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CHAPTER 1

INTRODUCTION

Optimum agricultural production in Kansas requires consumption of
large quantities of water. In 1965, 2.90 billion cubic meters, or 71%
of the total amount used in the state was allocated for agricultural
purposes. By the turn of the century, agricultural consumption is ex-
pected to increase to 13.4 billion cubic meters, or 88% of the total
water used (Kansas Water Resources Board, 1972).

Over 95% of the water used in agriculture is allocated for irri-
gation. That percentage 1s expected to increase in the future, with
the largest increase to occur in the northwest and south-central
counties, where an increase of ten times the quantity consumed in 1965
is expected by 2020 (Kansas Water Resources Board, 1972).

With the rapid growth in irrigation, many areas of Kansas are
being depleted of ground water. For example, in certain areas, the
water table has dropped as much as 30 m since the 1940's. In Wichita,
Greeley, Wallace, and Scott counties, the situation is so serious that
possibilities exist for a complete water shortage by 2000 (Kansas Water
Resources Board, 1967). Due to the drop in water tables, more energy
must be expended to obtain the same quantity of water.

In other areas of Kansas, excessive amounts of water cause a large
amount of soluble nutrients, such as nitrates and salts, to be leached
from the profile; therefore, excessive irrigation increases operational
costs by forcing the farmer to apply more fertilizer (Kansas Water

Resources Board, 1967).



Prevention of water shortages and excessive nutrient leaching is
accomplished through water conservation practices. One procedure gaining
wide acceptance is irrigation scheduling (Jensen, Robb, and Franzoy, 1970).
That procedure schedules water at the proper time and amounts necessary to
fi11 the root zone and satisfy the leaching requirement; therefore, irri-
gation scheduling necessitates a determination of the amount of moisture
within the soil profile.
| The rate of change in soil moisture is affected by four factors:

(1) precipitation or irrigation, (2) evapotranspiration, (3) runoff, and
(4) drainage (Veihmeyer, 1964). Soil moisture depletion or accumulation
can be expressed as

A6 =P -ET - R-1D [1]
where A6 is the daily (i.e., 24 hours) soil moisture change [mm(day)'l};
P is the daily amount of total precipitation or irrigation [mm{day)~1]; ET
is the evapotranspiration rate [mm(day)'l]; R is the daily amount of surface
runoff [mm(day)'l]; and D is the daily drainage rate into or out of the
soil profile [mm(day)~1] (Jensen, 1973). When the sum of P and soil
moisture content is greater than the total moisture storage capacity, or
when the rate of P is too high, water may be lost from the profile as
drainage or runoff, respectively. In many cases, D and R are assumed
constant or negligible; therefore, P and ET are the primary factors contri-
buting to soil moisture variations (Chang, 1968). Precipitation can be
routinely determined by a rain gauge, thus, ET rates are required for
estimations of A®8.

Evapotranspiration rates (ET) can be estimated either directly or
empirically, with empirical models receiving greater emphasis in recent

years. Empirical models usually have fewer restrictions or instrumentation,



fewer measurements and lower operational costs, To illustrate, one
empirical model is employed in Idaho to schedule irrigation on an oper-
ational basis at a cost of less than $1.00(acre)'1(year)'1 {Jensen et al.,
1970).

Kanemasu, Stone, and Powers (1976) developed an ET model requiring
a minimum number of daily inputs: solar (or net) radiation, precipitation,
leaf-area index (or percent cover), and maximum and minimum temperatures.
The model has proven to estimate daily ET rates from soybeans and sorghum
within 2 mm of lysimetric estimates (Kanemasu et al., 1976).

The purpose of our study was to evaluate parameters required in the
computerized model for corn and test the model by comparing soil moisture

estimates, as determined by the model, with neutron attenuation estimates.



