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ABSTRACT

The ground level Class A pan, Ekern, Hargreaves, and

Priestley-Taylor methods were compared to estimate the po

tential evapotranspiration of sugarcane. The Ekern and

Hargreaves methods are, respectively, based on net radia

tion estimated from incident solar radiation and on

incident solar radiation and mean air temperature. The

Priestley-Taylor method is a modification of the Penman

equation.

They were equally effective in explaining the varia

tion in daily consumptive water use at full canopy of

H 50-7209 sugarcane variety under low positive advection

with mean daily wind speed of 231 kmJday. The coefficient

of determination of the regression of monthly mean of daily

consumptive water use on estimated potential evapotranspi

ration by Class A pan method was lower than that of the

other three methods.

At full canopy and with strong positive advection in

some months and mean daily wind speed of 294 kmjday,

Hargreaves and Priestley-Taylor methods were equally effec

tive and slightly better than the Class A pan and the Ekern

methods in explaining the variation in daily consumptive

water use. The R2,s of the regression of monthly mean of

daily consumptive water use on potential evapotranspiration

estimated by Hargreaves and Class A pan methods were equal
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and higher than that of Ekern and Priestley-Taylor methods.

The R2 of the regression of daily consumptive water

use on estimated potential evapotranspiration was lower in

partial than in full canopy. In the winter months, the R2

was low even at full canopy.

The Class A pan method with a pan factor of 0.85 was

judged to be sufficient for estimating the potential evapo-

transpiration of sugarcane if no positive advection and

strong winds occurred. Otherwise, a pan factor of 1.00 is

recommended. The Ekern method most often underestimated

potential evapotranspiration of sugarcane. The Priestley

Taylor method with a = 1.28 overestimated the potential

evapotranspiration more often than the Class A pan method

with a pan factor of 1.00. The Hargreaves method was com

parable to the Class A pan method with a pan factor of 1.00

in situation of low positive advection. In general, the

Hargreaves method is better than the Ekern and Priestley

Taylor methods.

Ritchie's daily water balance model was used to esti

mate the evapotranspiration rates of sugarcane for the

period before soil water extraction caused cane internode

elongation to cease. The total estimated evapotranspira

tion was linearly related to the cane yield of H 50-7209

and H 59-3775 sugarcane varieties in the FT-5 and FT-7

sugarcane variety trials conducted by the Oahu Sugar Com

pany, Ltd. between 1962 and 1978. The re~ationship between
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cane yield and total estimated evapotranspiration was

influenced by soils, root zone depths, and sugarcane vari

eties.

The ratio of weekly estimated evapotranspiration to

potential evapotranspiration fitted the Beta distribution

function at 15 percent level of significance using

Kolmogorov-Smirnov test. The ratio of weekly estimated

evapotranspiration to potential evapotranspiration at 80

percent exceedence probability was used to define the de

pendable moisture availability index. The dependable

moisture availability indices of the six soils with torric

and ustic moisture regimes were generally low in most weeks

of the year. The dependable moisture availability index

of Wahiawa and Lahaina (Ustox) was higher than that of

Molokai (Torrox). Other soils having the same soil mois

ture regime but belonging to different soil orders did not

have comparable dependable moisture availability indices.

The decrease in cane yield from 1960 to 1975 crop year

at Oahu Sugar Company, Ltd. was associated with the de

crease in incident solar radiation and low soil moisture.
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INTRODUCTION

Water is one of the most limiting factors in sugarcane

production in the dry environment of Hawaii. For maximum

production, sugarcane needs adequate soil water throughout

its 24-month growing period. Its water requirement depends

on the growth stage of the crop and the evaporative demand

of the atmosphere. The moisture storage capacity of the

soil in the root zone depends on soil texture and clay

mineralogy. Most sugarcane soils in Hawaii have an avail

able water storage capacity that is too low to support

maximum growth rates for more than a few weeks during peri

ods of drought. Hence, the quantity of irrigation water

and its distribution during the year are important factors

affecting sugarcane yields.

