4.2.1). It is convenient
that with R, in MJ m~2 day~! the numerical value (R, /1) gives equivalent water
depth in mm day—!, since p,, =~ 1000 kg m~2.

4.2.3 Energy Budget for a Unit Area

When describing the evaporation process it is usual to draw up an energy budget for a
volumie of defined vertical extent and unit area in the horizontal plane. In the case of
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FIGURE 4.2.3 The components of the energy balance for a volume
extending from just below the soil surface to the height at which the
net radiation balance is determined.

a crop this volume extends from just below the soil surfaoe where energy lost by heat
conduction to the soil is measured or estimated, to that level above the canopy at
which the radiation balance described in the previous section is defined.

Figure 4.2.3 illustrates the components of the whole canopy energy balance for
dayu:ne conditions, which, ranked in approximate order of their magnitude, com-
prise:

R, = net incoming radiant energy
AE = outgoing energy as evaporation

H = outgoing sensible heat flux

G = outgoing heat conduction into the soil

S = energy temporarily “stored” within the volume, and often neglected except for
forests,''S proportional to temperature changes in the vegetation, air, and shal-
low soil Iayer; and to changes in atmospheric humidity

P = energy absorbed by biocheniical processes in the plants, typically taken as 2
percent of net radiation'6

Ay =loss of energy associated with horizontal air movement;!!? mgmﬁcant in an
“oasis” sitnation, but generally neglected otherwise (4,= A3 — A} in Fig. 4.2.3)

It is usual to collect the energy terms and define an entity 4, the available energy,
which is the energy available for partitioning into latent or sensible heat. For the case
of a complete canopy

d A=AE+H } -, 1 4.2.15)
an A=R,—~G-S—P—4) Mimday (4.2.16)
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Conduction is the main mechanism for heat transfer in soils, In the idealized case ofa
uniform soil, and assuming the temperature of the soil-air interface oscillates sinu-
soidally over a day or a year, the heat flow is maximized when the rate of change of the
soil surface temperature is greatest, one-eighth of a cycle before the peak tempera-
ture, i.e., 3 hearlier in the case of the diurnal wave and 112 months earlier in the case
of the a_nnual wave. The amplitude of the daily cycle in soil surface temperature can
be significantly greater than that in air temperature, with timing mainly linked to
radiation input, and s0il heat conduction & can be large, typically 30 percent of the
net radiation exchange at the soil surface. With dense vegetation, little radiation
reaches the ground and heat storage in the soil can often be neglected.1%®

The effective soil depth to which heat is transferred is greater for longer tempera-
ture cycles. To estimate the change in soil heat content for a given period, the
following equation can be used;!26

_ Hh—-T1 -
G=cd, T MJ m—2 day™* 4.2.17)

where T, = temperature at the end of the period, °C
T, = temperature at the beginning of the period, °C
At = length of period, days
¢, = soil heat capacity (2.1 MJ m™3 °C~!) for average moist soil
d. = estimated effective soil depth, m

For daily temperature fluctuations (effective soil depth typically 0.18 m) the above
formulal® becormes

G=0.38 (Tupys ~ Ty}  MFm~2day™! (4.2.18)

- For monthly temperature fluctuations (effective soil depth typically 2.0 m)® it be-
comes

F=014{Tpoum2 — Tmoowr)  MJ m~2 month™! (4.2.19)

Since the magnitude of daily soil heat flux over 10- to 30-day periods is relatively
small, it can often be neglected in hydrologic applications.

Heat transfer to depth in a water body is by conduction and thermal convection,
qu by :the penetration of radiation below the surface, Its calculation is complex, and
it is easier to measure it from successive femperature prefile surveys.?” The sensible
heat transferred info a lake by water inflow and outflow 4, may be significant in the
energy budget of a whole lake. The total advection rate per unit lake area can be
approximated as follows: ‘

A= pucy (g1, — g, 1, + PT)) =
=418 X102 (g g Frry M7 (4.2.20)

where p,, is the density of water, ¢, is its specific heat; g, and ¢, are the rate of inflow
and outflow per unit area of lake, Pis the rate of precipitation (allin mm); and T, T,,
and T, are the temperatures (in °C} of the inflow, outflow and precipitation water,
respectively.

4.2.4 Diffusion through the Air

The extent to which the energy available at the ground is used to evaporate water is
determined by the processes controlling vapor diffusion through the air. Movement
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occurs where there are variations in vapor concentration, and because the molecules
making up the air are in permanent, random motion, either individually or in
coherent groups as turbulent eddies. Eddy circulation raises moist air from near the
land surface and replaces it with drier air from higher up, resulting in a net upward
moisture movement in proportion to the vapor conceniration difference between the
upper and lower air masses.

The flows of water vapor AE and sensible heat H are proportional to differences in
the vapor pressure ¢and temperature 7, respectively. The constant of proportionality
is related to the transport resistance, which measures the restriction placed on the
movement by the diffusion process.

Molecular Diffusion. Individual air molecules are in rapid, haphazard motion at
normal temperatures. The transfers associated with such motion control the move-
ment of water vapor and warmed air at or near the Jeaves and stems within vegeta-
tion, and near the surface of the underlying soil. Air moving within vegetation, for
instance, can be envisaged as interacting with leaves through the boundary layer of
slowly moving air which surrounds each leaf. The rate of vapor flow is controiled by a
boundary-layer resistance.?»s"*® Similarly, a simple representation of evaporation
within soil might assume, for instance,™ that water vapor moves by molecular diffu-
sion in the air between the soil particles in a progressively deepening layer of dry soil,
thus producing a soil surface resistance.'?

However, the most important resistance associated with molecular diffusion is
that which controls the movement of water vapor from inside plant leaves to the air
outside through small apertures in the surface of the leaves which are called stomata.
Figure 4.2.4 illustrates this transpiration process. The air inside the stomatal cavity
beneath the leaf surface is nearly saturated, while that outside is usually less. Water
vapor movement is controlled by the plant, which opens or closes the stomatal
aperture in response to atmospheric moisture demand and the amount of water in
the soil, In this way, plants control their water loss to the atmosphere, and seck to
ensure their survival when water is limited.

Cuticle Guard
cell

Substomatal
cavity

Moist cefl
walls

FIGURE 4.24 Transpiration by molecular diffasion of water
vapor through the stomatal aperture of dry leaves. Air inside the
substomatal cavity is saturated at the temperature of the Jeaf, and
the water vapor diffuses through the stomatal opening to the less
saturated atmosphere against a stomatal resistance which, for the
whole canopy, is called the surface resistance r,.
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The stomatal resistance of the whole canopy, referred to as the surfuce resistance
., 18 less when more leaves are present since there are then more stomata through
which tran_spxrcd water vapor can diffuse. Empirical relationships exist between the
surface resistance and leaf cover, soil water status, and environmental variables (e.e.
Ref.. 106) which can provide relationships suitable for practical application in esti:
mating evaporation, .

An analogy may be drawn with electrical resistance. The current i through a wire
of resistance R is related to the potential difference ¥ between the ends of the wire by
Ohm’s law, V= iR, which may be rewritten for the current { as i = VIR, Now in
vapor iransport, the measure of potential is the vapor pressure and the equivalent of
current is the vapor flux rate E. Thus the vapor flux rate can be approximately
estimated for leaf stomata as

E=k(es_e)

m (4.2.21)

where k is a constant to account for units. The dimensions of vapor flow resistance [
are (7" L") usually measured in s m™1. : ' '
One approximation? for r, is

rr=—— sm™! (4.2.22)

If 4. is the mean height of the crop, then the leaf area index L can be estimated? by
L=24h, (clipped grass with 0.05 < . < 0.15 m}
L=554+15m(h,) (alfalfa with 0.10 < A, <0.50 m)

The surface resistance of the reference crop of clipped grass 0.12 m high (see Sec.
4.1.1) is estimated as

(4.2.23)

rE=469 sm~! (4.2.24)

Turbulent Diffusion. The wind blowing horizontally over natural surfaces is re-
tarded by interaction with the ground and vegetation. This interaction creates ran-
Siom and haphazard air motion in which portions of air, of varying size, move in an
ill-defined yet coherent way during their transient existence. This phenomenon,
kpowp as turbulence, is a much more efficient transport mechanism than molecular
diffusion and is the primary process responsible for exchange between air close to the
ground and that at higher levels in the atmosphere.

The rate of water vapor transfer away from the ground by turbulent diffusion is
controlled by aerodynamic resistance r,, which is inversely proportional to wind
speed and changes with the height of the vegetation covering the ground, as

= 10Kz = dYz,) In [z = d)/2,,]
@ (0417 T,

$ m—rl (4.2.25)

where z, and z, are the respective heights of the wind speed and humidity measure-
ments, and U, is the wind speed. Estimates can be made of r, by assuming!® that
Zom = 0.123 b, and z,,=0.0123 /., and” that d = 0.67 4,, where /, is the mean
height of the crop.

Ifwind speed and humidity measurements are made at a height of (say) 2 mabove
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the top of the vegetation, then for a measured wind speed of 5 m s~1, Eq. (4.2.25)
gives values of 45 sm~!, 18 sm™!, and 6.5 s m~! for the aerodynamic resistance for
grass (h, = 0.1 m), agricultural crops (h, = 1.0 m), and forest (A, = 10 m), respec-
tively. The rate of diffusion of water vapor is greater where the resistance to vapor
diffusion is less, so the aerodynamic exchange of taller crops is more efficient than for
shorter crops. In consequence, water caught on their leaves during rainstorms or
overhead irrigation evaporates more quickly fromi taller crops as compared to shorter
Crops. . ‘
The aerodynamic resistance of the reference crop (see Sec. 4.1:1) with a crop height
of 0.12 m, and for measurements of temperature and humidity at a standardized
height of 2.0 m, is given by

| =T
where U, is the wind speed it m s™!, also measured at 2 m.

sm™! (4.2.26)

42,5 Simulation by Resistance Networks

In advanced hodels of evaporation, the diffusion of energy i the form of sensible
heat or water vapor away from the plants or soil into the atmosphere is represented by
a network of resistances of the types described in the previous section. Such models
can be complex, with the plant canopy broken into separate layers and evaporation
rates calculated from each of these individually, 113126128

It is also possible to build physically realistic descriptions of sparse canopies using
equivalent resistance networks which consider the evaporation from the plants sepa-
rately to that from the soil 436411412 Snch models do not yet, however, have wide-
spread use among practicing hydrologists.

Penman-Monteith Eguation. Currently the most advanced resistance-based model
of evaporation used in hydrologic practice assumes that dll the energy available for
evaporation is accessible by the plant canopy, and water vapor diffuses first out of the
leaves against the surface {or stomatal) resistance r, and then out into the atrnosphere
above against the aerodynamic résistance. Meanwhile the sensible hicat, which origi-
nates outside rather than inside the leaves, only has to diffuse upward against the
aerodynamic resistance r,. This model is represented diagrammatically in Fig. 4,2.5.