CHAPTER 2

REVIEW OF LITERATURE

Many empirical and direct procedures calculate ET rates using
meteorological variables and physical properties of the soil (Veihmeyer,
1964). The major meteorological variables influencing ET rates include
wind speed, temperature, humidity, and solar radiation. The amount of
water available to the plant and the movement of water depend upon soil
properties (e.g., bulk density, texture, structure, and porosity) (Taylor
and Ashcroft, 1972). The potential evapotranspiration rate (PET), as
defined by Penman (1948), is the rate of water lost from a "short, green
crop, completely shading the ground, of uniform height and never short of

water”". Consequently, PET is dependent only on meteorological wvariables.
2.1 Direct Methods

Procedures or instrumentation used to estimate ET rates directly
include lysimeters, energy balance-Bowen ratio equations and aerodynamic
equations,

2.1-1 Lysimeters

A lysimeter consists of a block of soil, hydrologically isolated
from the surrounding soil, which may be planted to vegetation. Evapo-
transpiration rates are determined from weight changes in the block
(Tanner, 1967). Measurements of water loss to within 0.25 mm enable
lysimeters to estimate hourly or daily ET rates (Rosenberg, Hart, and
Brown, 1968). Regardless of their accuracy, the soil moisture content

within the lysimeter may differ from the surrounding soil due to a lack of



adequate drainage at the bottom of the lysimeter. Some lysimeters are
equipped with suction tubes at lower levels that absorb excessive amounts
of water, thus correcting the drainage deficiency (Tanner, 1967). 1In
addition, condensation around the outside of the lysimeter may cause a
decrease in the estimated ET rate (Tanner, 1967).

2.1-2 Aerodynamic Equation

Two major vertical fluxes, resulting from turbulent diffusion near the
round, are (1) momentum, T and (2) water vapor, LEV. The fluxes are

calculated from

T

" me(aulaz) [2a]
LEv

-pKv(Bq/BZ) [2b]

where p is the density of the atmosphere {g(cm)‘3]; z is the vertical
distance between two points (cm); u is the windspeed [em(sec)™1]; q is the
specific humidity [g(kg)~!]; L is the latent heat of vaporization [cal(g)~1];
Ev is the quantity of water lost [ly(min)”l]; and Km and Kv are eddy
diffusivities for momentum and water vapor, respectively [cmz(sec)“ll
(Rosenberg et al., 1968). Km is determined from the equation

Km = ku,z [31
where k is the von Karmon constant (0.4), and u, is the friction velocity
[em(sec)~!]. The friction velocity is given as

u, =7/t /p [4]
where T, is the shearing stress at the ground surface [dynes(cm)~2]. Hori-
zontal wind speed is calculated by combining equations [2a], [3], and [4],
and integrating (Rosenberg et al, 1968):

u = (u*lk)fln(z/zo)] [5]

The variable, z is the aerodynamic roughness parameter (cm), and is
dependent on crop height and morphology. By using equations [2al, [2b]l,

and [5], and assuming Km = Kv, water vapor flux during neutral conditions



is estimated from
pk2(q, - q,)(u, - u.)
g, - 2 T Gy T Y 6]
[ln(z/zo)]2

where subscripts 1 and 2 represent two levels above the ground (Rosenberg
et al, 1968).

Pruitt, Morgan, and Lourence (1973) and Holzman (1943) report sig-
nificant variations in the Kv/Km ratio under diabatic conditions. The
ratio increases to l.4 during strongly unstable conditions and dectreases
to 0.7 during extremely stable conditions. Stability corrections are
taken into account in equations developed by Deacon and Swinbank (1958),
Williams (1961), and Pasquill (1950).

Since the aerodynamic equation [6] involves the precise determination
of wind speed and humidity gradients, elaborate equipment are required in
the measurements (Veihmeyer, 1964). Representative gradient measurements
of the boundary layer above the crop requires a large amount of fetch
surrounding the instruments (Rosenberg et al., 1968).

2.1-3 Energy Balance-Bowen Ratio Equations

The energy balance equation can be expressed as
R, =LE, +G+A [7]
where Rni is net radiation [ly(min)~!]; G is the amount of energy
used to heat the soil [ly(min)"ll; and AS is the amount of energy
used to heat the atmosphere [ly(min)-!1 (Taylor and Ashcroft, 1972).
The amount of energy in canopy storage and photosynthesis is assumed to
be negligible,
The Bowen ratio, B (dimensionless), is defined as
B = AS/LEV [8]

Assuming that KS = Kv’ equation [8] becomes



BT(R)C,
B~ ete

where £ is the ratio of water vapor and air molecular weights (0.622);

(9]

Pa is atmospheric pressure (mb); CP is the specific heat of the atmosphere
at a constant pressure [0.24 cal(g)'1(°C)'1]; and AT and Ae are differences
of temperature and pressure at two different heights, respectively. Evapo-

transpiration [ly(min)~!] is calculated from the equation
. Ry =6 Ry =G
v (1 + 8)L 1+ [AT(Pa)CP/Ae(E)]

(Rosenbert et al., 1968).