The quality of irrigation water is as important as the

quantity. The osmotic and toxic effects of dissolved salts

affect both plant growth and crop yield.

Crop evapotranspiration is often linearly related to

crop yield (Arkley, 1963; De Wit, 1958; Hagan, 1976; Shal

hevet and Bielorai, 1978). Similar results have been found

on sugarcane in Hawaii (Jones, 1980). Water balance models

have been used to estimate total water use by commercial

fields of sugarcane in Hawaii (Chang et a1., 1963; Hogg et

al., 1970; Lateef, 1966; Rankine, 1969). These models were

used to estimate the effect of water use on sugarcane



2

yields; however, in all cases estimated water use accounted

for less than 39 percent of the variation in yields.

Recently major advances have been made in the simula

tion of water use by major crops. Water balance models

have been developed which can simulate daily changes in

soil moisture and evapotranspiration from weather, crop,

and soil data (Feddes et al., 1978; Radcliffe et al., 1980;

Richie, 1972; Saxton et al., 1974). All recent models

require as input estimates of daily potential evapotrans

piration, the effects of crop cover or leaf are area index on

evapotranspiration when adequate soil moisture is available,

and the effects of soil moisture deficits on evapotranspi

ration. Most models give daily estimates of the amount of

water in the root zone, evaporation from the soil surface,

transpiration, runoff, and deep percolation.

It is possible that more recently developed water ba

lance models will give better estimates of crop water use,

and these estimates can be used to predict accurately the

effect of water use on the yields of sugarcane in commer

cial fields.

Past water balance studies in Hawaii used cane yield

data from commercial fields to determine the relationship

of cane yield and crop water use (Chang et al., 1963; La

teef, 1966; Rankine, 1969). The cane yield data from

commercial fields are relatively unreliable because the

moisture conditions of the field prior to harvest greatly
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influence the quality of the harvested crop and the extrac

tion of sugar from the cane. Sometimes the harvested canes

from different fields were not properly monitored. A bet

ter source of yield data is the FT-5 and FT-7 sugarcane

variety trials. The FT-5 and FT-7 sugarcane variety trials

are unreplicated and replicated trials, respectively, rou

tinely conducted on all plantations by the Genetics

Department of the Hawaiian Sugar Planters' Association

Experiment Station. These experiments receive fertilizer

and irrigation treatments identical to surrounding commer

cial fields, and the hand-harvested yield data of the

standard varieties from these trials provide an accurate

estimate of sugarcane production under the climate condi

tions and irrigation regime of the surrounding field.

In order to avoid the problems mentioned earlier, the

cane yields of FT-5 and FT-7 variety trials were used to

determine the relationship between cane yield and crop eva

potranspiration estimated with Ritchie's daily water

balance model. The weather, irrigation, and cane yield

data were obtained from Oahu Sugar Company, Ltd., Waipahu,

Oahu, Hawaii.

Ritchie's (1972) daily water balance model was adapted

to simulate the water use of sugarcane crop. The lysimeter

data for sugarcane (Ekern, 1972) offer an opportunity to

calibrate and test the model under Hawaiian conditions when

soil moisture did not limit evapotranspiration. No data
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were available to establish the effect of low soil moisture

on transpiration; therefore, data relating the effect of

low soil moisture to sugarcane elongation were substituted.

As a result of this substitution, total evapotranspiration

may not be accurately estimated. Evapotranspiration rates

of sugarcane were estimated by Ritchie's daily water ba

lance model for the period before soil water extraction

caused cane internode elongation to cease. Cane yield is

directly proportional to the length of the cane stalk.

The classification of a soil with Soil Taxonomy pro

vides an information on monthly moisture availability

wherein rainfall and water table are sources of water sup

ply. Interpretation of the soil moisture regime could be

improved with the use of weekly ratio of estimated evapo

transpiration to potential evapotranspiration at certain

dependable level.