Solving the equations describing the diffusion processes represented in Fig. 4.2.5
produces the Penman-Monteith equation. This equation allows the calculation of
evaporation from meteorological variables and resistances which are related to the
stomadtal and aerodynamic charadteristics of the crop, and has the form™

1 [ AA s+ pac, DI,

E=;la F L+ 15/r)

in which A is given by £q. (4.2.3), 4 by Eq. (4.2.16); D is the vapor pressure deficit
(e, — €) (in kPa) méasured at the height z, for which r, is calculated from Eq, {4.2.25);
and r, is the surface resistance of the land cover. The psychrometric constant y is
defined by the equation

] mm day™? 4.2.27)

y= 55 X 1073 = 0.0016286 -;3 kPa °C™! (4.2.28)

where ¢, is the speciﬁc heat of moist air (= 1.013 kJ kg~ °C~1), Pis the atmospheric
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FIGURE 4.2.5 The equivalent network of diffusi-on remstanoes re senting evap i

F oqui presenting evaporation fro;
lished crop canopy which intercepts almost all of the sun’sradiant energy. Itis agssuufed toshare ﬂ;-i: :33:)112
energy Aas evaporation E or sensible heat H in the same way as would a single equivalent “big leaf”
positioned at the effective source height (d + z,) within the crop. ¢

pressure {in kPa), € is the ratio of the molecular weight of water vapor to that for d
air (=0.622), and 1is the latent heat of vaporization of water (MJ kg™!) given by Elc.ly
(4.2.1). Values of y as a function of air temperature are given in Table 4.7.],

Wet Canopies. When vegetation is wet, which might be the case during or immedi-
gte!y after rain or following sprinkler irrigation, the source of water vapor is no longer
inside the le'ave.s; rather it is the water on the plants’ surface. The stomata are no
longer effective in resu:icting evaporation, and the surface resistance 7, = 0. For short
crops, such as grass, r, is large (see Sec. 4.2.4) and the consequence of setting r, = Q in
Eq. (4.2.27) is less for grass than it is for tall vegetation such as forest. *

The enhanced rate of evaporation of the water intercepted by forest during rain is
an rmportant aspect of the hydrologic effects of land-use change involving afforesta-
tion or deforestation (m_:e Chap. 13). To make realistic estimates of forest evaporation
it s necessary to describe the transpiration and the evaporation of rainwater sepa-
rately. The_ latter compaonent, the rainfall interception loss, can be estimated using
models_ which calculate a running water balance for the storm water stored on the
vegetation (e.g., Refs. 98, 99) from frequently sampled measurements of meteorolog-
ical variables, including hourly rainfall.

Potential Evaporation Equation. Since potential evaporation occurs from an exten-
sive free water qurfaoe, it follows that 7, = 0 is the appropriate value of surface
resistance for estimating potential evaporation from Eq. (4.2.27). Further, the rele-
vant value of energy supply 4 is given by replacing the smaller terms in Eq. (4.2.16)
by 4, in Eq. (4.2.20), so that A = (R, + 4,). The appropriate form of r, for open
water evaporation was first determined empiricatly,5%%! but its physical basis is now
better understood,'?! and it can be estimated from

4.72 [In (z,,,/z,)]*
P — mi <oz ]
ra 105360 U/;»,/ sm (4.2.29)
\yherc Zn, (in m) is the height at which météiorological variables are measured, and z
(in m) is the aerodynamic roughness of the surface. ’
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For a standardized measurement height for wind speed, temperature, and humid-
ity measurements of 2 m, and adopting the vaiue z, = 0.00137 m which, according
to Thom and Oliver!?! is that implicitly assumed by Penman 58! the equation here
recommended for estimating potential evaporation E, (in mm day™") is

y 643(1+0.5360U,)D
+

7 (4.2.30)

E

i

A .
""m(Rn+Ah)+A

where R, = net radiation exchange for the frec water surface, mm day™!
Ay = energy advected to the water body, mm day™?, if significant
U, = wind speed measured at 2 m, m s~*
D = vapor pressure deficit ¢, — ¢, kPa

and A, A, and y are given by Eqs. (4.2.1), (4.2.3), and (4.2.28), respectively.

Reference Crop Evaporation Equation. In this chapter the reference crop is precisely
defined in terms of parameters appropriate to Eq. (4.2.27); see Sec. 4.1.1. Combining
Eqgs. (4.2.4), (4.2.16), (4.2.24),(4.2.27), and (4.2.28) [but neglecting the minor terms
in Eq. (4.2.16)], and for a standardized measurement height for wind speed, temper-
ature, and humidity of 2 m, the equation here recommended for estimating reference
crop evaporation, in mm day™!, is

A y 900

e Ko O e T

e U,D. (4.2.31)

Er

where R, = net radiation exchange for the crop cover, mm day™’
G = measured or estimated soil heat flux, mm day~!
T = temperature, °C
U, = wind speed at 2 m, m s~
D = vapor pressure deficit, kPa

and
y*=7y(1+033U,) (4.2.32)

It should be noted that Eq. (4.2.31) is not the Penman-Monteith equation as such,
since this equation has broader applicabitity. Rather Eqs. (4.2.30) and (4.2.31) are
both implementations of the Penman-Monteith equation, in which the several resist-
ances are here assigned particular values for specific, well-defined reference surfaces.

4.2.6 Empirical Estimation Equations

The physically-based equations for estimating evaporation rates for open water and
reference crops recommended in the previous section, which are based on equivalent
resistance networks, are currently the most physically realistic equations available for
hydrologic application. Historically, conceptually simpler equations have been pro-
posed, which are less fundamental and therefore necessarily have greater empirical
content. Viewed in retrospect, these can be considered as simplifications of Eqs.
(4.2.30) and (4.2.31) through the introduction of empirical relationships between
meteorological variables derived from local data.

All the equations given below provide estimates of evaporation for a reference
crop, and this is their primary purpose. In general they can also be considered to
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provide an approximate estimate of the potential evaporation rate for open water
surfaces. However, in this case those equations which explicitly contain the available
eneigy appropriate to a reference crop, i.e., (R, — ), should have this replaced by
(R, + A,), this being the equivalent form appropriate to a free water surface [see Egs.
(4.2.30) and (4.2.31)].

Combination Equations. ‘Penman® was the first to derive an equation, given earlier
as Eq. (4.2.30), which combines the energy required to sustain evaporation and an
empirical description of the diffusion mechanism by which energy is rémoved from
the surface ds water vapor. Because it combines energy and diffusion features, this
equation bécame known as a combination equation, and it spawned sibling equadtions
which are given by “tuning™ the empiricism in the description of atmospheric diffu-
sien to better represent particular sets of data or Iocal conditions, e.g., Refs. 30, 82,
and 135.

When analyzing the link between the Penman and the Pennian-Monteith equa-
tions, Thom and Oliver'?! demonstrated that Penman’s implicit empirical function
for the aerodynamic resistance [see Eq. (4.2.29)] not only provides some ailowance
for the effect of atmospheric buoyancy but also, when applied to 2 reference crop,
makes approximate allowance for the absence of a surface resistance in the denomi-
nator, comparing Egs. (4.2.27) and (4.2.30}.

Studies of the comparative performance of several differént forms of the combi-
nation equation® suggest that “tuning” the representation of the diffusion compo-
hent has little universal advantage, though the introduction of some empirical sea-
sonal dependence may be beneficial. This conclusion is consistent with Thom and
Oliver’s interpretation. The seasonal adjustment currently favored is based on data
from Kimberly, Idaho, and the resulting Kimaberly Penman equation!13 has the
same nomenclature as Eq. (4.2.30) and takes the form

E,C=ZA+;(R,.-G)+—Z—M mm day~!  (4.2.33)

Aty A
whefte )
Wy=a,+b,U, - (4.2.34)
a, =04 + L4 exp{—[(J — 173)/58]2)} {4.2.35)
in which J is the Julian day number with, for northern latitudes,
b, = 0.605 + 0.345 exp{—[(Jf ~ 243)/80]% (4.2.36)

and, for southern latitudes, J set to J* = (J— 182) for J= 182, and set to J' =
(J+ 183) for J < 182,

Radiation-Based Equations. The first term in Eq. (4.2.33) frequently exceeds the
second term by a factor of about 4, and this suggests the possibility of a simpler
empirical relation between réference crop evaporation rate and radiation catled the

Priestley-Taylor equation with the general form®s

— A - — i
Ep=apz—(R,—G) mmday (4.2.37)

In fact there is now more substantial evidence supporting such an einpirical refation-
ship, at least on a regional average (as opposed to a crop-specific) basis, for regions
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with uniform vegetation cover, or with land cover which is heterogeneous at the scale
of a few kilometers.'® %" Simple models of the evaluation of the near-surface atmo-
spheric boundary layer'*#"% overviewed in Sec. 4.2.7 suggest that its partial contain-
ment by a thermal inversion layer in the atmosphere yields near surface vapor
pressures in the second term of Eq. (4.2.33) which support a value of & = 1.26 in Eq.
(4237 forr,=69sm™", . o

Recent evaluation® of Eq. (4.2.37) with « = 1.26 confirms its applicability in
humid climates. However, in arid climates the value of ¢ =1.74 pl_'ovic.ies bett_er
estimates (Ref. 56, Table 7.16). On the basis of these results, and in view of its
inherent simplicity, the radiation-based equations here recormmended for reference
crop evaporation estimation are -

A
=1.74——(R,— G mm day™! (4.2.38)
E =174 50 (R, — G) y
for arid locations, with relative humidity less than 60 percent in the month having
peak evaporation, and

A
E,=12677=(R,~G) mmday” (4.2.39)

at all other (humid) locations. ) o

Certain other empirical radiation-based equations remain in common use. In
humid climates, the Turc equations'?® have been shown™ to perform well. These
equations have the form for RH < 50 percent

T 50 — RI-I) .
= S . —_— mday-! (4.2.40
E=10.31 T+15(S,,+209)(1+ 70 m vyl ( )
and for RH > 50 percent
= _I_ ! 4.2.41
E=031 T+15(S,,+2.09) mm day~ { )

where T is the average temperature in °C, S, is the water equivalent of net solar

radiation in mm day~!, and RH is the relative humidity in percent. The general
similarity in form between these earlier equations and Eqs. (4.2.38) and (4.2.39)is to
be expected. ¢ i

In arid climates, on the other hand, the radiation-based equation of Doorenbos
and Pruitt,®® which takes the form

A
=—03+b, ity S,  mm day! (4.2.42)

has been shown’¢ to provide estihaatcs of reference crop evaporation, with>
by = 1.066 — 0.0013 (RH ) -+ 0.045 {U,) — 0.0002 (RH_ ...} (U}
-- 0000315 (RH,,,,? — 0.0011 {U;»? (4.2.43)

where RH,,..... is mean relative humidity in.pe'_roel_ltagé, U,is the mean daytime wind
speed in m !, and S,, is the net solar radiation in mm day™*; see Eq. (4.2.5}.
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Temperature-Based Equations. The physical basis fi imati i i
] L . or estimating evaporation usin,

temperature alone is that both terms in Eq. (4.2.31) are likely to have some relation%
ship with temperature. Since the first (radiation-dependent) term is generally much
the lar‘ger of the two, itis the correlation between radiation and temperature which is
:l;g's;tl‘mportzlmt. ?;ﬁ yearly temperature cycle is delayed with respect to the yearly

diation cycle and the empiricism in some past formulas has incl
ook p uded allowance for

In general, the only justification for using estimation equati i i
1 g€ , Just ) quations of this type is that

prediction of cvaporation is ;equlred on the basis of existing data in whichyt?empera-
ture is the only_avallal_)le variable measurement, and even in this case it is unwise to
make evaporation estimates for less than a monthly averaging period. Certain rela-
txonsh!ps merit mention e1the§ because their relationship to radiation-based esti-
mates is more explicit and plausible or because their empiricism is very broadly based
and they arein very common usc. Only the Hargreaves equation and Blaney-Criddie
metl;nio?i are described below. Other temperature-based methods are not recom-
mended.

