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Abstract: Crop coefficient curves provide simple, reproducible means to estimate crop evapotranspiE@jidrom weather-based
reference ET values. The dual crop coefficiédt) method of the Food and Agricultural Organization of the United Stéfé)

Irrigation and Drainage Paper No. §6A0-56 is intended to improve daily simulation of crop ET by considering separately the
contribution of evaporation from soil. The dual method utilizes “basal” crop coefficients representing ET from crops having a dry soil
surface and separately predicts evaporation from bare soil based on a water balance of the soil surface layer. Three extensions to t
evaporation calculation procedure are described here that are intended to improve accuracy when applications warrant the extra comple
ity. The first extension uses parallel water balances representing the portion of the soil surface wetted by irrigation and precipitation
together and the portion wetted by precipitation alone. The second extension uses three “stages” for surface drying and provides fc
application to deep cracking soils. The third extension predicts the extraction of the transpiration component from the soil surface layer
Sensitivity and analyses and illustrations indicate moderate sensitivity of daily calculated ET to application of the extensions Kthe dual
procedure, although relatively simple computationally and structurally, estimates daily ET as measured by lysimeter relatively well for
periods of bare soil and partial and full vegetation cover.
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Introduction small amount with climate. This enables the transfer of standard
values and curves foK. between locations and climates. This

A commonly used approach for estimating consumptive use of transfer has led to the widespread acceptance and usefulness of
water by irrigated crops is the crop coefficient—reference evapo- the K. approach.
transpiration (K, ET,) procedure. Reference evapotranspiration  In situations wherél; has not been derived by ET measure-
(ET,) is computed for a grass or alfalfa reference crop and is thenment, it can be estimated from fraction of ground cover or leaf
multiplied by an empirical crop coefficieriK,) to estimate crop area indexAllen et al. 1998. K, varies during the growing sea-
evapotranspiration ET,) (Jensen et al. 1971; Doorenbos and son as plants develop, as the fraction of ground covered by veg-
Pruitt 1977; Wright 1981, 1982In general, three primary char-  etation changes, and as plants age and makige 1). K. varies
acteristics distinguish ET from a crop from ET from the reference according to the wetness of the soil surface, especially when there
surface: aerodynamic roughness of the crop; general resistancés little vegetation cover. Under bare soil conditioks has a high
within the crop canopy and soil to the flow of heat and water value when soil is wet and its value steadily decreases as the soil
vapor; and reflectance of the crop and soil surface to short wavedries.
radiation. Because ETepresents nearly all effects of weathe€y, This paper describes the dugl procedure of FAO published
varies predominately with specific crop characteristics and only a asFAO Irrigation and Drainage Paper No. 5@Allen et al. 1998
and provides a brief rationale for various components of the pro-
Iprofessor, Univ. of Idaho, 3793 N. 3600 E., Kimberly, ID 83341 Ccedure along with selected sensitivity analyses. Extensions to the
(corresponding authprE-mail: rallen@uidaho.edu original procedure are introduced that may improve accuracy of
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Fig. 1. Schematic showing generalized shape of Food and Agricul-
tural OrganizatioFAO) K curve with four crop stages and thriég
(or Kp) values and relative development of vegetation

as in Smith et al(199)), Pereira et al(1998, Pereira and Allen
(1999, and ASCE(2002.

Crop Coefficient

son has a sloping line that connects the end of the midseason
period with the harvesteno date.

In FAO-56 two forms forK, are presented: the “singulaK,
form used inFAO-24and the “dual’K.=K,+K, form introduced
in FAO-56 whereK, is the basal crop coefficient ari€, is the
soil evaporation coefficient. In the dual forid,, represents the
ratio of ET; to ET, under conditions when the soil surface layer is
dry, but where the average soil water content of the root zone is
adequate to sustain full plant transpiration. Under basal condi-
tions, small amounts of evaporation from the surface soil layer
occur by diffusion and are included ik, (and thusK, i is
usually not set to zero during the growing cycl&éhe majority of
evaporation from soil following wetting by precipitation or irri-
gation is represented by the sepandteThe total, actuak, .. is
the sum ofK, andK,, reduced by any occurrence of soil water
stress

Kc act™ Kchb+ Ke (4)

whereK, and K, range from[0 to ~1.4]. The stress reduction
coefficient K¢ [0-1], reducesK,, when the average soil water
content or salinity level of the root zone are not conducive to
sustain full plant transpiratiofK for soil water stress is described

Fundamentally, the crop coefficient is defined as the ratio of ET |ater and the function for salinity induced stress is described in
from any specific crop or soil surface to some reference ET as Allen et al. (1998. The sum ofK, and K, cannot exceed some

defined by weather data. FAO-56 nomenclature

_ET

K.=
° ET,

(1)

In FAO-56 values listed folK. represent ET under growing con-
ditions having a high level of management and with little or no
water or other ET reducing stresses and thus represent what a
referred to as potential levels for crop ET

ET.=K:ETy (2

Actual ET; can be less than the potential Efbr a crop under

maximum value for a crop—soil complefgenerally ~1.4 for
FAO-56 based E{), based on energy limitations. The form and
principle of Eq.(4) was developed by Jensen et@0971, Wright
and Jenseiil978, and Wright(1981, 1982

TheK,, curve has the same shape as in Fig. 1 and three bench-
mark values forK., are used to construct the curve, namely

rgcb inir Keb mia @NdKgp, eng Because, can include “diffusive” or

residual evaporation from soil for potentially long periods follow-
ing wetting, K¢y, ini is generally set to 0.15 iRAO-56 for annual
crops for the period from planting to before 10% ground cover.
However, under dry conditions with long periods between wetting
events or during the nongrowing seasKg, i, can be set equal to

nonideal growing conditions including those having water stress g This is illustrated later.

or high soil salinity. In this paper, ETepresenting ET under any
condition, ideal or nonideal, is termed “actual E®nd is de-
noted as EJ o The ET; o Was termed “adjusted ET (ET, oq)

in FAO-56 The terms are synonymous and

ETc act™ Kc actETO (3)

whereK, .= “actual” crop coefficient that includes any effects
of environmental stresses.

A linearized form for mearK, and basaK, curves inFAO-56
was introduced ifFAO-24(Doorenbos and Pruitt 197 Where the
FAO K, curve is comprised of four straight line segments repre-

FAO-56describes the procedure for applying the dual method
on a daily basis, with specific estimation of evaporation from wet
soil. The dual approach is well suited for predicting the effects of
day to day variation in soil water evaporation and the effective-
ness of precipitation.