The objectives of this study were:

1. to compare the ground 1evelClass A pan, Ekern, Har

greaves, and Priestley-Taylor methods in assessing the

the potential evapotranspiration of sugarcane;·

2. to compare the weekly consumptive water use with esti

mated evapotranspiration using Ritchie's daily water

balance model during the second ration of H 50-7209

grown in the hydraulic lysimeter;

3. to determine the relationship between cane yield and

total estimated evapotranspiration of two furrow
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irrigated sugarcane varieties of the FT-5 and FT-7

variety trials on six soils in the plantation of the

Oahu Sugar Company, Ltd.; and,

4. to estimate soil and climatic index of water avaiabili

ty of six soils with torric and ustic soil moisture

regimes.
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REVIEW OF LITERATURE

Water Availability in Sugarcane Production

Water availability can be defined as the adequacy of

soil moisture to meet evaporation demand and to maximize

crop yield per unit of water use. It is based on the water

balance concept that considers the soil-plant-atmosphere

continuum during the entire period of crop growth. The

dynamic interaction among the components of the system re

sults ~n the water regime of the crop ecosystem (Nix, 1968).

The soil water regime and the prevailing evaporative demand

largely influence the plant water status of the canopy.

They influence the physiological processes involved in crop

growth such as transpiration, photosynthesis, and others.

Understanding the components of the soil-water-atmos

phere continuum and their interrelationship in the sugarcane

ecosystem is important in the development and selection of

a daily water balance model. The choice of the model de

pends on the kinds of information that is available about

the various components of the soil-water-atmosphere contin

uum.

Factors Affecting Water Availability

The soil, plant, climate, and quality of the irriga

tion water determine the availability of water to a crop.

Each factor is discussed separately in the following sec

tions.
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A. Soil

The capacity of a soil to store plant available water

depends on the soil's infiltration and percolation rate,

landscape position, slope, and drainage characteristics

(Buntley and Bell, 1976). Water storage capacity of a soil

depends on soil texture, clay mineralogy, soil structure,

and effective rooting depth.

Generally, medium-textured soils have the highest

available water holding capacity, coarse-textured soils

have the lowest, while fine-textured soils are intermediate

(Buntley and Bell, 1976). Soil texture rather than clay

mineralogy determines the water holding capacity of two

Inceptisols in Hawaii (Akaka and Waimea soils) in contrast

to the Oxisols and Ultisols (Tsuji et al., 1975). For

identical clay contents, Vertisols and many Alfisols have

higher water holding capacity than Oxisols and Ultisols

(Sanchez, 1976). This is due to the clay mineralogy. In

the Oxisols, the kaolinite clay particles are often bound

by iron oxides into sand-sized granules, which give them

excellent structural properties, but lower retention of

plant-available water. In Hawaii, approximately 52,000

acres of sugarcane lands have soils belonging to the Oxi

sols and Ultisols orders (Hilton, 1976). These have high

clay content but possess water holding capacities more

similar to coarsed-textured soils (Ekern, 1966; Green et

al., 1975; Sharma and Uehara, 1968; Tsuji et al., 1975;
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Uehara and Keng, 1975).

Available soil moisture is frequently defined as the

soil moisture held between 0.1 and 15 bars. Gardner (1971)

suggested that active crop growth generally takes place

within the range of 0.1 to 1.0 bar. Robinson (1963a) re

ported that sugarcane stalk elongation ceased when the soil

moisture tension at first and second foot depth was 6.0 and

4.9 atmospheres, respectively, in the Kunia silty clay.

Ritchie et a1. (1972) used the concept of plant ex

tractable soil water instead of available soil water. The

amount of soil water that can be extracted by the plants

before reaching the approximate wilting point is primarily

controlled by soil hydraulic properties and depth of the

root zone. The water content at matric potential of -15

bars is often inadequate to evaluate the lower limit of

water extractable by plants because the root density may

not be high enough in the lower part of the root zone to

extract water to the -IS-bar limit. Their method of esti

mating the amount of extractable soil water involves

measurement of soil water content to a depth of about 2S

cm below the root zone when the soil is near field capacity,

and again when the plants show severe water deficits. Tan

ner and Ritchie (undated) observed that the plant extract

able water of a Houston black clay was less than the

available soil water based on the IS-bar wilting point.