[10]

The error in estimating ET is much less than the error in B, if the
assumption KS = Kv is incorrect; therefore, no adjustments need to be made
for lapse and inversion conditions. The determination of B requires
accurate estimates of temperature and vapor pressure gradients; however,
the specifications for fetch and atmospheric stability are less stringent

for the Bowen ratio (Rosenberg et al., 1968).

2.2 Empirical Equatioms
Empirical equations are used to estimate PET and actual ET rates.

Actual ET rates are usually calculated from PET rates by multiplying PET
by a crop coefficient. The coefficient depends on crop maturity and the
amount of water available to the plants. As the amount of soil moisture
decreases, the transpiration rate and crop coefficient decreases (Jensen
et al., 1970). Therefore, computation of the crop coefficient is
required for each situation (Blaney and Criddle, 1950).

2.2-1 Penman Equation

Penman (1948) predicts daily (i.e., 24 hour) potential ET rates
directly by combining the energy budget and aerodynamic equations. The
equation is

PET = ———% [11]



8
where PET is the potential ET rate [mm(day)~!]; s is the slope of the
saturation vapor pressure curve for water at the mean daily temperature
(mb(°c)~11; Rn is the daily net radiation [mm(day)-1]; Ea is the aero-
dynamic term; and y is the psychrometric constant (mb(°C)~1]. The
aerodynamic term is given by
E, = 0.35(e, - e,)[1 +uy x 1072] [12]

a

where e and e, are saturation vapor pressures (mb) at the daily mean

d
temperature and dew point, respectively (Chang, 1968). Depending on
the daily mean temperature, the energy term, Rn, usually contributes
more to the PET rate than the aerodynamic term (Stanhill, 1962).

Jensen (1973) reports from his evaluation of 16 models that equation
[11] has the lowest root mean square value for differences between esti-

mated and measured monthly ET rates.

2.2-2 Thornthwaite Equation

Thornthwaite (1948) developed an equation which estimates potential
ET rates by using air temperature as the only variable
PET = 1.6 (10 x T_/1)® [13]
PET is the adjusted (i.e., thirty twelve-hour days) monthly potential ET
rate [mm(month)™1]; Tm is the monthly mean temperature (°C); I is the sum

of the twelve monthly heat indices, or

12 12
I=:i=¢z (T /5)1-51% [14]
1 1 o
and a is determined from
a=6.75x 107713 - 7.71 x 107512 + 1.79 x 10721 + 0,49 [15]

The most important advantage in using equation [13] is the simplicity.
However, Pelton, King, and Tanner (1960) find temperature and potential ET
not to be directly related; the annual maximum ET rate lags behind the

maximum temperature by several weeks, thus causing serious errors in the



estimation of ET.

2.2-3 Jensen-Haise Equation

Jensen and Haise (1970) developed a relationship which is applied
extensively in western areas of the U. 5. by several irrigation services.

Daily potential ET rates are estimated from the equation

(T, - TR
__d X' 's
PET = 768 + 13 [16]
where PET is the daily potential ET rate (ly(day)‘l]; Td is the mean
daily air temperature (°C); Tx is a constant for a given area (°C);
and CH is a humidity index (dimensionless). The humidity index, CH’ is
determined from
CH _ 20 mb [17]
e; — €]

where e, and e; are the saturation vapor pressures at mean maximum

and minimum air temperatures, respectively, during the warmest month (mb).
In reporting the accuracies of various empirical ET forms, Jensen

(1973) finds that in arid to semi-arid regions, equation [16]} is the

most accurate; however, outside of this region, estimates become

unreliable.