Adjustment for Climate

FAO-24 (Doorenbos and Pruitt 197 presented, for each crop
listing, four values for singular midseason and end-of-season crop
coefficients, termed iIRAO-56asK; mig andK. «n¢ The four val-

senting the initial period, the development period, the midseasonues represented four climatic cases of wind and humidity that

period, and the late season perigedg. 1). These segments are
defined by three primarK,; values:K. during the initial period
(K¢ ini), K¢ during the midseasoffull cover) period (K mig), and

K. at harvestor at the end of the late seaddiK; ¢d- The K ini
defines the horizontal portion of th€. curve during the initial
period until approximately 10% of the ground is covered by veg-
etation. TheK, ., defines the value fa; during the peak period
for the crop, which is normally when the crop is at “effective full
cover.” This period is described by a horizontal line extending
throughK; miq- The development period is defined by a sloping

impact the value foK.. In contrastFAO-56includes only single
entries forK; miq and forK; ¢,g Or, in the case oK, for K., mig
and forKg, ong The single entries correspond KQ or K, values
associated with a standard subhumid climate having average day-
time minimum relative humiditfRH,,,) of about 45% and hav-
ing calm to moderate wind speeds of 1-3Thsaveraging
2 ms?t K. andK, values are listed for about 80 cropsRAO-
56. These can be accessed on the FAO web(5i#€® 1998.

For climates where mean R} is different from 45% or
where wind speed at 2 rfuy) is different from 2.0 m s, K¢y mia

line that connects the initial and midseason periods. The late seavalues fromFAO-56 are adjusted as
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ch mid— ch mid (standard climate

h 0.3

)
where Kep, migstandard climate= Value for Kgy g from Table 17 of
FAO-56 u,=mean daily wind speed at 2 m heiglin s3);
RH,;,=mean daily minimum relative humidity?) during the
midseason period; arft= mean plant height during the midseason
period (m). The adjustment in Eq5) accounts for impacts of
differences in aerodynamic roughness between crops and th

+[0.04(u, - 2) — 0.004RH, i, - 45)](

grass reference with changing climate and closely replicates the

range inK; values for the four climatic classes BAO-24 Justi-
fication for Eq.(5) is given in Allen et al(1998. Similar adjust-
ment is made t&, n,gwhen values foKy, o, 0.45. Eq.(5) can

be applied daily using daily values far, and RH,;, or can be
applied for the midseason in total using averagesif@nd RH,;,

for the period with relatively small loss in accuracy. When only
mean daily dewpoint temperature or vapor pressure is known
RHpin can be approximated as RH~ 100e,/€%(Tma0, Wheree,

is actual vapor pressure aef(T,,,, iS saturation vapor at daily
maximum air temperature. The crop height adjustment in(&q.

is applied to both the wind and the RH terms because both
terms appear in the aerodynamic term of the Penman—Monteith
equation and both factors influence ET in some proportion to
aerodynamic roughness.

Evaporation from Soil

The approach ofFAO-56 is similar to that of Ritchie(1972),
Saxton et al(1974), and Wright(1982 where evaporation from

€

function indicates the selection of the maximum of values sepa-

rated by the comma. E@7) ensures thak, ., IS always greater

than or equal to the surd.,+0.05, suggesting that wet soil al-
ways increases thk, value aboveK., by 0.05 following com-

plete wetting of the soil surface, even during periods of full
ground cover. The value 1.2 represents the impact of reduced
albedo of wet soil and the contribution of heat stored in dry soll
prior to wetting events that are separated by more than 3 or
4 days. The value also considers the effect of increased aerody-
namic roughness of surrounding crops during development, mid-
season, and late season growth stages which can increase the
turbulent transfer of vapor from the exposed soil surface. Bonach-
ela et al(200D notedK, ,x Of over 1.5 for soil evaporation from
a drip-irrigated olive orchard caused by microadvection of heat
from dry surface areas to wet surface areas. Under complete sur-
face wetting K. nax Would be expected to be lower, for example
ranging from 1.0 to 1.2. In addition, if irrigation or precipitation
events are more frequent than 3 days each, for example daily or
2 days each, then the soil has less opportunity to absorb heat
between wetting events, and the 1.2 value can be reduced to about
1.1.

The surface soil layer is presumed to dry to an air dry water
content approximated as halfway between wilting péigk and
oven dry. The amount of water that can be removed by evapora-
tion during a complete drying cycle is estimated as

TEW = 100quC_ OEWP)ZG (8)

where(total evaporable watgfTEW)=maximum depth of water
that can be evaporated from the surface soil layer when the layer
has been initially completely wettgchm). Field capacityd-c and

soil beneath a canopy or inbetween plants is predicted by estimat-fwe are expressed itm®m?) and Z,(m) =effective depth of the

ing the amount of energy at the soil surface in conjunction with
energy consumed by transpiration. When the soil is wet, evapo-
ration is predicted to occur at some maximum rate and the sum
K=Kt Ke is limited by some maximum valu, .y

As the surface soil layer dries, a reduction in evaporation oc-
curs, andK, is simulated as

Ke= Kr(Kc max ch) < fech max (6)

whereK. na=maximum value oK following rain or irrigation;
K,=dimensionless evaporation reduction coefficient and is depen-
dent on the cumulative depth of water depletedaporatey and
few=Tfraction of the soil that is both exposed to solar radiation and
that is wetted. Evaporation is restricted by the energy available at
the exposed soil fraction, i.eK, cannot exceed . K; max The
FAO-56dual procedure differs from Ritchid972 and Saxton et

al. (19749 in that the FAO procedure give, (as limited by
feuKc may) €qual priority to transpiratiotes represented ) in

surface soil subject to drying to 0y, by way of evaporation.
Typical values forfg¢, 6\yp, and TEW are given in Table 1 for
various soil typesZ, is an empirical value based on observation.
FAO-56recommended values f@;, of 0.10—0.15 m, with 0.1 m
recommended for coarse soils and 0.15 m recommended for fine
textured soils. However, the user should select the valugfar

even TEW, that represents evaporation amounts observed over
complete drying cycles via gravimetric or other measurement.
Some evaporation or soil drying will be observed to occur below
the Z, depth.