The Hargreaves equation*’-*" is here taken as

E,=000238,6,(T+178) mm day' (4.2.44)

where .S, is the water equivalent of extraterrestrial radiation in mm day™' for the
location of interest [see Eq. (4.4.4)], T is the temperature in °C, and 37 is the differ-
ence bet\yeen mean monthly maximum and mean monthly minimum tempera-
tures. This equation has been shown’® to provide at least reasonable estimates of
referencelcrpp evaporation. Presumably this is because it contains an explicit link to
solar radiation through §,; some measure of the exient to which this radiation
reaches the surface and warms the air near the ground, through the factor Sp; while
the temperature variation in (7' - 17.8) approximates the value of A/(A + y),. '

_ The Blaney-Criddle method""* is well known and still in common use, and it is
included here f_or this reason alone. Inits most modern complex form#3035 it, contains
much empiricism, and it is now hard to consider it merely a temperature-based
method. The currently preferred form of the equation is

E=qapc+ bgf (4.2.45)

with
Se=p(0.46T+8.13) (4.2.45q)
dge=0.0043 RH,;,, — (v/N}— [ .41 (4.2.455)

b= 0.82 — 0.0041 (RH,;.) + 1.07 (n/N) + 0.066 (U,)
~ 0.006 (RHgie) (%/N) — 0.0006 (REpis) (Ui (4.2.45¢)

where p is the ratio of actual daily daytime hours to annual mean daily daytime hours
expressed as a percent, T'is mean air temperature in °C, (#/N) s the ratio of actual to
possible sunshine hours, RH,;_ is the minimum daily relative humidity in percent-
age, and U, is the daytime wind at 2 m height in m s™'. The complexity of this
equation is a tribute to the loyalty of its proponents, but precludes its ready interpre-
tation in terms of a physically realistic equivalent.
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4.2.7 Atmospheric Feedbacks

Changes in surface energy exchange alter the air as the atmosphere passes over
variable land cover. Initially this change is immediately adjacent to the surface; then
it moves progressively upward through the near-surface turbulent layer, finally per-
meating the whole planetary boundary layer and then the atmosphere above. In so
doing, those properties of the air which control surface evaporation rate can be
altered, and a feedback may ocour to moderate the influence of changes in surface
cover. This modification of the atmosphere happens at all horizontal scales, from the
very small scale of the leaf or an evaporation pan, through the intermediate scale of
the lake or irrigated field, and then at the regional and even continental scale.

" Evaporation from Small Areas (O'asis Effect). Empirical and theoretical studies

have been made of the evaporation from uniformly moist surfaces of limited extent,
such as evaporation pans or lakes (e.g., Refs. 18, 19, 20, and 46) or moist grass®
surrounded by dry ground. Although the effect of a change in surface cover propa-
gates upward into the atmosphere fairly slowly, studies with numerical models of
atmospheric turbulence suggest that the adjustment of the surface evaporation rate
into a moving airstream as the air passes on to a different type of evaporative surface
oceurs quickly, within (say) 5 to 10 m of the boundary between the two surfaces (see
Fig. 4.2.6).

In the case of water bodies the area of the water surface changes the effective size of
the aerodynamic resistance (see Sec. 4.2.4) between the surface of the water, where
the vapor pressure is e, and the standardized height of 2 m at which the average
vapor pressure and wind speed are e and U, respectively. The evaporation rates (in
mm day~") for a water surface of area 4 (in m?) are adequately described in Ref. 16 for
pans, with 0.5 m < A4%5 <5 m, by

E = 3.623 A% (¢, — ¢) U (4.2.46)

Evaporation rate {mm d™

o] 2 4 6 8 10
Distance downwind of interface (m}

FIGURE 4.2.6 Predicted change in surface evaporation
rate downwind of an interface between a dry, smooth
surface and a well-watered, grassy area (reference crop)
on a sunny day. (Redrawn from Rao et al® Used with

permission.}
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and for lakes, with 50 m < 4%5 < 100 km, by
E=2.909 4% (¢, — &) U, (4.2.47)

in which e and ey are in kPa, and e, can be a i
_ o ssumed to be the saturated vapor
sure corresponding to the surface temperature of the water [see Eq. (4.2.2;}. P

Regional Scale Evaporation. There has long been an intuitive beli
gists that atmospheric feedback mechanifms intervene at theef:gl}:)?ll;% }g:glr: l?o
moderate the effect of surface controls on evaporation, It is the basis of the hypotheti-
cal lgqttt;ln_tlatl;vaporation rates defined in Sec. 4.1.1.

aith in the concept of potential evaporation rates grew so str 12
and Mor‘ton“"“ postulated that the equilibrium aroufx:i the hypg?lfegi:?l B:(ig]:]?ital
evaporation AE,, which would have been applicable had water been freel)’r available
might prowdg a means of estimating actual evaporation. They postulate that the
excess potential demaqd above this “preferred” potential rate as calculated from
estimates of the potential evaporation AE, using near-surface weather variables is

directly related to the “short fall” in the actual evaporati i
A ot poration AE due 1o restricted water

AE,, — AE=AE,— AE, (4.2.48)
T T
15
\ 1.26 + 15%
2 10 o \ -
[}
=
£
2 Refarance
GE-‘ crop
= value
=
0.5 -
Lol PSR | .
10 100 1000

Surface resistance (s m™)

FIGURE 4.2.7 The effective daytime average value of the
Priestley-Taylor parameter & in Eq. (4.2.37) as synthesized from a
simple one-dimensional planctary boundary layer model, (From
McNaughton and Spriggs:® Used with permission.) The several
dlﬁ’grent lines correspond to model initializations with different
radiosonde ascents drawa from data collected in the Nether-
lands.?! Also shown is the value of surface resistance for a refer-
ence crop, and the preferred value of & = 1.26 for humid climates
[see Eq. (4.2.39)] with the range -+ 1 5 percent around this value,
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Brutsaert and Stricker!” had some success with this concept by substituting E,, calcu-
lated from Eq. (4.2.30) for AE,,, and AE;, from Eq. (4.2.39) for AE,, but recent
modeling studies®® have raised doubt about the hypothesis,

Over extensive iniform surfaces, or where surface changes occur at & small scale
and in a haphazard way so that mixing of the dir makes them appear uniform 1o the
atmosphere, regional scale atmospheric feedback processes can be adequately repre-
sented by one-dimensional models. Such models3676 have provided better though
still incomplete understanding, with broad support for a regional evaporation rate,
though they highlight that the concept of 4 potential rate is only approximate and that
it has significant dependency on the coritrol exerted by vegetation and soil.

Cuirrently, such modeling is limited to simulating the development of a one-
ditnensionat atmosphéric boundary in daylight conditions, with field data from
radiosonde ascents®! used to initiate the models and define the meteorological vari-
ables aloft, There is therefore no simulation of clouds or precipitation in these
models. Nonetheless such models suggest that both the Penman equation [Eq.
(4.2.30)] and the Priestley-Taylor equation [Eq. {4.2.39)] can provide reasonable
simiilation of daytime surface evaporation, and that the value o = 1.26 in this last
equation is acceptable to an accuracy of 15 percent for a range of area-average surface
resistance typical of pasture and. agricultural crops, including the reference crop
(r,= 69 sm™!; see Sec. 4.1.1). Figure 4.2.7 shows the simulated variation in the
preferred daytime average Priestley-Taylor parameter o 85 2 function of the area-
average surface resistance., The Bouchet'? “complementary evaporation” hypothesis
is not, however, supported®® by these studies.

4.3 MEASUREMENT OF EVAPORATION

Natural evaporation can be measured eitheér asthe rate of loss of liquid water from the
surface or as the rate of gain of water vapor by the atinosphere; Measurements in the
liqiiid phase either assume or create a closed system, such as an evaporation pan or
lysimeter, and deduce evaporation as the net loss of water from that closed system
over a given time, the measurement being one of discrete changes in total quantity of
water iri the system. Measurements in the vapor phase most cormonly assume that
the atmosphere is dn oper: system and determine evaporation as an integration of the
rate of flow of water vapor (or equivalently latent heat) into that open system through
the turbulent boundary layer near the land surface. Measurements of the n¢t change
in the vapor content of thé air over large arcas using balloons can provide estimates of
regional evaporation rate, ™% 14 but this approach does not yet form part of hivdro-
logic practice. Most of the techniques described below provide measurements of the
local evaporation rate, with the exception of catchment water balances which esti-
riate area-average evaporation for confined wadtersheds.

4.3.1 Measurément of Liquid Water Loss

Measurements of this type draw up a mass or volume balarice for the water in a
specified volume of soil or in 2 body of Tiquid water. The surface area of this sample is
a necessary part of the measurement, while its depth can either be well defined, asin
lysimetric measurements, or poorly defined but large enough for vertical drainage fo
be either neglected or computed, as in watershed experiments. This difference influ-
ences the time scale over which the results are applicable. In each case the measure-
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ment reduces to determining the terms in a basic water balance equation which is
applied over a particular time interval.

E=P—(VptVs+ V)4 mm (4.3.1)

where E = netevapotranspiration foss from the specified volume per unit area, mm
P = net precipitation {or irrigation) input to the specified volume per unit
area, mm
V= net volume of liquid water entering or leaving the specified volume as
measured inflow or outflow both above and below the surface, liters
V= change in liguid water stored within the specified volume, liters
¥, = “leakage,” i.e., that total volume of liquid water leaving the specified
volume which is not, or cannot be, measured, and which therefore
represents an error in the method, liters
A = effective area of the sample volume at the land surface, m?

All water budget measurements share the problem that the error in the evaporation
calculated from Eq. (4.3.1) is an accumulation of the errors in the other measured
variables.

Evaporation Pans. Because ofits apparent simplicity, the evaporation pan is proba-
bly the instrument used most widely to estimate potential evaporation. However,
Gangopadhyaya et al.¥ list 27 different designs of evaporation pans and suggest that
their list “is undoubtedly far from complete.”