The soil water content at the upper limit of the water
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holding capacity was the same for the available soil water

and plant extractable water. The plant extractable water

was greater than the available water in'O- to 50-em depth

because a high root density enabled the plant to extract

water lower than the -15 bar soil moisture tension. How

ever, the plant extractable water was lower than the

available soil water below the 50-em depth. Kdrigs't.on (1977)

observed a similar situation in a Krasnozem soil in .Queens

land. Shaw and Swezey (1937) defined the "wilting point"

as the lower limit of the available soil water at which the

cane stalk elongation ceases. Their concept of upper limit

of available soil water, field capacity, is similar to

Ritchie's (1975). The amourit of soil moisture between

field capacity and "wilting point" of the soil profile

wherein most of the roots are concentrated is used as the

available soil water storage capacity in the Hawaiian

sugarcane industry.

Robinson (1963a) used neutron probe measurements .to

study the pattern of soil moisture withdrawal by sugarcane

roots at different soil depths in the Kunia silty clay.,

After wetting the soil profile to field capacity down to

the 150-cm depth, sugarcane roots withdrew water from the

top-most horizon first. Soil moisture from the lower

depths was able to maintain stalk elongation rate equally

well as soil moisture supplied from the first 60· em.
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Soil hydraulic conductivity influences the rate of

water movement toward the root surface. Highly aggregated

Oxisols like sandy soils have hydraulic conductivity that

falloff rapidly with increasing soil moisture tension

(Ekern, 1966). At low soil moisture tension, sand and ag

gregated clay soils can provide water more quickly to the

roots than non-aggregated clay soils, but at higher soil

moisture tension, non-aggregated clay soils supply more

water than the sands (Thompson, 1976b) and well aggregated

Oxisols.

The "effective root zone" is ill-defined quantity and

is difficult to quantify from field observations of soil

depth and root distribution (Thompson, 1976b). The "effec

tive root zone" is the volume of soil available for moisture

and nutrient storage and root development (Leven et al.,

1974). It is dependent on the soil physical and chemical

conditions, depth of moisture penetration, and the rooting

characteristics of the plant. Trouse and Humbert (1961)

showed that root growth of sugarcane was severely restrict

ed in Low Humic Latosols (Ustox) when a bulk density of

1.45 g/cm3 was attained, in Gray Hydromorphic soils (Typic

Chromusterts) at 1.83 g/cm3, and on alluvial soils (Cumulic
3Haplustols) at 1.54 g/cm .

Even when soil physical conditions are near optimum

for root growth and water retention, the presence of high

levels of exchangeable aluminum, low exchangeable calcium,



11

and low phosphorous restrict root development (Green et al.,

1965; Sanchez, 1976). Green et al. (1965) reported that

high aluminum-calcium ratio (29:1) in the B-horizon of the

Haiku clay soil restricted root development of maize.

B. Climace

Rainfall distribution and intensity, solar radiation,

air temperature, wind, and relative humidity are the key

climatic factors that affect the water balance in the crop

ecosystem. Rainfall is not always sufficient to sustain

crop growth during its vegetative stage even if the total

rainfall appears to be sufficient (Barnes, 1974). Much of

the heavy and high intensity rainfall is lost as surface

runoff (Pruitt and Doorenbos, 1977). On the other hand,

frequent, light rains that are intercepted by a full cano

pied crop are about 100 percent utilized by the crop.

The extent to which rainfall can satisfactorily supply

soil moisture for crop production depends on the balance of

rainfall and evapotranspiration. Chang (1961) did monthly

water balance computations for some sugarcane plantations

in Hawaii using median rainfall and mean pan evaporation.