Evaporation from exposed soil is presumed to take place in
two stages: an energy limiting sta¢®tage }, and a falling rate
stage(Stage 2 (Philip 1957 and Ritchie 1932During Stage 1,
the soil surface remains wet and evaporation is predicted to occur
at the maximum rate limited only by energy availability at the soil
surface and thereforé&,=1. As the soil surface dries, the evapo-
ration rate decreases below the potential evaporatior(dafeed
as K. max—Kep), @andK, becomes less than oni€, becomes zero

regard to energy consumption, whereas the Ritchie and Saxtonyhen no water is left for evaporation in the evaporation layer.

approaches give transpiration priority over evaporation.

K. max represents an upper limit on evaporation and transpira-
tion from the cropped surface and is introduced to reflect the
natural constraints on available enerfy..x ranges from about
1.05 to 1.30 when using the grass referencg ET

Kc max: ma><{12 +[0.04UZ - 2)

h 0.3
- 0.004RHi, — 45)]<§> AKep+ 0.05}) (7)

whereh=mean plant height during the period of calculatiam-
tial, development, mid-season, or late-seagom, and the max)

Stage 1 holds until the cumulative depth of evaporafris
such that the hydraulic properties of the upper soil become limit-
ing and water cannot be transported to near the soil surface at a
rate to supply the demand. At the end of Stage 1 dryihgijs
equal to readily evaporable watéREW). Readily evaporable
water normally ranges from 5 to 12 mm and is highest for me-
dium and fine textured soil@Ritchie 1972; Ritchie et al. 1989

The second stage, whek€ is decreasing, begins wheb,
exceeds REW. At this point, the soil surface is visibly dry, and
evaporation from the exposed soil decreases in proportion to the
amount of water remaining in the surface soil layer. Most early
Stage 2 model&Philip 1957; Ritchie 197@2proportion the evapo-
ration rate according to the square root of time since the begin-
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Table 1. Typical Soil Water Characteristics for Different Soil Typdsom FAO-56

Evaporation parameters

Amount of water that can be

Soil water characteristics depleted by evaporation

Soil type Stages 1 and 2 Stages 1 and 2
(USDA Stage 1 TEW? TEW?
soiltexture Orc By (0Fc-Owp) REW (Ze=0.10 m (Ze=0.15m
classification m3m3 m3m3 mém (mm) (mm) (mm)

Sand 0.07-0.17 0.02-0.07 0.05-0.11 2-7 6-12 9-13
Loamy sand 0.11-0.19 0.03-0.10 0.06-0.12 4-8 9-14 13-21
Sandy loam 0.18-0.28 0.06-0.16 0.11-0.15 6-10 15-20 22-30
Loam 0.20-0.30 0.07-0.17 0.13-0.18 8-10 16-22 24-33
Silt loam 0.22-0.36 0.09-0.21 0.13-0.19 8-11 18-25 27-37
Silt 0.28-0.36 0.12-0.22 0.16-0.20 8-11 22-26 33-39
Silt clay loam 0.30-0.37 0.17-0.24 0.13-0.18 8-11 22-27 33-40
Silty clay 0.30-0.42 0.17-0.29 0.13-0.19 8-12 22-28 33-42
Clay 0.32-0.40 0.20-0.24 0.12-0.20 8-12 22-29 33-43

Note: USDA=United States Department of Agriculture; REWkeadily evaporated water; and TEWbtally evaporated water.
aTEWZ(O,:C—OEOWP)Ze.

ning of Stage 2. This requires manipulation of time terms as new hydraulic properties, tillage, soil temperature, wetting character-
water enters the system. Moreover, the proportionality factor istics, and root extraction. Saxton et €1974 used a nonlinear
changes with Ef demand and therefore requires frequent recali- proportionality based on water content of the surface layer that
bration(Snyder et al. 2000 In the FAO-56 model, the reduction  had similar behavior as E¢9). A three-stage drying process can
in evaporation during Stage 2 is proportional to the cumulative be applied to cracking soils as described in a following section.

evaporation from the surface soil layer, resulting in a more Mutziger et al.(200) found good agreement betwe&h pre-
simple, easily managed computation procedure that is based on alicted using thd~AO-56dual method using REW and TEW from
Table 1(with Z,=0.1 m) and relative evaporation measurements

soil-water balance and that does not require recalibration

TEW -Dg 4
K=———m
" TEW - REW

(9)

for Dgj-1>REW, whereD.;_;=cumulative depletion from the
soil surface layer at the end of d@y 1 (the previous day(mm);
and TEW and REW are in millimete(REW<TEW). The gen-
eral form for theK, function is illustrated in Fig. 2. The prediction
by Eq. (9) is similar to that predicted by a square-root-of-time

Occ ©: soil water content (m? /m? )

published by Chanzy and Bruckl€¢t993 for loam, silty clay

loam, and clay soils.

In crops having partial ground cover, evaporation from the soil
usually occurs nonuniformly over the surface, and is greater be-
tween plants having dense canopies near the ground where expo-
sure to sunlight occurs and where more air ventilation is able to
transport vapor from the soil surface to above the canopy. This is
especially true where only part of the soil surface is wetted by
irrigation. While it is recognized that both the locations and the
Stage 2 model, and differences are in general smaller than thefractions of the soil surface exposed to sunlight and ventilation
uncertainties caused by the continuously changing effects of soilmay change with the time of day and depend on row orientation
and near surface canopy density, the procedurBAgd-56 pre-
dicts a general, averaged fraction of soil surface from which the
majority of evaporation is expected to occur. Most evaporation