Sunken pans {e.g., Colorado, USSR-GGI, USDA-BPI) are sometimes preferred
in crop water requirement studies, since these pans have a water level at soil height
and give a better direct prediction of reference crop evaporation than other pan
designs.®® The Colorado pan is 0.92 m square and 0.46 m deep. It is made of galva-
nized iron, set in the ground with the rim 0.05 m above ground level. The water level
inside the pan is maintained at or slightly below ground level.

The U.S, Weather Bureau Class A pan is shown in Fig. 4.3,1. Ttis circular, 1.21 m
in diameter and 0.255 m deep, and is made of galvanized iron (22 gauge) or monel
metal (0.8 mm). The pan is mounted on a wooden open-frame platform with its
bottom 0.15 m above ground level, The soil is built up to within 0.05 m of the
bottom of the pan. The pan must be level. It is filled with water to 0.05 m below the
rim, and the water level should not drop to more than 0.075 m below the rim. In
semiarid countries it is quite common to cover the exposed water surface with mesh
to stop animals from drinking the water. This lowers the evaporation measurement
by 10 to 20 percent,?® depending on the dimensions of the mesh.

The evaporation from a pan can differ significantly from that from an adjacent
lake or surrounding vegetation. It is necessary to accommodate these sometimes
large differences using empirical pan coefficients. Evaporation from pans is generally
greater than from adjacent large areas of water or well-watered vegetation, but pan
coefficients vary significantly with siting and pan design as well as with climatic
factors.

Since pan data are widely available and much used for estimating crop water use
for irrigation purposes, empirical pan coefficients have been derived, particularly for
the U.8. Class A pan, Table 4.3.1 gives suggested values™® for &, in the equation

E, =i Efea mm day™! 4.3.2)

for a range of conditions, and for pans sited in cropped fields (case A) and non-
cropped, dry-surface fields {case B). In Eq, (4.3.2), E,. is reference crop evaporation
and E4,, is the measured Class A pan evaporation.
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FIGURE 4.3.1 11.S. Weather Bureau Class A evaporation pans with
screen in the foreground, and without screen in the background.

i i i i hasize the
The wide range of coefficients given in Table 4.3.1 tends 1o overemp
shortcomings of pan data,* since most areas only occasionally experience tl}c dry,
strong wind conditions which give small k%, values. Mean monthly E estimates
based on pan evaporation should be within == 10 percent in most climates.

Water Balances of Watersheds and Lakes. River runoff is arguably the most accu-

rate hydrologic measurement and is a valuable, direct determination of the available

er resource. Careful gauging can provide stream-flow measurements ac-
(s:‘:ll::t?t‘ga:bout 2 percent. But considerable difficulties are n}vo!vec} in using the
measured runoff from closed catchments to prowde a wortl'zwhllc, indirect measure-
ment of evaporation,26:59.62838496.130.131 This i exacerbated in the case of lakes by the
additional need to gauge inflow as well as outflow, and by enhanced difficulties in
estimating subsurface seepage. Notwithstqndmg the above, carqt‘ul}y sele'cted anc}
well-managed paired watersheds can provide vall.}able and conviacing ewdenole o
the consequences of land-use change on evaporation (eg- Ref. 59); see Chap.1 3.
Accurate estimates of area average precipitation P in Eq. (4.3.1)] are prob emf-
atic,12 not just because of the real tikelihood of systematic gauging errors (e.g., Ref.
97) but also because of spatial variability_assocxa’_ced with to'pographlc. and surfacz}
features for watersheds, and the need to estimate Pfrom lakeside gaugesin thecase o
precipitation over water bodies. Err{;_rs t:n esurpa:ttg:_g P, gﬁ);c::lgni :‘c') 10 percent, can
i rkedly if a proportion of the precipitation .
mcrAea:;(;trenIgaﬁc u{wensjntg in the evaporation loss deduced from a catchment water
balance arises from the possibility that the unmeas_urqd leaka:ge V; formsa s1g111ﬁcau;’tl
part of the total water balance. Considerable skill 1s-reqqxred in selecting natur:
catchments without leakage, and it is important to recognize that the §ubterre_mqan
groundwater contours play an important, perhaps definitive, }‘ole in spemf;t;lmg
catchment boundaries and that surface topography is not necessarily a reliable refiec-
tion of subsurface flow direction.
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TABLE 4.3.1 Suggested Values for the Pan Coeffici i
) _ cient » Whi
Crop Evaporation E,, to Measured Class A Pan Evap0r:;u,ilcc;;l:l:nE;fan ch Refates Reference

Case A: Pan Case
: ! B: Pan
surrounded by surrounded by
sl;\zrt green crop dry, bare area
ean relative M ive
Upwind e st ean rfslauve
fetch of e humidty, %

green Lo Med High £ e
] w i etch of dry Lo i
Wind crop,m <40 40-70 >70 fallow, m <4\; 4?3:I —e'CTiO I;I’%l

Light 0 055 065 075
) 0. . 7 o o
<1 mfs) 10 065 075 085 0 o5 07 o8
100 07 08 085 100 055 065 075
L 1000 075 085 085 1000 05 0.6 07
erate 0 .5 0.6 0.65 0 0 ‘
(25 m/s) 10 06 07 075 0 o g’gg Y-
100 065 075 08 160 05 06 065
o 1003 07 08 08 . 1000 045 055 06
045 05 06 0 06
(5-8 m/s) 10 055 06 065 0 05 3'2:55 g'gs
100 06 065 07 00 045 05 06
. 1000 065 07 075 1000 04 045 055
ery 0 04 045 05 0 05
strong 10 045 055 06 0 045 of 053
8 m/s) 100 05 0.6 065 100 04 045 05
1000 055 06 065 1000 035 04 045

Source: After Doorenbos and Pruitt (Ref. 30). Used wi isi
. ) and Pry . 30). with permission.
Notes: Mean relative humidity is the average maximum and minimum daily relative humidities

Case A; For pans surr b : A
presoribed fetch.p surrounded by cropped fields or wet soils, with very dry seil beyond the

Case B: For pan: i1 wi X
prescribed fetch.p s surrounded by very dry soil, with cropped fields or wet soil beyond the

The change in storage term ¥ in E is di i
: _ : s q. (4.3.1) is difficult to measure reliably i
extensive natural catchments' and will usually provide the most important err;)r] 31(:11 :
;V:I?anl gétmopthlty evapgrat_lﬁn measurement, Its significance becomes less for an
' ermination, when the error from this component can b
mtim th:s&la gﬁ precipitation and runoff. P oome comparble
n the light of the very real possibility of significant error i i

1 ossibility tror in the bulk evaporation

loss deduced from a watershed, it is advisable to supplement any such deﬁvgtions of

evaporation with i ; i i i
megts. parallel and independent méteorological or lymmetnc measure-

Soil Moisture Depletion. Given sufficient measurements of soi i

account for spatial va;'iability in water storage, and provided tlcl)s:.i ?;gliit;;: i(:sgrrllts?nrtlff?
icant or can be quantified, measurements of change in Vgin Eq. (4.3.1) allow ev:gapo-
ration to bp caiculatqd when precipitation is either absent or separately determined
The technique requires the repeated, in situ measurement of soil water content-

EVAPORATION - 4.25

which is now possible with neutron probes, capacitance sounders, or time-domain
reflectometers,’-22%43133,12¢ :

When applying this method and these instruments, considerable care is required
1o avoid disturbing the plant canopy or altering the density, aeration, and infiltration
characteristics of the soil surface.’” Drainage losses from the soil sample can be
significant,%877°5117 When subterranean water movement occurs via unsaturated
flow, frequent simultaneous measurement of soil water tension proﬁ}tass can signifi-
cantly enhance the method by helping to distinguish between the relative proportions
of net water loss due to evaporation and drainage. Figure 4.3.2 illustrates the deter-
mination of a plane of zero potential gradient, the “zero flux” plane, and its use in
better defining the proportion of stored water lost by evaporation during a simple soil
“dry-down.”

Lysimeters. Alysimeter is a device in which a volume of soil, typically 0.5 to 20m
in diameter, which may be planted with vegetation, is isolated hydrologically so that
leakage ¥ = 0inEq.(4.3.1). It either permits measurement of drainage V' or makes
it zero and, in the case of a weighing lysimeter, the change in water storage Vyis
determined by weight difference. Though difficult and expensive to install, lysime-
ters have extensive and long-established use, primarily in research applications to test
alternative measurement techniques or in the calibration of empirical equat_ions to
estimate evaporation. Excellent texts on the technical details of lysimeter design and
on the value and shortcomings of lysimeter use exist in the literature (¢.g., Refs. 1,
117, and particularly 89), to which the reader is referred for more comprehensive
description. o ) ‘ )
Figure 4.3.3 shows an example of a well-designed weighing lysimeter in which
vegetation is growing. If evaporation from the lysimeter is to be representative of the
surrounding area, it should contain an undisturbed sample of the soil and vegetation.

Soil water potential

Soil moisture content
0 » — [0}
Initia} moisture initial
Moisture content profile profile
pTDflEe. at Water
¢ | SOme time mavement ]
Q later 2
2 upward N . £
b= Average “Zero flux” plane 5
a ____________________________________ ]
= Water . S
2 movement Potential @
z downhward profite at 2
9 some time -
3 later o
E 2
ﬁ Q
a a
2| (B = Water lost to evaporation
f = Water lost to drainage
| }
;_————y—-»——”—) A I
. —_—
Determined from sail moisture Determined from tensiometer

probe measurements . array measurements
FIGURE 4.3.2 Iilustration of the measurement of evaporation .using soi.l'mqist.ure depletion
supplemented with-the determination of an average “zero flux” plane to discriminate between
{upward) evaporation and {(downward) drainage.
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Bed rock

FIGURE 4.3.3 An example of a well-desi ighi i

! 4.3, : € gned weighing lysimeter (redrawi Wright 1%

with permission.) employing an undisturbed representative sample ag)out 1 ::ji}gmdiangtc;:t. “&tlllfltg;d
water status of the soil maintained similar to that of the surrounding area by pumping draim;ge wate:

This means that steps must also be taken to ensure th i

: > ' at the thermal, hydrolo
meche_amcal properties of_ the soil are similar to those of sm'roundiu):a7 s0il, g;%ﬁg
establish that the vegetation sample is representative of surrounding veget’ation in
terms of height, density, and physiclogical well-being.