2.2-4 Priestley-Taylor Equation

Priestley and Taylor (1972) estimate maximum daily ET from water

saturated surfaces with the equation
ETmax = g[s/(s + T)](Rn + G) [18]

where a is a constant dependent upon the crop and climate (dimensionless),
and G is the daily soil heat flux [mm(day)~1].

Tanner and Jury (1976) use equation [18] to estimate actual ET
rates within 1 mm of the lysimetric estimates. They conclude that the
Priestley-Taylor equation is as reliable as Penman's equation for several

climates.
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2.3 Actual ET Models

2.3~1 Blaney-Criddle Equation

The most widely employed model in western areas of the country is

given by Blaney and Criddle (1950). The equation is
ET = Cm(Tm X PS/100) [19]

where ET is the monthly ET rate [mm(month)“l]; Cm is the crop coefficient
{dimensionless), Tm is the mean monthly temperature (°F); and Ps is the
monthly percentage of the maximum amount of annual sunshine. The crop
coefficient is dependent upon crop height and cover.

Jensen (1973) concludes from his evaluation of several ET models
that equation [19] is the fourth most accurate in estimating ET for
coastal regions.

2.3-2 Regression Equations

In recent years, regression equations of the form
ET = CyPET + C» [20]

have been used to estimate actual ET rates from potential ET rates.
C; and C, are constants (dimensionless), PET is the daily potential ET
rate [mm(day)~!], and ET is the daily evapotranspiration rate [mm(day)-1].
If many years of compiled meteorological data are available for reliable
calculations of C; and C,, ET estimates can be very accurate, compared
with the actual ET rate (RZ = 0.98) (Hargreaves, 1974).

2.3-3 Ritchie Equation

Recently, Ritchie (1972) devised a daily actual ET model for row
crops which can be applied throughout the growing season by separating
actual ET rates into evaporation and transpiration rates. He has shown
model estimates to be within *1 mm of the measured daily ET rates

(Ritchie, 1972). Description of the model is given in Chapter 3.
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2.4 Common Disadvantages

All of the previously discussed models have similar deficiencies.,

A common deficiency is a lack of an advective component, which causes an
underestimation of ET rates (Abdel-Azdiz, 1964; Pruitt, 1960; Rosenberg,
1974; Tanner and Jury, 1976; Kanemasu, Stone, and Powers, 1975). Empiri-
cal models estimate ET rates accurately only if properly calibrated for a
specific location (Pruitt and Jensen, 1955; Jensen, 1973).

In order to schedule irrigation properly, the model must accurately
calculate daily estimates of ET; however, some of the models (e.g., the
Penman, Thornthwaite, and Blaney and Criddle models) are designed to
primarily estimate monthly ET rates (i.e., the daily estimates tend to be
unreliable) (Gilbert and van Bavel, 1954).

Any of the more complex models (e.g., the Penman and regression models)
require large amounts of data, which may be unavailable at many weather
stations (Hargreaves, 1974; Jensen, 1973). For example, Hargreaﬁes
reported accurate regression equations from at least 15 years of compiled

meteorological data.



CHAPTER 3

AN EVALUATION OF THE EVAPOTRANSPIRATION MODEL

3.1 Introduction

Empirical evapotranspiration (ET) models differ in the number of
required meteorological measurements (Ritchie, 1972; Kanemasu, Stone,
and Powers, 1976; Jensen, 1970; Blaney and Criddle, 1950). Several use
wind speed and vapor pressure gradients, which are not routinely measured
by the National Weather Service. Various other models are accurate only
in certain geographical regions (Jensen, 1973). A model, requiring
minimum measurements and accurately estimating daily ET rates, potentially
could be used in scheduling irrigation and apportioning water within
hydrologic projects.

Kanemasu et al. (1976) and Tanner and Ritchie (1974)! developed a
model requiring minimum daily measurements: solar (or net) radiationm,
précipitation, leaf-area index (or percent cover), and maximum and minimum
air temperatures., The meteorological measurements can be obtained at
the field site or from weather stations. Leaf-area indices must be
measured or estimated from leaf-growth models (Arkin, Vanderlip, and
‘Ritchie, 1976; Higgins, Haun, and Koch, 1964). The model has estimated
daily ET rates from soybeans [Glycine max. (L.) Merr.] and sorghum

[Sorghum bicolor (L.) Moench] with 2 mm the maximum deviation from

lysimetric estimates (Kanemasu et al., 1976).
Our study was to evaluate parameters required by a computerized

model for corn [Zea mays (L.)] and to test the model by comparing soil

lfanner, C. B. and J. T. Ritchie. 1974. "Evapotramnspiration
empiricisms and modeling'". Agron. Abstr. and mimeo report by authors.