Ovp 050up ) :
K 1.00 from the soil beneath the crop canopy, occurring at a slower rate,
r is in many situations included in the bas@l, coefficient.
0.80
limiting Table 2. Common Values for Fraction of Soil Surface Wetted by
060 —Stage 7 Irrigation or Precipitation(after FAO-56)
%; Wetting event f
&?’é%\ — :
040 (N Precipitation 1.0
Sprinkler irrigation, field crops 1.0
020 Sprinkler irrigation, orchards 0.7-1.0
TEW \ Basin irrigation 1.0
000 , — — . A L - Border irrigation 1.0
) 0 REW TEW Furrow irrigation(every furrow, narrow bed 0.6-1.0
D, cumulative depth of evaporation  (depletion) Furrow frrfgatfon(every furrow), wide bed 0.4-0.6
Furrow irrigation(alternated furrows 0.3-0.5
Fig. 2. General function for soil evaporation reduction coefficikpt Microspray irrigation, orchards 0.5-0.8
for two-stageFAO-56 model (from FAO-56) Trickle (drip) irrigation 0.3-0.4
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fu S, Lo .
e «r wheref, is limited to [0-0.99 and K, ,i,=minimum K, for dry

fw=1.0 ... 0.3 fw bare soil with no ground cover. E¢l1) assumes that the value

for Ky, is largely governed by the fraction of vegetation cover.
The 1+0.% exponent in Eq(11) represents the impact of plant
height on shading of the soil surface and in increasing the value
for K, given a specific value fof,.. The differenceK,— K min IS
limited to =0.01 for numerical stability. The value fdr, will
change daily a&., changesK. ., ordinarily has the same value

In the FAO-56 model, the ternf,, is defined as the fraction of ~ @SKey ini Used for annual crops under nearly bare soil conditions
the surface wetted by irrigation and/or precipitation. This term (€. Kemin~0.19. The value forf. decreases during the late
defines the potential spatial extent of evaporation. Common val- S€ason period in proportion &, to account for local transport of
ues forf,, are listed in Table 2. An extension to E@.0) is de- sensible heat from senescing leaves to the soil surface.
scribed later. Under vegetation having an open canopy near the ground sur-

When the soil surface is completely wetted, as by precipitation face, for example some types of orchards, a large proportion, if
or sprinkler,f,,, of Eq. (6) is set equal tq1-f.), wheref; is the not all, of the ground surface is eﬁectlvgly e>.<posed to evaporative
fraction of soil surface effectively covered by vegetation #hd ~ €nergy(Bonachela et al. 2001In these situations, 1fz does not
~f,) represents the approximate fraction of soil surface that is have large impact ofy,,, andfe,=f,, can be applied. The decision
effectively exposed to evaporation energy. For irrigation systems in @ssigning values fof; andf.,, should be based on field obser-
where only a fraction of the ground surfadg,) is wetted,f.,, is vation of drying patterns.
limited to f,,

Fig. 3. Determination off,, (greyed aregsas function of fraction of
ground surface coveragéd.) and fraction of surface wette(f,)
(from FAO-56

Water Balance of Soil Surface Layer

fow=min(1 -ff,) (10

Calculation ofK, requires a daily water balance for tlifig, frac-
tion of the surface soil layer. The daily soil water balance equa-

Both 1-f. andf,, for numerical stability, have limits ¢0.01-1. tion is (Fig. 4)

The limitation imposed by Eq10) presumes the fraction of soil
wetted by irrigation occurs within the primary fraction of soil
exposed to sunlight and ventilation. This is generally the case,
except with some drip irrigatioriFig. 3). In the case of drip W

irrigation, Allen et al.(1998 recommended multiplyind,, by whereDg;-; and D,;=cumulative depletion depth at the ends of
[1-(2/3)f]. Pruitt et al.(1984 and Bonachela et al2001) have daysj-1 andj (mm); P; and RQ=precipitation and precipitation
described evaporation patterns and extent under drip irrigation. runoff from the soil surface on dgy(mm); |;=irrigation depth on
day ] that infiltrates the soilmm); E;=evaporation on day (i.e.,
Ej=KETy) (mm); Tg;;=depth of transpiration from the exposed
and wetted fraction of the soil surface layer on daynm); and
The difference(1-f,) represents the fraction of the soil effec- DP,;;=deep percolation from the soil surface layer on géysoil
tively exposed to sunlight and air ventilation and serves as the sitewater content exceeds field capacitym). Assuming that the
where the majority of evaporation is expected to occur. The value surface layer is at field capacity following heavy rain or irrigation,
for f. is limited to <0.99 for numerical stability and is generally ~ the minimum value forDg; is zero and limits imposed are 0
determined by visual observation. For purposes of estimdtipg <D <TEW. It is recognized that water content of the soil sur-
f. can be estimated fror{,, as face layer can exceed TEW for short periods of time while drain-

i
De,j = De,j—l - (P] - ROJ) - f_+ f_ + Tei,j + DPei,j (12)

ew

Predicting Fraction of Surface Cover
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age is occurring. However, because the length of time that this plications. The following three extensions to tR&O-56 proce-

occurs varies with soil texture, wetting depth, and tilladg,

dure may increase accuracy and definition of the total evaporation

=0 is assumed. Additionally, it is recognized that some drainage and drying process under special conditions.

in soil occurs at very small rates at water contents below field

capacity. To some extent, impacts of these simple assumptionsSeparate Prediction of Evaporation from Soil Wetted by

can be compensated for, if needed, in setting the valu&far
TEW.
RO, can be computed using the USDA curve number proce-
dure (Hawkins et al. 198p The irrigation deptH; is divided by
f,, to approximate the infiltration depth to tHg portion of the
soil surface. Similarlyk; is divided byf,,, because it is assumed
that all E; (other than residual evaporation implicit to th&,
coefficieny is taken from thef,,, fraction of the surface layer.
Except for shallow rooted crops, where the depth of the maxi-

Precipitation Only
The evaporation component is assumed to be fully concentrated
in the exposed and wetted fraction of the surface layer. The
slower rate of evaporation occurring from beneath the vegetation
canopy is generally included K., and is therefore not explicitly
quantified.E is computed a¥, ET,. The quotiente/f,,, in Eq.
(12) describes the concentration of evaporation over the fraction
of the soil that is both exposed and wetted.

Parameterf,,=1 for precipitation but is often<l for some

mum rooting is less than 0.5—0.6 m, the amount of transpiration types of surface irrigation and micro irrigatioRAO-56 recom-

extracted from thef,,, portion of the surface soil layer is small
and can be ignored.e., T,;=0). Where transpiration is known to
extract water from thd,,, fraction of the surface layer, but is not
considered in Eq(12), FAO-56advises that the depth of the sur-
face layerZ, be decreased to compensate for the quicker drying.
Estimation of T from the f,,, fraction of the surface layer is de-
scribed in a following section.