Plant Physiological Techniques. Transpiration is the primary compo
95 percent) of evaporation from dense canopies whe?e littll(—:ydirecg sgll::;txg);iﬁ?ﬁ
reaches the ground, or conversely, for sparse vegetation in arid or semiarid climates
when the soil surface is very dry. In these particular cases, direct measurement of
transpiration gives a worthwhile and cost-effective estimate of total evaporation
Successful field measurements have been made of transpiration by cutting the
stems of the vegetation under water, immersing the cut end in a tank of water, and
noting the water uptako;,"‘ though care is necessary to check that the physiolo,gical
status of the plant remains representative of the surrounding crop. Measurements of
the rate of water ﬂow which do not require cutting the stem are preferable, so
methods of observing water flow through plant stems have been developed These
usually involve mtrodqcing “tracers” into the stem of the vegetation sometirimes asa
pulse of,l,‘leat to determine sap velocity (e.g., Ref. 25) or as deuterium in the “dilution
gauging” method.?? Success has also been reported5'® in deducing the rate of sap
flow through its impact on thermal conduction in the stems of herbaceous plants,

4.3.2 Micrometeorological Measureme ) ; :
the Atmasphere nts of Water Vapor Flow into

Micrometeorological methods of measurem i i

' ent determine evaporation as the flux of
water vapor through the air ﬁ"om the evaporating water surface, vegetation, or soil.
The measurements are made in the atmosphere, within the turbulent air close to the

ground, so that the measured vapor flow rate is a very go imati
surface evaporation rate. 7Y good approximation to the
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There are two broad classes of micrometeorological evaporation measurement:
those based on measurements of gradients and those based on measurements of
fluctuations, Both rely on the fact that turbulent exchange is the dominant exchange
mechanism within the near-surface atmosphere. Since micrometeorological mea-
surements are necessarily made some distance above the ground, and the atmosphere
is almost always moving horizontally, the measurements obtained at a particular
location are representative of an area some distance upwind. This can be an advan-
tage in that the upwind turbulent mixing helps to produce a value representing the
average evaporation over a fairly large arca. However, if the measured evaporation is
meant 1o be representative of the particular uniform crop surrounding the instru-
ments, it is necessary that there should be an extensive “fetch” of evaporating surface
with essentially identical properties extending upwind from the measurement site for
a considerable distance. To test this, the proportion F of the measured evaporation
originating from the crop within a specified upwind fetch X can be estimated, 1%
albeit only approximately. In {unstable) daytime conditions

_ =6 (z—d) (n[{z — d)/z,] — | + z,/(z— d))
Foxe ( X0t~ 2,/(z — ] ) @33

here z is the measurement height and d = 0.67 h,, z, = 0.123 k., and /,is the average
height of the crop. All these heights are in meters.

Methods Based on Measurements of Mean Gradients. The assumption behind these
techniques is that above an extensive homogencous suzface the transfer of vapor,
momentunm, and sensible heat can be described by similar vertical, one-dimensional
diffusion equations. It is further assumed that the turbulent diffusion coefficients
relating the fluxes of water vapor, sensible heat, and momentum to the respective
vertical gradients of humidity, temperature, and wind speed are related to each other
in a way which is not determined by characteristics of the surface but rather by
characteristics of the turbulent boundary layer itself, and that this relationship is
universal, i.e., not dependent on location or crop.

Describing the vertical transport in this way alse assumes that evaporation is
occurring at a steady rate. In fact this is rarely the case, but the rate of change of
evaporation with respeet to time is sufficiently slow that average gradients over 20 to
60 min can be successfully used in practice.

Aerodynamic Methods. The basic principle of the aerodynamic method is to assume
that the aerodynamic resistance (see Sec. 4.2.4), which relates the flow of water vapor
to the difference in vapor pressure.at heights 2z, and z, above the ground, is relatedina
universally defined and known way to the equivalent aerodynamic resistance to
momentumn flow between the same two levels. Further, it is assumed that the equa-
tion describing the wind-speed profile, and hence momentum flow, above the
ground is well known, so that the required difference in aerodynamic resistance
between levels z, and z; can be caleulated, as with Eq. (4.2.25).

In practice, the acrodynamic method is rarely applied in this precise way since,

- were a measurement of the difference in vapor pressure between two heights to be

made, it would be preferable and simpler to make an equivalent differential mea-
sarement of air temperature over the same height interval, rather than a differential
measurement of wind speed. Tt would then be possible to apply the more accurate
enerpy-balance method described in the next section.

However, the aerodynamic method is used to provide measurement of sensible
heat transport, and evaporation is then deduced indirectly from the energy balance
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using Eq. (4.2.15). This technique is less reliable than other micrometeorological
methods, but it has the advantage that the required sensors, two for temperature, two
for wind speed, and one for net radiation, are easily available and reasonably cheap
and reliable. _
Given the required measurements of wind speed #, and u, and of temperature T,
and T,, at the heights z, and z, measured relative to the height of the zero plane
displacement of the crop, about 67 percent of crop height; and given the additional
measurement of net radiation R, and perhaps soil heat flux G, it has been shown45
that it is possible to calculate sensible heat adequately using a few simple functions of
the differences in temperature, wind speed, and height between z, and z,.

Energy Balance Method, The turbulent diffusion processes responsible for the
transport of water vapor and sensible heat through the atmosphere are very similar,
but they both differ from those responsible for the transport of momentum. It is
therefore a plausible assumption that the aerodynamic resistance which restricts the
flow of water vapor and relates that flow rate to the difference in vapor pressure (Ae),
between two particular heights, is numerically equal to the resistance which relates
the flow of sensible heat to the temperature difference (AT) between the same two
levels. The Bowen ratio B, which is the ratio of the sensible heat H to the latent heat
AE, is therefore directly related to the ratio of the differences in temperature and
humidity measured between any two heights; thus

H AT
B 5 "Ae 4.3.4)
the constant y [see Eq. (4.2.28)] being necessary to account for units.

Using Eq. (4.3.4) it is therefore possible to calculate the ratio of H and AE from
differential measurements of temperature and humidity. But, at the same time, by
measuring net radiation R, and soil heat flux & and expressing them as water equiva-
Ients, it is possible to also know the sum of these same two energy fluxes from Eqg.
{(4.2.15) by neglecting or estimating the minor terms in Eq. (4.2.16). Solving these
two simultaneous equations for the two unknown energy fluxes, the evaporation rate
can be calculated from the equation

R,—G

E= T 1A

mm day! (4.3.5)

which is sometimes called the Bowen ratio method.

Because of the inherent similarity between the diffusion of vapor and sensible
heat, the Bowen ratio—enetgy balance technique is more robust with respect to
changes in roughness and topography than is the acrodynamic technique since the
profiles of temperature and vapor pressure are affected equally. Moreover, modern
systems have been developed!®*6¢® which mechanically and regularly interchange
the two temperature and the two humidity sensors between measurement levels,
thereby allowing any systematic offset in their calibration to cancel out when the
temperature and humidity differences are taken.

The primary practical problem with the Bowen ratio-energy budget technique is
that the sign of H often changes in the evening and morning, {Sensible heat flux is
usually upward during the day and downward at night.) H, and therefore AT, is then
zero at the changeover times, so that Eq. (4.3.5) is not defined and applicable at these
times. Further, the combination of low (usually negative) vaiues of (R, — G’} at night,
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and the fact that the two enérgy fluxes are comimonly then in opposite d_irections,
throws suspicion on the usefulness of nighttime measurements of evaporation by the
Bowen ratio méthod.

Eddy Correlation Measurements, Near the surface the mean wind is parallel to the
ground, so that the mean vertical wind is zero. However, turbulent eddies within the
body of the moving air cause fluctuating vertical movements, both toward and away
from the land surface. On average, of course, these fluctuations produce no net

' vertical movement of the air, but momentarily the air has a vertical velocity w’. If the

average specific humidity of the air (in kg of water/kg of air) is g, then there are similar
turbulent fluctuations ¢* from this mean g, g’ positive meaning greater than average
specific humidity and the converse for ¢’ negative. '

If w’ and g’ are simultaneously positive, moister than normal air will be carried
away from the ground, and if w’ and ¢’ are simultaneousty negative, then drier than
normal air will move toward the ground. These conditions of positive correlations
between w' and ¢’ occur during evaporation; when w' and g* are negatively corre-
lated condensation occurs. The technique for measuring w’ and ¢’ and for measuring
evaporation from these is called eddy correlation, and the evaporation rate Eisfound
as . N

E=86400p,w ¢  mm day! (4.3.6)

where the overbar denotes a time average. The analogous equation for seqsible heat
takes the form

H=pe,w T' Wmis™ (4.3.7)

where 7" is the fluctuation in air temperature. ) )
Many practical problems are involved in using the eddy correlation technique.

" The fluctuations in wind speed, humidity, and temperature can occur over a broad

range of frequencies, for instance, some lasting several minutes but others only
fractions of a second, and the sensors used to measure w’ and ¢’ must have a rapid
response. At the same time these sensors have to be co-located, so that they measure
the same moving air, yet they should ideally have limited size and be carefully
positioned so as not to interfere with the air movements they measure.

It is important to correctly identify the fluctuating components g’ and w' and to
compute the integrated flux; preferably in real time. Advances in sensor technology
and particularly in microprocessors in recent years have allowed associated advances
in instrumentation to provide direct evaporation measurement, and integrated mea-
surement systems have evolved (e.g., Ref. 110). Notwithstanding the techp_wal diffi-
culties involved in applying it properly, the eddy correlation technique is the pre-
ferred micrometeorological technique on the grounds thatitisa direct measurement
with minimum theoretical assumptions. Good present-day eddy correlation systems
can provide routine evaporation measurements with accuracy in the order of 5 to 10
percent,

Indirect Measurements from Turbulence Statistics. There has been some investiga-
tion into measuring evaporation indirectly through its relationships to certain statis-
tical properties of atmospheric turbulence. ' One such technique is gaining accept-
ance as viable and simple to apply in semiarid environments, where evaporation 18
low because of dry soils and difficult to measure otherwise. It can be shownf4122,129.137
that during the day the standard deviation of air temperature ¢ measured at 5 to
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10 m above the ground can be ﬁsed to calculate the sensible heat flux from

- or Y\ 041gz |72 L
=y [(@) T+ 273.2] W st (4.3.8)

where ¢risthe standard deviation of air temperature (in °C) at height z (in m), gisthe |

acceleration due to gravity, and p, is the density of air (in kg m—3) and ¢, the specific
heat of air '(1.01 kJ kg™t K™1). Evaporation can then be deduced fmtz the é);:rgy
balance; using Eqgs. (4.2.15) and (4.2.16), given measurements of R, and G, and
neglecting §, P, and 4. ' ’

4.4 METHODS FOR ESTIMATING
EVAPORATION '

4.4.1 Introductory Comments

Therg is some distinction between the way evaporation is estimated in hydrologic
practice and in hydrologic research. Hydrologists interested in providing realistic
mode}s gf well-instrumented research catchments, or concerned with the true-to-life
description of evaporation in hydrometeorological research, create complex descrip-
tions of the movement of energy and water in the soil-vegetation-atmosphere inter-
face, 46313120128 and sometimes also of movement in the lower levels of the atmo-
s;_:herc (e.g., Refs. 13, 67, and 68). Using such complex models generally requires a
high level of input data in the form of frequently sampled meteorological variables
and the specification of an extensive set of soil and vegetation parameters for whjcl-;
general values are not yet readily available in the literature. Mainly because of this
heavy demand for input data, but partly for historical reasons, such research models
are not yet “tools of the trade” for hydrologic practitioners.

Since researgh maodels of evaporation do not have the extensive calibration of
parameters (or indeed the widespread acceptance) required to recommend them for
use by practitioners in a Handbook of Hydrology, the understanding generated by
modern hydrometeorological research is best applied in a more conservative way.
The approact_l 'adopted here is to select preferred methods from among the broad
range of empirical technigues which practicing hydrologists have proposed over the
yearii and, where relevant and practical, to recommend refinement of such empirical
practice.