Most of the fields of Oahu Sugar Company, Ltd. and Waialua

Sugar Company had adequate rainfall only during the months

of November and February. The adequacy of monthly rainfall

at Hawaiian Commercial and Sugar Company on Maui ranged

from inadequate levels throughout the year to levels en

countered on Oahu.
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In comparison with most other regions of the United

States, Hawaii has high potentially available and season

ally stable incident solar radiation (Ekern and Yoshihara,

1977; Yoshihara and Ekern, 1977). This high incident

solar radiation coupled with large fraction of solar radi

ation and sky radiation that is converted to net radiation

(Ekern, 1965b) result to high evaporative demand. Evapo

transpiration is a function of net solar radiation,

difference in vapor pressure between a water surface and

the overlying air, air temperature, wind, atmosphere pres

sure, and the quality of evaporating water (Viessman et al.,

1977). Net solar radiation is the main source of energy

for evapotranspiration. Solar net radiation is used for

photosYnthesis, for heating of the air, and evapotranspi

ration. Chang (1961) reported that in Hawaii 85 percent

of the annual net radiation is used for evapotranspiration

by mature sugarcane. This is equ~va1ent to 55 percent of

the incident solar radiation. The fraction of incident

solar radiation used for evapotranspiration varies with

season. At Makiki on Oahu, between 1958 to 1960, it

varied from 47 percent in January to 57 percent in Septem

ber. Ekern (1970) reported that fully canopied sugarcane

used 55-68 percent of the incident solar radiation for

evapotranspiration in April and July, and as high as 72

percent in August.
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Under dryland conditions or where there is limited

moisture for evapotranspiration, most of the energy is

used in heating the air (State of California, 1967). This

is very important when considering irrigated areas adjacent

to a dryland environment. The warm air mass from the sur

rounding dryland can transfer the sensible heat to irrigated

crops on the adjacent field. Under such conditions, the

total amount of energy for evapotranspiration exceeds net

solar radiation. On the other hand, in a coastal environ

ment negative advection could reduce evapotranspiration to

a 0.6 fraction of the net radiation (Nixon and Lawless,

1968). The incoming air from the ocean serves as energy

sink. Advective cooling resulted in much lower evapotrans

piration on the coastal than on the inland area.

Wind profile measurements indicate that the roughness

parameter of a mature cane at 4 m height was about 9 cm

against 2.3 cm for a thick grass of 10 cm height (Chang,

1961). He partly attributed the high ratio of evapotrans

piration to pan evaporation in areas with strong advection

to the high roughness of the cane surface. Wind has great

er effect on the rate of transpiration in tall crops due

to air turbulence above the crop surface (Doorenbos and

Pruitt, 1977). This effect is more pronounced in dry cli

mates.

Air temperature influences water vapor diffusion from

the leaf to the atmosphere, while soil temperature affects
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the movement of water in the soil and its transport into

the root (Mongelard and Nickell, 1972). In a climate house

with air temperature maintained at either 19.4° or 23.9°C,

water use by cane variety H 50-7209 increased with increas

ing root temperature in the range of 15.6° and 23.9° C

(Nickell, 1968). At either air temperature, root tempera

ture below 18.3° C markedly decreased plant water use. A

15.6° C root temperature is considered to be the threshold

temperature for cane growth (Takahashi and Nickell, 1967)

and a 26.7° C root temperature is conside~ed optimum for

both growth and nutrient absorption (Burr et al., 1957).

When growth is limited by root temperature, water consump

tion and growth run parallel, resulting in a constant

quantity of water use per unit of dry matter (Burr et al.,

1957). Soil temperatures below 21.1° C inhibit tillering

of sugarcane (Mongelard, 1971) and reduce seed emergence

(Clements, 1940).

C. Plant Characteristics

Leaf area is one of the most important plant charac

teristics determining water requirement of sugarcane.

During the vegetative stage, consumptive water use increas

es progressively as the plant canopy develops and intercepts

more sunlight and as roots proliferate (Thompson, 1976a).