Following heavy rain or irrigation, the soil water content in the
surface laye(Z, layer) might exceed field capacity for short time

periods until excess water moves into the root zone and perhaps

even deeper. In the simple water balance procedure usedion
56, however, it is assumed that the soil water content is limited to

mended a procedure for calculatifig according to the type of

last wetting event and its extent. However, this determination can
be subjective and uncertain. This section describes an extension to
FAO-56that incorporates a separate water balance and procedure
for K, for the fraction of soil that is wetted by precipitation only
(i.e., not by irrigation. The extension reduces uncertainty in de-
termining the value fof,, and has been applied by Mutziger et al.
(2009 in estimating annual evaporation losses from agricultural
areas in California.

In the extension to thEAO-56procedure, the evaporation cal-
culation is divided into two separate calculations. One calculation
is made for the exposed fraction of soil wetted by both irrigation

<6rc on the day of a complete wetting event. This is a reasonable@nd precipitation and one calculation is made for the exposed
assumption considering the shallowness of the surface layer.fraction of soil wetted by precipitation only. The coefficigfy is

Downward drainag€percolation of water from the surface layer
is calculated as

|

]
DPe;=(Pj=RO) + =~ D¢1 >0 (13)

w

calculated as
(14

whereK =evaporation coefficient for the exposed fraction of the
soil wetted by both irrigation and by precipitation ard,,
=evaporation coefficient for the exposed fraction of the soil wet-

Ke = Kei + Kep

As long as the soil water content in the evaporation layer is below ted by precipitation only.

field capacity(i.e., Dg;>0), the surface layer is assumed to not
drain, and DR;=0.

Initialization of Water Balance

To initiate the water balance for the evaporating layer, the user

can assume that the soil surface layer is niagy following a
heavy rain or irrigation so thdd,;_;=0. Where a long period of
time has elapsed since the last wetting, the user can assume t

all evaporable water has been depleted from the evaporation laye

at the beginning of calculations so thag; ;=TEW=1,00Q6c
_05 ewp) Ze.

Order of Calculation

Calculations for thd=AO-56dual K, + K, procedure, for example
when using a spreadsheet, proceed in the following oiigr:h,
Kemax for fu few Kiy Ky E, DPg, Dg, |, K, and ET.

Extensions to FAO-56 Procedure

The evaporation component of tRAO-56dual K, procedure was
intended for routine application under a wide range of conditions.

The procedure constitutes a balance between simplicity, under-

The modification to Eq(6) that applies to the fraction wetted

by both irrigation and by precipitation is
Kei = KriW(Kc max ch) < fewiKc max (15)

and the application of Eq6) to the fraction of soil that is ex-
posed and wetted by precipitation only is

Kep: Krp(l _W)(KC max ch) = fewch max (16)

hé&/herefewi:fraction of soil wetted by both irrigation and precpi-
Ita'[ion and is exposed to rapid drying due to exposure to solar

radiation and/or ventilatiorf,,,,=fraction of soil exposed to rapid
drying and is wetted by precipitation onlyy¥=weighting coeffi-
cient for partitioning the energy available for evaporation into the
fewi @nd f,, soil fractions, depending on water availabilit;;
and K,,=evaporation reduction coefficients for tig,; and fe,,,
fractions; andf,,,, is calculated as

ey

andf,, andf.,; are limited to 0.001-1.0. E¢10) is reexpressed
for fe,i @s

fewp: 1- fc - 1:ewi

(18)

where 1 has limits 0f[0.01-] andf,=average fraction of soll
surface wetted by irrigation, onl0.01-1.
The weighting factolV is calculated according to water avail-

fowi=min(1 -ff,)

standability, and completeness and is recommended for most apability in the two wetted, exposed fractions of the surface layer
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1

L + feup(TEW Dy

fewi (TEW - De)

whereD.=cumulative depletion depitmm) from the evaporating
layer for thefe,; fraction of soil; andD.,=cumulative depletion
depth(mm) from the evaporating layer for th&,,, fraction of

soil. The limits Dy and Dg,<TEW; D, and Dg,=0; and

fenil TEW=-Dg) >0.001 are imposed for numerical stability.

W= (19

cant effect on the water balance of the surface layer and therefore
on prediction of the evaporation component, especially for the
period midway through the development period.

Under conditions of uniform water availability within the soil
profile, the ratio ofT extracted from the evaporation layer to total
T is presumed proportional {&./Z,)°® (Allen et al. 1996, where
Z. is the depth of the surface evaporation layer ahds the
effective depth of the root zon&.=< Z, andZ, is contained irz,).
This relationship is based on the commonly used 40-30-20-10%

An associated water balance is computed for the fraction of the oot extraction pattern for quartile rooting depttsp to bottom

evaporation layer wetted by precipitation, but not by irrigation,
and is in the exposed portion of the soil

DP,

E
Depj = Depj-1~ (Pj = RO)+_ + Tepj + DPep;

ewp

(20

whereDg,;_; and D¢y;=cumulative depletion depths at the ends
of daysj—1 andj in the fg,, fraction of the surfacémm); E;
=evaporation fromf,,,, fraction on dayj (E,;=Ke, ETo) (mm);
Tepj=Te from fg,, fraction of the evaporation layer on dgy
(mm); (Tep; can be set equal to zero for simplificatjprand
DP,,;=deep percolation from thk,,, fraction of the evaporation
layer on dayj if soil water content exceedkc (mm). The limits
On Dep; are 0<De,; < TEW. TheE,) is divided byfe,, because
it is assumed that alE, is taken from thefq,, fraction of the
surface layer.

Eq. (12) is expressed for thé&,,; fraction as

[ =
] ]
De,j = De,j—l - (PJ - RC)J) - _+r + Tei,j + DPei’j (21)
w ewl
wheref,=fraction of soil surface wetted by irrigation.
Eq. (9) is expressed for th&,,; andf.,, fractions as
TEW - De -1
Ki= v T oew (22)
TEW - REW
and
TEW —Depj-1
Kp= o (23
TEW - REW

for Dgj_; andDgpj_1=0.