Accox_‘dingl){, the conventional approach of estimating evaporation as a two-stage
process is retained here. These two stages comprise first estimating a “standard
evaporation rate” (see Sec. 4.1.1) and then introducing allowance for different crops
and/or soil moisture status as multiplicative factors. Two standard evaporation rates
are supported, one for open water surfaces, namely, potential evaporation E,, and
one for a well-specified crop, namely, reference crop evaporation E,,. °

There' is one exception to the use of the “two-stage” procedure for estimating
evaporation, this bein_g for the case of tall forest vegetation. Although still an active
research issue, extensive investigation over the last two decades has demonstrated
that, in th1§ case, the difference between evaporation rates when the vegetation is wet
and when it is dry is very marked, and so special attention is called for. Forests are
therefore treated separately.
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4.4.2 Estimating the Energy Available for Evaporation

The energy available at the land surface is normally the primary control on evapora-
tion from open water and a well-watered reference crop. Providing a preliminary
estimate {or measurement) of this available energy is necessary for use of the pre-
ferred techniques to estimate evaporation described in later sections. How such an
estimate of available energy is best provided depends on the type of observational

data available.

Table 4.4.1 describes the recommended selection and computation sequence 10

caleulate available energy depending on the data available. This table draws on
equations and tables already given but also requires formulas (and associated tables)
to provide estimates of the maximum possible sunshine hours N, and of the extra-

terrestrial solar radiation S,.

The maximum possible daylight hours*? can be calculated from

N= % o, @4.1)

where @, is the sunset hour angle (in radians) given by
w, = arccos (—tan ¢ tan &) (4.4.2)

where ¢ is the latitude of the site (positive for the Northern hemisphere, negative for
the Southern hemisphere) and 4 is the solar declination (in radians) given by

- 2x
d=0.4093 s5in (—3—6—5— J 1.405) (4.4.3)

where J is the Julian day number.
The extraterrestrial solar radiation S, can be calculated®” from

S, = 15.392 d (e, sin ¢ sin & + cos ¢ cos d sin ;) mm day™'  (4.4.4)

where d, is the relative distance between the earth and the sun given by

2n
d.=1+0.033 cos (% J ) (4.4.5)

Equations {4.4.1) and (4.4.4) provide estimates of the maximum possible daylight
hours and extraterrestria! solar radiation which are good to about 0.1 hand 0.1 mm
day™!, respectively, for latitudes between 55°S and 55°N. As a check on computer
code to evaluate N and S, their April 15 values {J = 105) at latitudes 30°N, 0, and
30°S are 12.7, 12.0, and 11.3 k, and 15.0, 15.1, and 11.2 mm day~!, respectively.

4.4.3 Computing Other Inputs for Evaporation Estimates

Vapor-Pressure Deficit. Preferred techniques for estimating evaporation require a
value of the vapor-pressure deficit D, the difference beiween saturated vapor pressure
e, and ambient vapor pressure ¢, averaged over the period for which the estimate is
made. On rare occasions the true average vapor-pressure deficit is available—based
on hourly values from an automatic weather station perhaps— but more usually it
has to be estimated from climatological records.




TABLE 4.4.1 Selection and Computation Sequence fi imati i
for Beepenation ) q or Estimating the Energy Available

1 Are local measurements of net radiation (R, in MJ m™? day—! i
¢ e n ! vy~ ') available?
YES: g) Divide by 2 [Eq. (4.2.1)] to give R, in mm day™!,
(i) Goto5@). o

NO: Continue with 2(a). -

2(a) Are local records of fractional cloud cover (/N ) available?
YES: Go to 3(a).
NO:; Continue with 2(b),

2(b) Local recorc.!s of sunshine hours (1) available?
YES: Q) Compute (n/N); N from Eq. (4.4.1).
(i} Go to 3(a).
NO: Continue with 2(c).
2(c)y Cannor n/{V be estimated from regional records?
YES: Q) Proceed as 2(a) or 2(b).
9!) Recognize increased uncertainty in (n/N )
(iii}y Go to 3(a). .
NO: Select pan- or temperature-based evaporation estimate.
3(a) local measurements of solar radiation (S, in MJ m—2 i
| measu nt ; ; m~? day~1} available?
YES: (i) Divide by 1 [Eq. (4.2.1)] to give water equivalent.
(i) Goto 3(c). '

NO: Continug with 3(b),

3(b} Locally calibrated angstrom coefficients {a,, b} available?
YES: ‘Select a, and b, from available values.
NO: Set a, = (.25; b, = 0.50.-

THEN: (i) Obtain value of extraterrestrial radiation
(i) Compute S, from Eq. (4.2.6). (50)from Eq. (449
(lii) Continue with 3(c).

3c) Local measurements of land cover albedo () available?

YES: Select value of o from available measurements,

NO: Estimate ¢ using Table 4.2.2.

THEN: (i) Compute net solar radiation from Eq. (4.2.5).
(i} Continue with 4(a).

4(a) Locally calibrated emissivity coefficients [a., b.; Eq. (4.2.8)] available?

YES:; Select a4, and b, from available values.
NO: Seta, =0.34; b, = —0.14, '
THEN: Continue with 4(b).
4(b) %{dggsurcments of dew point temperature available?
: (i) Obtain vapor pressure e, at dew point te t
Ton van ” p mperature from Eq. (4.2.2) or

(ii) Compute ¢’ from Eq, (4.2.8).
(i) Go to 4(d).

NO: Continue with 4(c).

4(c) %\{/I;;surements of minimum air temperature available?
: (i) Set dew point to minimum temperature: obtai
e Pl p 3 n e, from Eq. (4.2,2) or
(i) Compute ¢’ from Eq. (4.2.8), '

NO: - Compute & from Eq. (4.2.9).

THEN: Continue with 4(d).
4(d) Locally calibrated cloudiness coefficients {a., b.; Eq. (4.2.10)] available?

YES: Select a, and b, from available values. ‘

NO: Set ¢, =1.35; b, = —0.35 in arid areas

or a,= 1.00; b, = 0.00 in humid areas.
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TABLE 4.4.1 Selection and Computation Sequence for Estimating the Energy Available
for Evaporation (Continued)

THEN: (i) Compute clear sky solar radiation 5, as the value given by Eq. (4.2.6)
with (n/N} set to zer6. ope
(ii) Compute the cloudiness factor (f) from Eq. (4.2.10).
(iii) Compute net long-wave radiation from Eq. (4.2.7).
(iv}) Compute net radiation from Eq. (4.2.13).
{v} Continue with 5(a). ’
5(a) Estimate of available energy for open water surface required?
YES: Go to 5(b).
NQO: Go to 5(c),
5(b) Data to estimate advected energy [4,; Eq. (4.2.20)] available?
YES: {iy Compute 4, from Eq. (4.2.20).
(i) Energy available for evaporation 4 = R, + 4,.
NO: Energy available for evaporation 4 = R,,.
THEN: : Energy estimation complete.
5(c) Measurements or data to estimate soil heat flux G available?
YES: (i) Obtain G from measurenents, or estimate from Eq, (4.2.18) or (4.2,19).
(ii) . Energy available for evaporation 4 = R, — G.
NO: Energy available for evaporation 4 = R,.
THEN: . Energy estimation complete.

Since saturated vapor pressure is not a linear function of temperature [see Eq.
{4.2.2)] the particular procedure used to estimate vapor-pressure deficit from such
climatological records can affect the estimated value (by as much as 30 percent),
particularly in arid environments where the daily temperature cycle is often large. In
general terms, and if possible, computing vapor-pressure deficit at the measured
maximum and minimum temperature separately, and then taking the average of
these deficit values, provides a better estimate of the true daily average deficit than
averaging temperatures (or relative humidities) first and then computing the deficit.

Climatological humidity data are reported either (1) as relative humidity (RH,,
and RH,,;,, in percetitage); or (2) hs daily average dry- and wet-bulb temperatures (T,
and T, in °C); or (3) as a daily average dew-point temperature (7., in °C). The
time of measurement is important but is often not given, Fortunately the actual
vapor pressure of the air is fairly constant, and even one measurement per day may
suffice, particularly if this measurement is made early in the day.

If a true daily average vapor-pressure deficit D is not available and an estimate
from climatological data is required, the following averaging procedures are recom-
mended for the three different humidity data availabilities given above.

1. Relative Humidity. Data given: T, Tpin. RH.

D= [es(Tm) - ‘?=(Tmi-=)] A= g (4.4.6)

with &, (T ) and &, (Toyo) from Eq, (4.2.2) or Table 4.2.1. If more than one value
of relative humidity is available, RH is the average value,

2. Wet- and Dry-Bulb Temperature, Data given: T, Toims Targs Twa-

5 — & Tmsr) ; &(Twin) _ ,  ypa (4.4.7)

with e, T i) and e,( Tpio) from Eq. (4.2.2) or Table 4.2.1; and e taken from Table
4.4.2 for {a) aspirated and () unaspirated psychrometers, respectively. If more
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than one pair of dry- and wet-bulb temperat i
value derived from these. peratures are available,

3. Dew-Point Temperature. Data given: Ty, Toins Taew-

n— &5 (Tmax) + es.Tmin
D= —-——2(——2 —€(Tye) kPa (4.4.8)

¢ is the average

with e(Trne), 6T i), and e(Ty,,) from Eq. (4.2.2) or Table 4.2.1.

gcbustmgnts j?;r Measurement flet‘ghts. The preferred techniques for estimatin:
vaporation given in later sections are appropriate for measured vapor—pressurg

deficit D and wind speed U, at a height of 2 m. For reference crop evaporation E _the

equivalent value of the aerodynamic resistance r, alters if the measurement height of

either humidity or wind speed is other than 2 m. However, this can be aliowed for by

adjusting the effective value of wind g i
i valu peed used in Eq. (4.2. imati
equations below to L'}, this value being given by the %qglati(?nl ) and the estimating
Ui_ 34.9648
U, In ( z,— 0.08) o (Z2=0.08 (4.4.9)
0.00}.476 0.01476

where z, and z, are the actual heights of the humidi i
z v idity and wind speed
respectively. For example, U5 /U, = 1,116 forz,=1 mand z 2 2 mm:zfiug 'm gfnti
0.749 for z,= 2 m and z, = 10 ra. w= S and =
Equation (4.4.9) may also be adequate to corr i
) 2 5 L ect wind speeds for th
estimating potential evaporation rates for open water surfa%zs beal.f-inge iﬂunr:ﬁﬁifﬁ:
empirical and approximate nature of Egs. (4.2.30) and (4.2.33,;).