For sugarcane, full canopy is generally attained at about

6 months after planting (Bull and Glasziuo, 1975). Plant
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transpiration is the predominant component of evapotrans

piration at full canopy. In South Africa, Thompson (1976a)

reported that the consumptive water use decreased by about

25 percent after lodging and the effect persisted for at

least 3 months after the crop has lodged. The consumptive

water use is deliberately reduced at ripening stage to

enhance accumulation of sucrose in the stalks.

The extent of root proliferation in the soil profile

influences the potential soil volume for soil moisture and

nutrient storage. The fibrous root system of sugarcane is

more active in the first 60 or 90 cm of the soil profile

(Campbell, 1967; Robinson, 1963). Baver et al. (1962) ob

served the root development along a 335-cm glass-soil

interface. Four weeks after planting, roots were visible

on the glass to a depth of 30-cm and some of the roots

reached a depth of 240 cm in 8 weeks. Sugarcane root

growth is often restricted to the upper 60 to 90 cm by soil

compaction (Trouse and Humbert, 1961). The AMFAC!HSPA co

ordinated test at Oahu Sugar Company, Ltd. on irrigation

study showed that most of the root was concentrated in the

0-30 cm depth in the Molokai soil (Ewart, 1965). Irrigated

sugarcane has a shallower root system than the rainfed ones

(Thompson, 1976b). The root system tends to remain shallow

when the topsoil has sufficient water to meet the crop's

needs.
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Sugarcane varieties differ in tolerance to drought.

Humbert (1968) and Mongelard (1969) attributed this to dif

ferences in rooting characteristics, differences in

transpiration rate, and the physiological adaptability of

the variety. Extensive rooting to greater depth of the

soil profile enables the crop to extract water from a larg

er volume of soil and therefore avoid drought stress.

H 50-7209 is a drought tolerant variety while H 59-3775 is

a susceptible variety (Heinz and Urata, 1968, 1971). Vari

etal sensitivity to drought appears to go hand-in-hand with

varietal sensitivity to salinity (Tanimoto and Nickell,

1965).

Adequate water supply is necessary to form long inter

nodes. Sugarcane stalk elongation rate declines as the

soil moisture tension exceeds -2 bars at 30-cm depth (Rob

inson et al., 1963).

D. Water Quality

In Hawaii, Bosshart (1978) reported an increase in

soil salinity and sodium levels when the usual heavy winter

rains did not appear. Irrigation with water high in sodium

and other solutes results in the accumulation of salts in

the soil profile. As soil water is lost through evapo

transpiration, the salt concentration in the root zone

increases and the concentration of ions potentially toxic

to plants also increases. Shainberg and Oster (1978) have



17

discussed specific ion effects and the effect of osmotic

potential reduction on water absorption.

Mehrad (1968) observed significant reduction in sheath

moisture content of the sugarcane due to salinity. He sug

gested that the growth inhibition may be due to reduction

in water absorption. In Hawaii, Syed (1968) observed re

duced stalk elongation in 8-month old sugarcane subjected

to saline water irrigation for five months. He suggested

that osmotic effects were more important than specific ion

effects.

Mass and Hoffman (1977) made a comprehensive study of

the tolerance of various crops to salinity. The threshold

level of sugarcane tolerance to salinity was an electrical

conductivity at 25 0 C of 1.7 mmhos/cm of the saturation

extract. Beyond this threshold level, relative yield de

creased by 5.9 percent per mmhos/cm. The electrical

conductivities of the irrigation water at the threshold

level and at 10 and 25 percent reduction in relative sugar

cane yield were 1.1, 2.3, and 11.0 mmhos/cm, respectively

(Shainber and Oster, 1978). Sugarcane varieties differ in

tolerance to salinity. For example, Syed (1969) found that

N Co 310 was more sensitive to salinity than H 50-7209.