The total evaporation rate from the exposed fraction of the
surface iISE=Kg ETy=(K¢+Kep) ETo. Kgj andKg, are both con-
strained so thak.;=0 andK.,=0

Eq. (13) is expressed for thé,,; fraction of the surface layer
as

j
DPeij = (P;—RO) + 7 7 Deij-1=0 (24)
w

of the root zone for moist soils.
In this extension, it is assumed that the previous extension
usingfeyi andfe,y, is applied. If this is not the case, then orly,
is used and all occurrences &, are set tdf.,. The equation for
T, from the f,; fraction of the evaporation layér,; is

Te| Kn chK ETO (26)

whereK;, [0—1]=proportion of basal E[EKET,) extracted as
transpiration from thd,; fraction of the surface soil layer, and
Ks=soil water stress factor computed for the root zgdel]. K;;

is determined by comparing relative water availability in #e
and Z, layers along with the presumed rooting distribution. For
the f,,,; fraction

De
. 1__TEW <é>06 -
i N D, A
TAW

where the numerator and denominator of the first expression of
Eq. (27) are limited t0=0.001 and TAW is total available water
in the root zongsee Eq.33) introduced latel In addition, the
value forKj is limited to <1.0 to limit T, to <ET.. A value of
K~ 1.0 would represent conditions where the soil profile is near
wilting point, but the shallow surface layer is partially or fully
rehydrated by a light precipitation or irrigation event, or where
the root zone is very shallow.

Transpiration from thé,, fraction of the soilT,, is calculated
as

Tep= KigKeoKETo (29)
where
1_&&
Kp=| — = <é>0'6 29
oo \z
TAW

whereKy, [0-1]=proportion of basal EfFK.,ET) extracted as
transpiration from thd.,,, fraction of the surface soil layer. The
same limitations apply as for E@R7).

As long as the soil water content in the evaporation layer is below  when there is Stage 3 evaporation, as defined in the next sec-

field capacity(i.e., D¢jj>0), the soil will not drain and DR
=0. For the fraction of exposed soil that is wetted by precipitation
but not by irrigation

ep,] - (P RO) epj—l =0 (25)

Transpiration from Surface Layer
The amount of transpiration extracted from fiag fraction of the

evaporating soil layer is generally small and can be ignored.

tion, TEW in Eqs.(27) and(29) is set equal to TEW the upper
limit for evaporable water.

Stage Three Evaporation

The third extension to thEAO-56 procedure applies to soils that
crack substantially upon drying, thereby exposing progressively
deeper depths of soil to drying by evaporation. This progressive
drying continues at a low rate for an extended period of time.
Drying to depths as deep as 0.5 m is possible for severely crack-

However, for shallow-rooted annual crops where the depth of the ing soils containing large amounts of montmorillinite clay where

maximum rooting is less than about 0.5 i, may have signifi-

cracks can extend as deep as IPettry and Switzer 1996

8 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING © ASCE / JANUARY/FEBRUARY 2005



| Stage 1 14 - - 200
Y Planting Field Corn §
1.2} Southern California 6ok
— . o -1 E
Stage 2 | Cracking Soil =
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Fig. 5. General schematic showing evaporation reduction coefficient Pre_lmfgaﬁmo 30 60 90 120 150 180 210 240 270 300 330 360

K, as function of depth of water evaporat@tepleted from surface Day of the Year

soil layer for cracking soil having three-stage evaporation.

Fig. 7. SimulatedK,, (heavy ling andK,+Kq (light line) curves for
crop of field corn planted in late January in southern California on
In the extension for cracking soils, the evaporation process is cracking soil having REW=8 mm, TEY¥50 mm, TEW=100 mm,

expanded from two to three stages. The three stages are illustrate®,,=0.2, andf,,=0.7 for growing period irrigations ant},=1.0 for

in Fig. 5. For normal agricultural soils that do not crack or only preirrigations. Bars denote predicted timing and depths of irrigation

mildly crack, only Stage 1 and Stage 2 drying is applied. For and diamonds denote rainfall

cracking soils that have Stage 3 drying, Stage 3 is presumed to

begin whenK, reduces to a threshold value labeleg. ) )
For three-stage dryindg, is calculated for the second stage as K is calculated for the third stage as

TEW, - Dgj_; K =K TEW;-Dejy
Kr=Keg+ (1= KrZ)TEWZ - REW T UPTEW,; - TEW,
for REW < Dgj_; < TEW, (30 for TEW, < Dg;-; (31
where TEW,=maximum cumulative depth of evaporaticteple- where TEW=maximum cumulative depth of evaporatiareple-
tion) from the soil surface layer whek,=K,, (point at which tion) from the soil surface layer when the soil is dry and no
evaporation transitions into stage three dryiimm), and K, further evaporation occuré;=0) (mm). The value TEW in-

=value forK, at the junction of Stage 2 and Stage 3 drying. cludes REW and TEW For application of the three-stage drying
Generally, the value foK,, should be some relatively low value ~extension with the first extension, Eq&2) and (23) are ex-
between about 0.1 and 0.4, depending on the nature and degree dgfanded using Eq$30) and(31), with each applicatioril + P) and
cracking as the soil dries. Allen et al1998 recommended,, (P) having its own water balance.
~0.2. Mutziger et al(2001) found best fit values foK,, for two The three stage drying extension has been applied to cracking
cracking soils in Texas to be 0.3 and 0.2 when comparing againstheavy clay soils in the Imperial Irrigation District of California
lysimeter measurements of evaporation for a black clay and clay (Allen et al. 2005 and to two cracking or partially cracking soils
loam. in Texas(Mutziger et al. 2001 Values used for the Imperial soils
were REW=8 mm, TEW=50 mm, TEW=100 mm, andK,,

60
Upper Limit of Water Content
° fo‘:pselrrf;?; I?rigataioiror? '?iﬁgd 1,6 K b r, [d h 1976 200
3 50 Soit Sweet Corn imberiy, idaho,
e 180
5 141
£ 404 160
3 1.2 £
e 30 -} 50 mm maxi_mum 75 140 .
g ?iazges gl‘r:gg 3 Lower Limit_ of Evapor_ation - 1 ,O 120§
2 204 oL e pocahei Pt K 2
g c 08 ‘005
2 . E tion Depth for Surf; c
3 107 Inigation on Nontiled, Cracking 0.6 8 s
Soil - stage 2 drying 60 2
0 4 : 4 4 4 4 4 04 _g
0 01 02 03 04 05 06 07 05
Depth in Soil, m 0.2 g 20 &
@ Bedded Onions - 45 d dry —fx— Disked Wheat. 120 d dry 0.0% . = i bl ;“ fubiiuia 0
130 150 170 190 210 230 250