12
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water estimates, as determined by the model, with neutron attenuation

estimates.

3.2 Methods and Materials

The study was conducted at the Scandia Irrigation Experiment Field,
5 km northwest of Scandia, Kansas, and the Evapotranspiration Research
Field, 14 km southwest of Manhattan, Kansas.

In a Crete silt loam (fine, montmorillonitic, mesic, typic Argiustoll)
at Scandia, corn (cv. 'Dekalb XL72A') was planted May 1, 1975, in rows
75 cm apart at a harvest population of 70,000 plants (ha)-!, Plots,
30- x 9-m, were arranged into three repetitions of three furrow irrigation
treatments (irrigating at 40%, 60%, 80% depletion of the maximum available
water in the 150-cm profile), and fertilized at 224 kg N(ha)-! (Fig. 5).
However, because of the time lag involved between applying water and
determining the amount of available water in the 150-cm profile, we
irrigated the 40% depletion treatment at greater water depletion per-
centages, and the 60% and 80% treatments at lower water depletion per-
centages than intended. Neutron attenuation measurements were taken
at each 15-cm increment through 150-cm. Initial soil water contents
for the model were gravimetrically determined at planting. Tensio-
meters were placed in each plot at 150-cm and 180-cm depths and read
semiweekly. Three randomly selected plants were chosen weekly from
each plot for leaf-area and growth-stage determinations. Leaf area
was estimated from measurements of maximum length and width of each
leaf. Solar radiation (RS), total pfecipitation (P), and maximum
(Tmax) and minimum (Tmin) air temperatures were measured daily. Plots
were harvested for grain on September 23.

In a Muir silt loam (fine-silty, mixed, mesic, pachic Haplustoll)
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at Manhattan, the same corn variety was planted April 28, 1975 in rows
75 cm apart at a harvest population of 63,000 plants(ha)~l. The field
was arranged into three 20- x 30-cm plots, and fertilized at 224 kg
N(ha)'l. At the center of each plot, neutron attenuation measurements
were taken at each 15-cm increment down through 150-cm. One net radio-
meter and two linear net radiometers (Swissteco Pty. Ltd., Melbourne,
Australia) were located near the center of the field. The net radiometer
was placed 1 m above the crop canopy; the linear net radiometers (1-m
long), 5 cm above the ground and normal to the row. One linear net
radiometer was centered in the row; the other, between the rows.
During the day, net radiation measurements were recorded every 20 min
on a data acquisition system. Leaf area and growth stages were determined
every 7-10 days from three randomly selected plants within each plot.
Leaf area was determined by an optical area meter (Lambda Instr. Corp.,
Lincoln, Nebraska) and correlated with the maximum length and width of
each leaf, which resulted in the equation

1A = 0.732(Li X Wi) [21]

i=1

where Li and W, are the maximum length and width of each leaf, respect-

i
ively, LA is the total plant leaf area and n is the number of leaves
per plant. The coefficient in equation [21] (0.73) is identical to the
results by McKee (1964). LAI was determined from equation [21] and
plant population. Measurements of P, T , T . , and R_were obtained
max’ “min s

daily. To provide a uniform stand, water was applied on April 29, and
May 7 and 9 (18, 10, 6 mm, respectively). Plots were harvested for

grain September 16.

3.2-1 Model Development

A detailed description of the model is given by Kanemasu et al.
(1976). The model partitions daily ET rates into transpiration (T) and

evaporation (Es).
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Daily maximum evapotranspiration (ETmax) during predominantly non-
advective conditions is estimated by a modified form of the Priestley and
Taylor (1972) equation (G is assumed negligible)

| ETmax = a[s/(s + 'Y)]R,n [22]
From previous studies (Kanemasu et al., 1976; Tanner and Jury, 1976)
we chose o = 1.35.