4.4.4 Estimating the Evaporation Rate from Open Water

The preferred method for estimating the rate of eva; ic i
etho oration fro
Eq. (4.2.30), which is here rewritten in the form P mopen water s fmm‘

E,=F.4+F:D mmday" (4.4.10)

where A is the energy available for evaporation {(in mm day—), gi
2 : y1), given by A =
Ay), and estimated fqllqmng the procedure given in Sec. 4.4.2;)angé Dis t)I,w (avéﬁ" :;
vapor-pressure deficit _(m kPa) calculated as in Sec. 4.4.3. ®
The coeflicient ] is a function of temperature and the elevation of the site;

A
F;=m ' (4.4.11)

in which A is given by substituting e, from Eq. (4.2.2) into Eq. (4.2.3); and » by

substituting A from Eq. (4.2.1) into Eq. (4. s wi Spi i
Kb, ot fromq 4.2.1) Eq. (4.2.28); with the atmosphéric pressure P (in

P=10L3 (
293

293 — 0.0065 Z | 5256
s (4.4.12)

where Z is the elevation of the site (in m).
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TABLE 4.4.3 Values of Parameters in Evaporation Estimation Egs. (4.4. 10), (4.4.14), and
{4.4.17) for Two Elevations above Sea Level, and Sample Values of Mean Air Temperature

and Wind Speed

Wind
speed
Elevation Temperature U,,

Z,m T, °C ms! F) F? F} F? Flpwid  Fadd
0 10 3 0.553 3028 0383 2937 069 0962
0 10 6 0.553 4.895 0.293  4.495 0.696  0.962
0 30 3 0.781 1.505 0.643 1.588 0985 1360
0 30 6 0.781 2433 0546 2697 0985 1360
1000 10 3 0.582 2.832 0411 2803 0733 1012
1009 10 6 0.582 4.578 0318 4336 0733  1.012
1000 30 3 0.801 1371 0670 1470 1010 1.394
1000 30 6 0.801 2216 0.575 2524 1010 1394

The coefficient F2 is a function of temperature, wind speed, and the elevation of

the site:
. P 6.43(1 + 0.5360,)
Fy (A + y) 2 (4.4.13)

in which A and y are given as for Eq. (4.4.11); U js the wind speed measured at 2 m
[or the effective value calculated from Eq. (4.4.9) if necessary]; and 4 is given by Eq.
{4.2.1). Computer code to calculate F) and F3 can be checked using the sample
values given in Table 4.4.3.

The allowance for atmospheric diffusion (sce Sec. 4.2.5) implicit in F} is relevant.
to open water surfaces with reasonable small surface area, and Eq. (4.4.10) is there-
fore expected to provide weekly or monthly estimates of the evaporation rate from
shallow, ground-level evaporation pans (or small ponds or lakes) which are good to 5
to 10 percent or 0.5 mm day~!, whichever is greater. The effective value of the
aerodynamic resistance for much larger expanses of water is larger (see Sec. 4.2.7),
and the evaporation rate is therefore reduced. Equation {4.4.10) might therefore
systematically overestimate the evaporation for very large lakes by approximately 10
to 15 percent. '

" Of the alternative techniques for estimating open water evaporation, the
Kimberly-Penman equation, '3 given earlier as Eq. {4.2.33), has been shown’® to
have marginal advantage over Eq. (4.4.10) in seriarid environments but is margin-
ally worse in humid environments. If not all of the climatological data are available to
allow a calculation of E, from either Eq. (4.4.10) or Eq. (4.2.33), the use of the same
secondary estimation techniques as for reference crop evaporation is recommended
pased on radiation, pan, or temperature data (see Sec. 4.4.5). Estimates based on
radiation, however, should use measurements or estimates of the energy available for
evaporation relevant to open water (as opposed to grassed) surfaces; see Sec. 4.4.2,

4.4.5 Estimating the Evaporation Rate of the Reference Crop

Preferved Method, The preferred method for estimating the rate of cvaporatio_n
from the reference crop or short actively growing grass (see Sec. 4.1.1 for definition)1s
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from Eqg. (4.2.31), which is here rewritten in the form
E.,=FLA+F:D mmday! (4.4.14)

where A is the energy available for evaporation (in mm day™!), given_by
A = (R, + A,), and estimated following the procedure given in Sec, 4.4.2; and D is
the (average) vapor-pressure deficit (in kPa) calculated as in Sec. 4.4.3.

The coefficient ), is a function of temperature, wind speed, and the elevation of
the site:

A
1
Fi AEgt (4.4.15)

in which A is given by substituting ¢, from Eqg. (4.2.2) into Eq. (4.2.3); and y* is given
by Eq. (4.2.32), with y obtained by substituting Eq. (4.2.1) into Eq. (4.2.28) and P
taken from Eq. (4.4.12).

- The coefficient FZ is similarly a function of temperature, wind speed, and the

elevation of the site:
a7 ) 900 U,
F (A+ ) T+ 275 (4.4.16)

the required inputs being derived as for Eq. (4.4.15). Computer code to calculate ).
and FZ can be checked using the sample values given in Table 4.4.3,

Errors in estimating the evaporation from the precisely defined reference crop
using Eq. (4.4.14) do not primarily arise because of the empirical values involved,
since these are related to the physically-based values which control evaporation rate
in the Penman-Monteith equation. Rather, they arise through differences between
these values and those relevant to the particular crop for which estimates are made.
Studies® sugpest differences of the order 5 to 7 percent or 0.5 mm day—! may arise.

Radiation-Based Estimates. The preferred radiation-based method for estimating
reference crop evaporation is from Eq. (4.2,37), which is here rewritten in the form

E.,=F,4 mmday! (4417

F,, = a[A{(A + )], with o = 1,74 for arid regions and a; = 1.26 for all other (humid)
locations [see Eqs. (4.2.38) and (4.2.39)]. Arid regions, in this context, are defined as
having relative humidity of less than 60 percent in the month with peak-evaporation.
The valuve of (R, — &) is estimated following the procedure given in Sec. 4.4.2,

Computer code to calculate F,, for humid and arid locations can be checked using
the sample values given in Tabfe 4.4.3. Estimates using this method are prone to
errors of the order 15 percent or 0.75 mun day ", whichever is greater, and should be
made only for periods of 10 days or longer.

Other radiation-based estimation methods, especially those given by Turc!2% and
Doorenbos and Pruitt,*® are also in common use and are described in Sec. 4.2.6.

Pan-Based Estimates. The preferred pan-based method for estimating reference
crop evaporation is from Eq. (4.3.2), with values of pan coefficients for Class A pans
from Table 4.3.1. Estimated errors in using this technique are typically of the order
10 to 15 percent or { mm day—!, whichever is greater; for regions where dry winds
predominate, or where the upwind fetches are low, the errors may well be twice as
large.
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Temperature-Based Estimates. Estimating evaporation from temperature data is
not recommended, except when lack of other data means this is the only option
available. In these conditions the Hargreaves equation [Eq. (4.2.44)] is the preferred
technique and Ref. 56 may provide estimates with errorsin the order 10 to 15 percent
or | mm day—!, whichever is greater.

Other more complex temperature-based techniques are still in common use, in
particular the Doorenbos and Pruitt version of the Blaney-Criddle method; see Eq.
{4.2.45). Comparison® suggests the additional complexity in this provides a margin-
ally inferior estimate to that given by the Hargreaves equation.

4.4.6 Estimating the Evaporétion Rate of Other Crops

It is the actual evaporation which is most often required and, in principle, this could
be estimated directly from Eq. (4.2.27) if there are values of 7, and r, available which
are appropriate to the particular crop for which estimates are required. In practice
this is rarely the case except in research application, and it is therefore common
practice to estimate first the evaporation rate for the reference crop (for which r.and
r, are prescribed), and then multiply this rate by an additional factor, thus

E=K,E, mmday! . (4.4.18)

The factor X, in this equation is called the crop coefficient and, from a comparison
with Egs. (4.2.27) and (4.2.31), it is clearly a complex factor. It contains a significant
dependence on the effective average surface resistance of the actoal crop (relative to
the reference crop), and this is the primary influence in dry conditicns, but it also
depends on vegetation height through r,. Moreover, K, has some dependence on
meteorological variables, i.c., on temperature (through A), on wind speed (through
r,), and on rainfall (through r,, indirectly, depending on the amount of time the
canopy is wet). Clearly the value of crop coefficient witl depend not only on the crop
and its stage of development, but alse in part on the average climate in which any
empirical calibration is carried out. -

Irrigated Field Crops. In practice many evaporation estimation applications con-
cern the irrigation of agricultural crops. The objective is usually to supply water
which is adequate, in that it does not limit growth, but not excessive, so that the soil
surface is not waterlogged. In this case the potential crop coefficient K, is relevant,
this being defined from the equation

E=K,FE, mmday' (4.4.19)

It is likely that K, is less variable than K, in moving from one location to the next,
since it is a purer measure of stomatal resistance, which in turn is less variable since
the soil moisture deficit remaing small. (It will of course still have some local meteo-
rological dependence through A and r,..)

Considerable research has been directed toward defining K, as a function of time
for different crops. As might be expected for annual agricultural crops, with which it
is often used, there is a pronounced seasonal variation of the type illustrated sche-
matically in Fig. 4.4.1. This figure can be used to provide estimates of the seasonal
variation in potential crop coefficient*” for the range of (annual) field crops listed in
Table 4.4.4 as follows:

!
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FIGURE 4.4.1 Schematic diagram of the seasonal changes in potential crop coefficient K, foran .u=n§ E lo|s3s — e
irrigated field crop (redravwn from Doorenbos and Pryitt® Used with permission,) illustrating four % g

growth stages (initial, crop development, midseason, late) in the total growing season defined relative 5 g ¥R oSNNSl 2naad

to the planting date D, and terminating at the dates D, Dy, D,, and Dy, respectively. The value of K, | g ~ 2 2 ; ; ; CoESoodoceddoooo

during the initial Stage 1 is taken from Fig, 4.4.2, and the values during Stage 3 and afier [); are taken 5 § u

from Table 4.4.4, Intervening values during Stages 2 and 4 are determined by interpolation. oo E © MRS RO T NRATY

- ; EI N R AR R RN R SR RREITammT
—%;an é’g o ggggggggcodooooocooooo
. o
. . , . o . . v. oy

1. Establish the planting or sowing date and, if possible, determine the total_ growing 3 « g g NN AN RN RNN NS RERRS
season and length of the individual crop development stages from local informa- g&n % E" cgaa pRBRIEREPEDEDE DGR DI PR DS ph DU PE PR PRI
tion; otherwise estimates of the typical growing season and of the proportion of 8 g g =
this at each growth stage are given in Table 4.4.4. Use these to dqtbrmine the dates 'u'g 2 PN NET RN YA N T O TN
ng %, D,, and D; for the time series of K, (see Fig. 4.4.1) relative to the planting E g el IR Saks Bads R oo ocibis i or g o hor Bt 3 e o o’

ate 42, ,

2. The (constant) value of K, for Stage 1 is a function of the reference crop evapora- %EI 0R._2.9 [CRN.SSS9LeSIRS
tion at the time of sowing and the average interval between rain orirrigation at this .E g,, qEd | &2 SR L8212 3; e el e el
time. Determine this value from Fig. 4.4.2. 58 g B Eg ééééééﬁéégggggaaaﬁggﬁg