~8l- Disked Wheat - 2 hr after lrrig.
Day of the Year
Fig. 6. Field measurements of volumetric water content for cracking

soils in Imperial Irrigation District when wegsquare symbo)sand Fig. 8. Daily crop coefficients based on measured evapotranspiration
after 45 and 120 days of dryingircles and triangles Superimposed and simulated usin§AO-56dual K approach at Kimberly, Id. for a

on data are abstracted water content profiles associated with Stages &rop of sweet corrllysimeter data from Wright 1982, personal com-
and 2 and with Stage 3 evaporation components munication 1990
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Fig. 9. Sensitivity of daily K, 5t estimation for snap bean crop near Kimberly, (tysimeter data from J. L. Wright, unpublishetb: (a)
application of water stress functiditq. (32)] (thin line) with comparison toK, predicted usingK;=1 (medium ling, K, (thick line), and
measured, (symbolg; (b) value forf,,; (c) application ofT in Eq. (12); (d) value forZ,, and(e) value forf,

=0.2. Best fit valuesto lysimeter evaporation measuremerits width was 10 mm. Moisture was gravimetrically determined from
the Houston black clay and Pullman clay loam soils evaluated by cored samples. In the case of sampling the dry profile where the
Mutziger were REW=7 mm; TEWE30 and 22 mm; and TEW soil was deeply cracked, samples were taken approximately 0.3 m
=50 and 45 mm. in from the face of cracks. The areas between the upper horizontal
TEW, and TEW, for the Imperial Valley soils were estimated and the lower horizontal or diagonal lines in the figure suggest the
from sampled soil water contents at the beginning and end of equivalent depth of water evaporated during Stages 1 and 2 and
drying cycles in fallow fields as shown in Fig. 6. The sampling during Stage 3 from the cracking soil. The sampling indicated
sites were in an area of mixed Imperial silty clay and Imperial- drying to a depth of more than 0.5 m due to cracking. Even
Glenbar silty clay loam soil. Cracks penetrated to about 1 m on though the apparent depletable depth from 0.12 to 0.6 m shown
drying on an approximately 0.5to 2 m grid and average crack in Fig. 6 was about 75 mm, a value of 50 mm for Stage 3 drying
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Fig. 10. Daily measured and estimated evapotranspiration for sweet
corn near Kimberly, 1d. usinfAO-56 dual K. proceduregdata from
Wright 1982, personal communication 1990

(so that TEW=50+50=100 mmwas selected for routine appli-
cation in the Imperial Valley to account for dampening effects of
disking and other tillage on creating a surface soil mulch and any
effects of water extraction by rootgllen et al. 2003.

The net impact of Stage 3 drying is to prolong the timeKor
to decrease to zero, thereby creating a prolonged “base-line
evaporation rate. As shown in Fig. 7, where #&0-56 K ,+K,
method was applied with Stage 3 drying, base-line evaporation
was prolonged following harvest for more than 60 days, even
when time between wetting events was large. Without the Stage 3
drying, K. 4 reduced to zero within 5—10 days following har-
vest. TheK, prior to planting and following harvest was set to
zero to allow evaporatiotand total E7 to approach zero during
extended dry periods.

Impacts of Water Stress

The final component in Eq4) is the water stress coefficiekt
used to reduce&, under conditions of water stress or salinity
stress. Allen et a1998 describes the salinity stress function and

computation. The water stress function is described here and is

illustrated later. Mean water content of the root zone in the
FAO-56 procedure is expressed by root zone depletdp,i.e.,
water shortage relative to field capacity. At field capaditys0.
Stress is presumed to initiate whBp exceeds RAW, the depth of
readily available water in the root zone. FHBy>RAW, K is

TAW - D, TAW - D,

K.= =
* TAW-RAW (1-p)TAW

(32

where TAW =total available soil water in the root zamem), and
p=fraction of TAW that a crop can extract from the root zone
without suffering water stress. Whé&) <RAW, K =1. The total

Table 3. Standard Error of Estimat¢SEE) and Ratio of Estimated to Meas
Kimberly, Id. (=98 day$, where Baseline Conditions wefg=0.45,T,=0, K

available water in the root zone is estimated as the difference
between the water content at field capacity and wilting point

TAW = 100qe|:c - ewp)zr (33)

whereZ, =effective rooting deptlim) andZ, containsZ,. RAW is
estimated as

RAW = pTAW (34

where RAW has units of TAWmm). FAO-56 contains recom-
mended values fop for 60 crops and describes several means to
model the developmeiiincreasein Z, with time for annual crops
including in proportion to development &, and in proportion

to time. Other methods fZ, development include a sine function
of time (Borg and Grimes 1986an exponential function of time
dampened by soil temperature and soil moist{iPanuso et al.
1995, and a full root growth simulation model by Jones et al.
(199D.

Example Applications and Sensitivity Analyses

lllustrative applications of thEAO-56procedure are given in Fig.

8 for a sweet corn crop and in Fig. 9 for a snap bean crop grown
near Kimberly, 1d. during 1976 and 1974 by Wrigh©82. Daily

ET was measured using a precision weighing lysimeter planted to
and immediately surrounded by a specific crop. Fetch of the
lysimeter was at least 50 m in all directions for the specific crop
and resolution of the lysimeter system was about 0.05 mm
(Wright 1982. The daily measureH{. values in the figures were
calculated by dividing daily lysimeter measurements by, B$
computed by Eq.(1). Weather data were assembled from a
grassed weather station located about 1 km north of the lysimeter
site. Dates for planting and harvest and for precipitation and irri-
gation were based on field notéd/right, personal communica-
tion 1990; Vanderkimpen 1991Values forK., were taken from
FAO-56 Dates for beginning of development, midseason and late
season periods for tHeAO-56 procedure were selected to fit the
lysimeter data.

The application used the originBAO-56 procedure with ex-
tension forT,.. The Portneuf silt loam soil at Kimberly was mod-
eled using two-stage drying witd, set to 0.15m and REW
=8 mm and TEW=34 mm. The value fdy, was 0.6 for the
furrow-irrigated sweet corn and 0.45 for alternate furrow-irrigated
beans.

For the application to beans, ranges in values for parameters
Ks fu» Ter Ze, andf; were applied to illustrate the sensitivity of
the FAO-56 model predictions to these parameters. In the case of
Ks and T, the sensitivity was with and without the inclusion of
functions for these parameters.