Since R.n estimates are not usually available, a relationship between

Rn and RS is determined at Manhattan for Scandia data analysis. The set

of equations used are

Rn = 0;861(RS) - 103.92 for LAI<3.0 [23a]
Rh = 0.848(Rs) - 144.49 for LAI>3.0 [23b]
R = 0.766(RS) - 99.89 for LAI>3.0 [23c]
n and after blister
stage

where Rh and Rs are given in ly(day)~!.

Evaporation from the soil surface is composed of two stages: the
constant- (Esl) and falling-rate (Esz) stages (Ritchie, 1972). When the
soil surface is moist, Esl is in the constant rate stage and proceeds at
the potential evaporation rate, which is given by

| E, = tls/(s + VIR, [24]
where T is the ratio of net radiation reaching the ground (Rns) to Rn and
is a function of leaf area index (Fig. 1). For comparison, Fig. 1 also
shows Ritchie's (1972) relationship.

Evaporation proceeds at the potential rate until a critical value
(U) of the cumulative amount of water has been lost from the soil; there-
after, E5 enters into the falling rate stage, given by
EsZ = q::t!5 - c(t - 1)% [25]

where c is a constant dependent on soil hydraulic properties; and t is

the number of days since the initiation of EsZ'
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Between the constant- and falling-rate stages is a one day transitional

stage, where ES = 0.6ESl (Ritchie, 1972).

At the Evapotranspiration Research site, U and c are estimated by a
weighing lysimeter as 10 mm and 3.5 mm(day) , respectively (Kanemasu et
al., 1976). As a weighing lysimeter is not available at Scandia, the
soil parameters are evaluated by measuring daily water loss from a soil-
filled container 13 cm deep with exposed surface area of 184 cm?. The
parameters, U and c, are 11.0 mm and 3.6 mm(day) , respectively.

Transpiration rates depend on the amounts of available soil water
in the root zone. The maximum amount of available water in the 150-cm
profile (emax) is gravimetrically determined in the field at Scandia, and
from desorption curves for the soil at Manhattan; emax is 335 mm and
183 mm for Manhattan and Scandia, respectively (Table 3).

When soil water is not limiting, T depends on LAI or the percentage

of the ground shaded by the crop. The set of equations adopted for

estimating cover percentage is

cover % = (%é%)looz for LAI<3.0 [26a]

cover % = 100% for LAI>3.0 [26b]

cover 5 = 40% for LAI>1.8 [26c]
and after

silking stage
For less than 50% cover,

T

av(l - 1)[s/(s + y)]Rn [27]

(a - 0.5)/0.5. For greater than 50% cover,

]

where o
v
T = (a-1s/(s + NIR [28]
For a number of soils and crops, Tanner and Ritchie (1974)1
determined the critical amount of available soil water affecting trans-

piration to be O.BBmax. After the soil water content has depleted to

0.30___,
max
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v

T = 3_—32— a (1 - Ds/(s + VIR [29a]
max
or,
eav
T ='6j§g——'(a - 1)[s/(s + Y)]Rn [29Db)
max

where Bav is the actual amount of available soil water.
Under advective conditions, actual ET is greater than ETmax (Rosen-
berg et al., 1968). To estimate the advective contribution (A), we
used the equation given by Kanemasu et al. (1976) for sorghum
A= 0.,1T for T >33°C [30]
max
Calculating A, T, and ES gives

ET = Es + T+ A [31]

3.3 Results and Discussion

Fig. 2 shows the growth stages, as defined by Hanway (1971) and
seasonal trends in LAI at Manhattan and Scandia. LAI for the 60% and 80%
depletion treatments are, respectively, 15% and 33% smaller than the LAT
for the 40% treatment during latter growth stages. Since differences
between total amounts of applied water for each irrigation treatment
are small (within 3 cm) (Table 1), the differences in LAI likely result
from different irrigation dates. LAI differences between Manhattan
and Scandia can be attributed to the lower plant population at Manhattan.
' No significant differences in the cumulative amounts of Es’ T, and
ET (cumulative advection is negligible compared to ES, T, and ET) were
observed between irrigation treatments; therefore, only the 60% treatment
at Scandia is shown in Fig. 3a. At crop maturity, T, Es’ and A comprise
78% (483 mm), 18% (114 mm) and 4% (22 mm) of the cumulative ET loss,
respectively. Cumulative T, Es’ and ET at Manhattan are shown in
Fig. 3b. Cumulative T, Es’ and A comprise 63% (351 mm), 34% (189 mm),

and 3% (17 mm) of the cumulative ET loss, respectively. Differences in
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ET between Scandia and Manhattan result primarily from the longer period

of 100% cover at Scandia (Fig. 2).