3. For a given crop growing in a given climate (humidity and wind), the (constant) &? 5 & ke esoms
value of K., for Stage 3 (i.e., midscason, from date D, to D,) is given in Table 4.4.4, 5 =} g
as is the value of K, at maturity or harvest (after Stage 4, at time D). % § = o

4. The full seasonal variation in K, is then obtainéd by interpolating between the 583 E 3
values at D, and D, and those at D, and D, - E_

' < |2 [« "T_.? d-: w —— % —
, ) . s < E} n e| < =3 85 " _E-*u
An estimate of the seasonal variation in E, and thus of the irrigation demand, can be i S E a EE § L8 ,8. & 48
made through the season by introducing these time-dependent estimates of K, intc - E E| g B8E D E’Eg Tk g 288y ES
Eq. (4.4.19), along with estimates of E,,. 2 _‘é i 5 EoggbE g 288 %ﬁ'é g ”’E %'Eé
. §§3 SRR S FERRLEELEE LERKEEREEN]

Irrigated Grasslike Crops. For irrigated alfalfa, grasses, clover, or grass-legumes e

successively cut for fodder throughout the season, or for well-irrigated and well-
fertilized (grass, grass-legumes, or alfalfa) pastures, it is generally sufficient®® to use
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K, after Stage 4

RH,,>70%  RH_, <20%

RH,,, <20%

K, during Stage 3

RH,, > 70%

TABLE 4.4.4 For a Range of Immigated Field Crops, the Typical Total Growing Season in Days; i i i i
rops, ys; Representative Proportions of This Growin;
Season at Each of the Growth Stages Illustrated in Fig. 4.4.1; and Recommended Values of K, During Stage 3 and After Stage 4 in Different ®

(Wind and Humidsty) Climates (Continued)

4.42

Sopree: Derived from Doorenbos and Pruitt (Ref. 30, Table 23}. Used

with pecmission.
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For tall perennial fruit crops the size of K, can be significantly influenced by
agricultural practice, in particular the absence of 2 weed understory can lower K, by
20 to 30 percent. Equally the use of sprinkler irrigation can aiter the evaporational’oss
from tree crops, from significantly less than E,, to greater than E,_; see next section.

Forests. The evaporation rate from forests is more difficult to describe and estimate
than for other vegetation types, and the reader is referred to Chap. 13 for greater
detail. Most of this difficulty arises because turbulent diffusion in the atmosphere
above fm_fcsts is much more efficient than for other crops. For this reason the rate of
evaporation when t_hc canopy is wet can be very much greater than whenitisdry (e.g
I_{efs. 108, 115). It is not therefore realistic to represent the average effect of ooutrolt
ling processes operating within the canopy in terms of a single (effective) surface
resistance as in the case of the reference crop. It is necessary to consider transpiration
and the evaporation of rainfail intercepted by forest canopy separately.

.Perhaps in compensation for the more efficient turbulent diffusion, the surface
resistance of forests tends to be higher, and transpiration rates are lower, Present
evidence is not yet definitive but suggests'®18 that the transpiration rate of well-
Eza;eﬁ(;] fort:st_sc.I ;{sl ;;::'rhﬁps ti;lf{:} =+ 10 percent of reference crop evaporation [Eq.

4. provi this has been calculated wi i
e Broviaed o th the appropriate (forest) valge of

The rate of evaporation of intercepted water from a wet canopy, on the other
hand, commonly exceeds the potential evaporation rate for open water surfaces [Eq.
(4.4.10}}, and indeed often the energy locally available to support it. The additional
encrgy is _wnthdrayvn frpm the atmosphere from warmer, drier air upwind. The net
interception loss is t'yplcally 10 to 30 percent of rainfall, and depends partly on the
amount of water which the canopy can store, i.¢., the interception storage capacity S:
but partly on the nature of the rainfall, in particular the intensity and duration of the
rainstorms since up to half the evaporation occurs during the storm itself. For forests

: yvlth cqmp]etq canopy cover, intense, short-lived, convective storms, more common
in tropical regions, are associated with a lower fractional interception loss of say 10 to
18 percent of precipitation®*%1% while storms associated with frontal rainfall
which may be less intense but last longer, tend to give a higher fractional interceptior;
loss of_say 20 to 30 percent of precipitation.>* For deciduous forests, the loss of
leaves in winter reduces the fractional interception loss, typically by a factor of 2 to 3.

An approximate estimate of forest evaporation averaged over a month might
therefore be made from

Efores = ()8 Eforest - g P mim day™! (4.4.20)

where the first term is an estimate of transpiration, with E o™= the value of reference
crop evaporation rate calculated from Eq. (4.4.14) but with net radiation appropriate
toa forest; and the second term is interception loss, with ¢, the fractional interception
loss (see previous paragraph for typical values). Equation (4.4.20) is (at best) accurate
to 10to }5 percent, depending on the accuracy of «, and is prone to overestimate
evaporation rates. The estimate it gives should be limited to 0.9 R, for extensive
m:dl((:)?ntmental forests or to R, for less extensive forests within (say) 200 km of the
sea.

!f detailed short-term rainfall data are available, it may be possible?®4? to provide
an improved estimate of the interception loss term in Eq. (4.4.20) from

o p= 095N (S+027)
Ny

mm day ! (4.4.21)
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where N, i§ the number of storms in the averaging period of N; days and 1, is their
average duration (in h), while S'is the interception storage capacity of the canopy (in
mm), with § = 1.2 mm typical for coniferous canopies and S =0.8 mm typical of
broadleaf canopies in full leaf.'* Equation (4:4.21) implicitly assurmes an evapora-
tion rate of 0.2 mm b—! during storms.8* The factos 0.95 in Eq. (4.4.21) allows partly
for the suppression of transpiration during rainstorms and partly for the possibility
that a $miall proportion of storms®® involve a total rainfall less than 5.

4.4.7 Soil Moisture Restrictions

if estimates of evaporation are required for nonirrigated crops, the water status of the
soil can be important, acting through the surface resistance. The value of K, is
reduced from K., by irictuding a factor X, (6) related to the volumetric soil moisture
content &

E=K.E,=K{()K.,E, mmday"! (4.4.22)

The amount of accessible soil water available to the plants depends on their rooting
depth, which can of course change as the vegetation grows, a point of particular
significance for annual crops. The most realistic models of the soil water restriction
on evaporation rate simulaté plant extraction from a series of moisture stores
arranged verticilly above each other in the soil through the rooting zone.*® They
perform a running water balance for each moisture store, with some water (from rain
or irrigation) infiltrating into the top store and draining from the bottom store; some
moving between stores; and meanwhile some being extracted at each level in propor-
tion to the product of E,, the fraction of root in each store, and a moisture extraction
function (). )

Studies have been made of the variation in f(0) in response fo decreasing soil
wiiter: Dyck3 lists the formulas given in Table 4.4.6. Results differ in detail, as might
be expected for dn empitical soil-related fiinction of this type, but many workers (e.g.,
Refs, 34, 38, 39, 52, 85) are in broad agreement that the overall behavior during a
drying cycle follows the genéral pattern illustrated in Fig. 4.4.3.
~ Soil safurated by rain or irrigation, with moisture content &, first drains uitil the
remaining water held by surface tension on the soil particiesisin equilibrium with the
gravitational forces causing drainage. It is then said t6 bé at field capacity, with a
moisture content 6, The drying proceeds with little soil moisture réstriction until the
soil moisture falls to 6,; when the moisture content is typicaily 50 to 80 percent of 8
then the hydraulic conductivity X, and the transpiration rate start to fall. They
continue to fall uritil a wilting point is reached, where the soil moisture content is B,
and when, it is assumed, K, = 0. This behavior scems to be similar for both crops and
soil. In conditions of prolonged drought the crop begins to die and the evaporation
rate is no longer controlled by meteorological conditions, but by soil characteristics,
especially by hydraulic condilctivity.

‘When modeling the change in evaporation in response to soil water status it is
often convenient to work in terms of the soil water content, but plants are more
sensitive to soil water potential y,. Some of the variability in the functional form of
f(6) reported in the literature may therefore be caused by the variability in the
relationship between 8, and y, for different soils. In some hydrologic applications
the precise form of f(6) is not too important. In particular, in the case of modeled
water budgets the cumulative error in the calculated water store is set to zero each
time the soil dries completely or when it is completely wetted by heavy rain.
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TABLE 4.4.6 Recommended Forms of the Soil Moisture Stress Function (& .
Dyck.* Used with permission, | n f(6) as cited by

“

Soil moisture stress function Reference
Daily values
8 = [I—exp(—yd [l =2 exp (—y8) + exp (—yB] ! 70
JEO) = [1-+(6./9%] " with k =2.69 exp (~0.09 E_yos 78
_ @8,
e [ 6=6,) ]F‘ 5
_[@ 8
9 = (1—-06.533 ! [-—-——]
(8} ( F) @0, 60
5-day values .
= 02+2 =" |-12f—2
76) [(of— 7RY el kT ”
Monthly values . ;
(G 9...}]
) = |
7® [(9;—6“,) 2

where &= soil moisture content (variable)
8,, = soil' moisture content when soil at “wilting point” (E/E,, = 0)
@, = soil moisture content when E/E, = 0.5
8= soil moisture content when soil at “field capacity”
¥ = vegetation canopy density
F, == adjustment factor for functional form of Fig. 4.4.3

-
|

Moisture extraction
function, (8}

- i
S G 0 8
Volumetric soil moisture fraction

FIGURE 4.4.3 Typical variation of the moisture extraction function

J(8) which modifies the potential crop coefficient in response to
changes in the volumetric soil moisture content 8 in {portions of) the
plants’ rooiing zone. 8;, 8, and 8, are the values of & at saturation, field
capacity, and willing point, respectively, and (8,/6,) is typically 0.5 to
0.8. These values are determined by soil type.
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4.4.8 |Improving Evaporation Estimation

The adoption in this chapter of a reference crop evaporation rate which is precisely
defined in terms of the physics of the evaporation process exploits research under-

- standing gathered since the Handbook of Applied Hydrology was published in 1964,

The significance of this development should not be underestimated in respect of the
greater clarity and, on the basis of experimental evidence (e.g., Ref. 56), theimproved
accuracy it brings. At the same time the value of this step forward is compromised by
the need to retain a “two-step™ evaporation estimation procedure involving the
poorly defined crop factor K., which has implicit meteorological dependence.

Tt is important that in punctuating the progress of hydrologic practice this Hand-
book af Hydrology should be a “semicelon,” not a “full stop.” With this in mind,
conclude with a recommendation. In order to provide a purer measure of crop
control less contaminated by local climate, future field research into crop water
requirements and the retrospective analysis of existing field data should seek to
derive and report values of ¢, the effective average value of the surface resistance for
the crop, rather than K.

If this becomes common practice, and in this way a relevant literature is created,
then the author of this chapter in the next Handbook of Hydrology will be able to
make a further significant step in advancing evaporation estimation practice by
developing a “one-step™ estimation procedure. ‘
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