Results

Simulated dailyK, andK; ,.;and measurel, .. for the growing
period for the sweet corn crop shown in Fig. 8 indicate relatively

ured Daily Evapotranspiration for Full Season of Snap Beans in 1974 near

s=1, Z,=0.15 m, andf; from Eq.(11)

Baseline f,=0.25 f,=0.65 with T with Kg Z,=0.10 m Z,=0.20 m f.—0.2 f.+0.2
SEE (mm day'?) 0.63 0.74 0.68 0.67 0.78 0.76 0.61 0.66 0.68
Ratio to measured 1.00 0.96 1.03 0.98 0.96 0.96 1.04 1.03 0.95
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good agreement between simulated and measured values. Théon from a shallow, initial root depth unless tl& function is
peak spikes iK; . following wetting agreed well with measure- invoked. The fact that inclusion of thg&, function did not im-
ments as did the rate of decay of tkg curve. There was some  prove predictions for the snap beans may reflect the tillage prac-
underestimation oK., .. during the midseason period which may tices for beans, where open spaces between rows are cultivated

have been caused by underestimation of Bff Eq.(1) or under- two to three times during the growing season, thus reducing root
estimation of the midseasdf, for corn by FAO-56 The K activity there and thus extraction by transpiration. Thef lpa-
predicted during the late season overestimated meagiirggfor rameter in Eq(10) represents these open spaces.

some days and underestimated over two 5 day periods. Much of The impact of the value assignedZg, the effective depth of
the under- and overestimation during the senescence period waghe evaporating layer, is illustrated in Fig(d® With all other
probably caused by uncertainty in the estimatioriaduring that parameters fixed, the impact of greafiis to extend the lengths
period and the impact of ground shading on the wetted portion of of drydown periods and to increase the estimated evaporation

the soil surface. component of ET. The impact af, was pronounced during all
The unadjusted standard error of estimg@&BE between the periods.
estimated and lysimeter-measured daily EFig. 10 was Sensitivity to the estimation of fraction of surface covered by

0.92 mm day* and the seasonal ratio of predicted ET to measured vegetation is illustrated in Fig.(8), where 0.2 was added and
ET was 1.02. Total seasonal evaporation for the sweet corn cropsubtracted from the value fdg predicted by Eq(11). The impact
was estimated to be 24% of the total seasonal ET. Because thef value for f. was negligible for the initial and most of the
lysimeter measurements provide only integrated values of ET, thedevelopment period when Iz exceeded the value assigned to
separate estimation of evaporation cannot be evaluated for accufy. In this casef,, controlled the estimate of evaporation. As
racy. Estimates of soil evaporation do not include the evaporationincreased, its value began to contfg from Eq.(10) and impact
from soil that occurs as a diffusive componentiqf, over time. on K and K increased. The smaller value féy (i.e., f.-0.2)
Sensitivity of theK,+K, procedure ofFAO-56t0 invocation during late development and mid season tended to improve esti-
of a K, soil moisture stress function under conditions where mild mates during those periods.
stress may have occurred is shown in F|@)gor the 1974 shap Table 3 lists summary statistics for the five Sensitivity tests.
bean crop. Without th&, function (thusK¢=1.0), theK .o curve The smallest SEH0.61 mmday") occurred whenZ, was in-
(medium gage ||n)3 “pbottomed” against thd(cb curve (heavy creased from 0.15 to 0.20 m, hOWeVer, the reduction in SEE over
line). With the K function[Eq. (32)], drying below thep level of the baseline was very small. The impact by the individual ranges
the root zone was predicted during the development period, latein the parameters on the ratio of estimated seasonal ET to mea-
midseason, and latter part of the late season. These prediction§ured ET ranged from -5 to +4%.
were based on actual irrigation dates and values for soil water
holding properties from Table 1AW=160 mmnil), and p
=70% during the initial period ang=55% for the other three ~ Summary and Conclusions
periods, and maximum rooting depth of 1.6 m, based on measure-
ments by Wrigh{unpublished data, 2000The application of the The FAO-56 dual K, procedure was established to provide daily
K, function improved estimation oK,y for some dates and estimates of evaporation from wet soil in conjunction with crop
caused underestimation for others. No visual or measured stresgranspiration. The procedure uses a daily water balance of the soil
by the lysimeter crop in 1974 was noted by Wrigh®82). surface layer and accounts for the fraction of soil surface wetted
Figure 9b) illustrates the impact that,, the fraction of soil by irrigation or by precipitation and exposed to radiation and
surface wetted by irrigation, has on ti& .. estimate. Higher ventilation. Three optional extensions to the original method are
values forf,, extended the magnitudes and time lengths of dry- described. The first is the establishment of a separate water bal-
down for K, “spikes” during the development period when the ance for the fraction of the surface wetted by precipitation, only,
value 1, in Eq. (10) was large. During midseason period, 1 and for the fraction wetted by both irrigation and precipitation.

—f. in Eq. (10) limited the value forf,,, regardless of range ify,. The second extension is a procedure to approximate the drying of
Thus, sensitivity tof,, is generally prominent only during the the surface layer by transpiration in addition to evaporation. The
initial and development periods. third extension provides for the application to deep cracking soils.
The inclusion of theT, function for extraction for transpiration ~ The dualK. procedure is useful when short term estimates of
from theZ, layer impacted the estimation &, during the initial evapotranspiration are needed, for example in research and in

and development periods and had no impact during the mid andirrigation scheduling for individual fields as well as in estimation
late season periods when the evaporation layer was largelyof total consumption of water where impacts of wetting frequency
shaded. Thd, function reduced the prediction &, for the pre- are important.

cipitation event on Day 156Fig. Qb)] becauseT, extraction The sensitivity analysis indicates that inclusion of a function to
during prior days increaseB, so that the 6 mm precipitation ~ estimate transpiration from the evaporating layer may not sub-
depth was absorbed into the Stage 2 depletion reservoir, ratheistantially impact or improve estimates, especially for crops hav-
than adding to Stage 1 drying. This illustrates a weakness of theing periodic cultivation. Calculations are moderately sensitive to
FAO-56 model in that any light precipitation event is subtracted Vvalues specified for the depth of the evaporation layer and frac-
from the totalD, for the Z, depth, rather than left on the soil skin tion of surface wetted by irrigation, and to the estimation of frac-
for immediate evaporatiorD, was increased during the initial  tion of ground cover.

period with the application of th&, function because all of the

K¢, Value[0.15 in Fig. 9b)] is assigned to basal transpiration in

the dual procedure, even though the 0.15 value may contain sig-References
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