Tensiometer data (Fig. 6) indicate negligible water flow in the 150-
to 180-cm layer, thus justifying the assumption of negligible drainage.
Therefore soil water estimates depend on daily ET rates and precipitation.

Fig. & shows comparisons of soil water estimates from the model and
neutron attenuation measurements at Manhattan and Scandia. Through most
of the growing season; the model estimated soil water within 6% of the
neutron attenuation results. Overestimating soil water by the model after
denting stage is caused by underestimating green LAI, which would reflect
an underestimation of transpiration. Leaf area measurements were made
on green tissue, so estimates of transpiring surfaces could be in error
during senesence.

Water availability during the silking stage (Fig. 4) appears to
be critical in grain yield (Robins, 1967). During silking stage, the
available water depletion at Manhattan averaged 48%; the available
water depletion for the 40% treatment at Scandia averaged 36%; the
60% treatment, 477%; and the 80% treatment, 56%. Therefore the depletion
levels during silking follow the grain yields.

Table 1 shows the water use efficiency (yield/ET) for the four
treatments. The treatment with the highest yield and ET (40% depletion)
had the highest efficiency in water use. In this study, yields appear
to control water use efficiency and ET was relatively conservative.

Results from Scandia and Manhattan indicate the model, developed
by Kanemasu et al. (1976) and Tanner and Ritchie (1974)1, estimates
ET rates from corn within 6% of the neutron attenuation results. With
such accuracy, the model has potential in scheduling irrigation on corn.

Inputs required by the model can be obtained at the field or from nearby
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National Weather Service stations; therefore, the model can be applied

on a regional basis.
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GLOSSARY
SYMBOLS UNIT

coefficient for soil evaporation during stage [mm(day) 1]
2 drying

saturation vapor pressure at daily mean temperature [mb(°C)-1]
saturation vapor pressure at dew point [mb(°C)~1]
(oc)l.Slh

monthly heat index

von Karmon constant (0.4)

total number of leaves per plant (dimensionless)
slope of the saturation vapor pressure curve [mb(°C)-1]
time since the threshold of stage 2 evaporation (days)
horizontal windspeed [em(sec)—1]
horizontal windspeed at two meters [em(sec)—1]
height above the ground (cm)
aerodynamic roughness parameter ' (cm)

daily advective contribution [mm(day)~1]
sensible heat flux [cal(cm)-2 (min)-1]
humidity index (dimensionless)
crop coefficient (dimensionless)

atmospheric specific heat at constant pressure (0.24 cal(g)-1(°c)-1]

= regression constants (dimensionless)
daily drainage out of the 150-cm profile [mm(day)~1]
daily evaporation rate [mm(day)=1]
water vapor flux [g(cm)=2(min)~!]
daily evapotranspiration rate [mm(day)=1]

= maximum daily evapotranspiration rate (mm(day)~!]
soil heat flux [cal(cm)~2(min)=1]

28
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I = annual heat index (°c)l.51k

L = latent heat of vaporization [cal(g)™!]

LL = maximum length of one leaf (cm)

LA = total leaf area (em)?2

LAI = leaf area index for one plant (dimensionless)

P = total amount of precipitation (mm)

Pa = atmospheric pressure (mb)

P = monthly percentage of the maximum amount of (dimensionless)
annual sunshine

PET = daily potential evapotranspiration rate [mm(day)~!]

R = surface runoff (mm)

Rh = daily net radiation above the canopy [mm(day)—1]

R , = instantaneous net radiation above the canopy [cal(cm) ™2 (min)~1]

e ™ daily net radiation below the canopy [mm(day)~1]

R, = daily solar radiation [mm(day)~1]

T = daily transpiration rate - [mm(day)~!]

Ty = daily mean temperature (°c)

Tm = monthly mean temperature (°c)

g daily maximum temperature (iad o3

Tmin = daily minimum temperature (°c)

Tx = constant for determining evapotranspiration rates (dimensionless)
from the Jensen-Haise equation

U = upper limit of cumulative soil evaporation during (mm)
stage 1 drying

WL = maximum width of one leaf (cm)

o = coefficient for determining maximum evapotranspiration
and transpiration from a cover greater than 50% (dimensionless)

a, = coefficient for determinihg transpiration from a (dimensionless)

cover less than 50%

Bowen ratio _ (dimensionless)



psychrometric constant

ratio of molecular weights of water vapor to air
soil moisture content in the 150-cm profile
available water in the 150-cm profile

= paximum amount of available water in the 150-cm
profile

atmospheric density
ratio of net radiation below to above the density
momentum flux

shearing stress

30
[mb(°C)~]
(0.622)
(mm)
(mm)
(mm)

[g(cm)~3]

(dimensionless)

[cal(cm)~2 (min)~!]

[dynes(cm)~2]
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SCANDIA FERTILIZER AND IRRIGATION FIELD
CORN-DE KALB XL72A - 1975

—— e e e

ALLFY

COUNTY ROAD

40%D 60% 80%
DEPL.L | DEPL & DEPL.

Fig. 5. Plot arrangement at Scandia, Kansas. Three different
fertility treatments [NHyNO3, NH3 + N-serve (a nitrifi-
cation inhibitor] irrigated at three available soil moisture
depletions (40%, 60%, and 807 depletion) and replicated
three times.
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Seasonal trends of hydraulic potential (150- and 180-cm depths)
for the 40%, 607%, and 80% depletion treatments at Scandia
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TABLE 2

GROWTH STAGES FOR CORN AT MANHATTAN
AND SCANDIA - 1975

Growth Stage* Date
Manhattan Scandia
1 5-26 5-29
2 6-20 6-13
3 6-26 6-26
4 (Tassel) JL 1= 7 7- 4
5 (Silking) 7-15 7-11
6 (Blister) 7-22- 7-20
7 (Dough) 8- 1- 7-30
8 8- 7 8- 9
9 (Dent) 8-15 8-19
10 (Maturity) 8-22 8-28
Harvest 9-16 9-23

*Hanway, J. J. 1971. How a corn plant develops. Iowa
State Univ. Ext. Report No. 48. 17 p.
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TABLE 3

SOIL PARAMETERS AS DETERMINED AT MANHATTAN AND SCANDIA

Parameter Manhattan Scandia

® (Field Capacity) 533.4 mm 470.9 mm

0 (Permanent Wilting Point) 197.6 mm 288.0 mm
Maximum amount of available water 335.8 mm 182.9 mm

6 (70% depletion of available water) 298.3 mm 342.9 mm



Location Treatment

Scandia 40% treatment

Scandia 607% treatment

Scandia 807 treatment

Manhattan
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TABLE 4
IRRIGATION DATES AND EFFECTIVE AMOUNTS
OF IRRIGATION AT SCANDIA AND MANHATTAN - 1975

Growth Effective 4
Date Stage Irrigation (cm)
7/9 - 7/10 5 7.3
7/17 - 7/18 6 4.7
7/23 - 7/24 6.5 5.0
7/29 - 7/30 7 1.9
8/6 - 8/7 7.5 3.5
8/12 - 8/13 8.5 3.1%
Total = 25.5
7/9 - 7/10 5 6.9
7/23 - 7/24 6.5 10.2
7/31 - 8/1 7 5.5
8/12 - 8/13 8.5 5.9%
Total = 28.5
7/17 - 7/18 6 13.2
7/31 - 8/1 7 8.0
8/12 - 8/13 8.5 b6.4%
Total = 27.6
4/29 0 1.8
5/7 0.5 1.0
5/9 0.5 0.6
Total = 3.4

#Effective irrigation was estimated

*Includes rainfall on 8/13.

from neutron results and ET estimates.
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Listing of the Program
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