Certain soils in Hawaii on which sugarcane is grown

exhibit less tendency to accumulate detrimental sodium ions

on the exchange complex than temperate region arid soils

(El-Swaify et al., 1977). The hazards of developing sodic
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condition with saline irrigation water were in in

creasing order, Wahiawa (Oxisols) < Ewa (Mollisols) <

Lualalei and Honouliuli (Vertisols). The Molokai silty

clay (Typic Torrox) and Kawaihae very fine sandy loam

(Ustollic Camborthids) did not accumulate salts when

leached with salt solutions (EI-Swaify and Swindale, 1970).

The salt solutions had the composition of sea water and

ranged in concentration between 0.0061 Nand 0.61 N. The

pH's of these soils were highly resistant to charige.

Potential Evapotranspiration Study on Sugarcane in Hawaii

An important feature of sugarcane production in Hawaii

is the long crop cycles which range from 24 months in the

lower elevation to 36 months in the cool and higher eleva

tions. In the irrigated sugarcane plantations of Hawaii,

the u.s. Class A pan placed at a height of 1.5 mover

unirrigated sod is used to estimate potential evapotrans

piration which in turn determines the irrigation interval

in furrow irrigated fields.

Pan evaporation provides a measurement of the inte

grated effect of radiation, wind, air temperature, and

humidity on evaporation from an open water surface (Dooren

bos and Pruitt, 1977). Sugarcane evapotranspiration

responds to these climatic factors in similar fashion, but

physiological factors of the plant account for the differ

ences in the rate of evapotranspiration. This open pan
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evaporation method of estimating potential evapotranspira

tion has some limitations (Bloemen, 1978; Doorenbos and

Pruitt, 1977). Heat storage of the pan water results in

evaporation values not in accordance with the current at

mospheric conditions and may cause equal evaporation during

the day and night. However, most crops transpire only dur

ing daytime. Heat transfer through the sides of the pan

can occur, and this can be severe with sunken pan. The use

of screen cover to prevent water consumption by animals and

the color of the pan affect evaporation of water from the

pan. The sitting of the pan on bare ground rather than on

irrigated sod may increase the evaporation rate. Hand turn

microgauge of most evaporation pan lacks accuracy. It is

not suited for rain gauging or for measuring potential

evapotranspiration during rainy days.

Campbell et al. (1959) determined the mean monthly

ratio of actual evapotranspiration to elevated Class A pan

evaporation at canopy height of plant and ratoon cane grown

on the in-field drainage lysimeter in three fields of the

Hawaiian Connnercial and Sugar Company in Maui. The ratio

of evapotranspiration to elevated Class A pan evaporation

at canopy height increased from 0.4 for one month old cane

to 1.01 at 5 months when canopy was fully developed. The

ratio reached a maximum value of 1.20 when the cane was 10

months old, decreased to 0.98 seven months later, and rose

again just before the cane was harvested. They attributed
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the high ratios partly to the high cane surface roughness

and strong advection. Chang et al. (1965) pointed out that

advected heat affected sugarcane more than the pan. In

another short term measurement of actual evapotranspiration

of sugarcane at full canopy, Chang et al. (1965) found that

the ratio of actual evapotranspiration to Class A pan evap

oration at canopy height was 0.9 to 1.0.

Chang (1961) observed that the elevated Class A pan

placed at cane-top level evaporated 5 percent less water

than one located at ground level outside the cane field

over the sod. At Waipio, Oahu, evaporation from the ele

vated Class A pan was 10 percent higher than from the

ground level Class A pan. He suggested that the elevated

pan be used for estimating consumptive water use since the

elevated pan most closely approximated the conditions at

the canopy.

Ewart (1965) questioned the results supporting a 1:1

ratio of actual evapotranspiration to elevated Class A pan

evaporation reported by Chang et al. (1965) and Campbell

et al. (1959) on statistical grounds. The correlation was

very low (r = 0.39). Campbell et al. (1959) adjusted the

measured sugarcane evapotranspiration from the in-field

drainage lysimeter by multiplying it by the ratio of furrow

width to lysimeter width. Their rationale was that cane in

the lysimeter was exposed to the light and air over a fur

row width and not restricted to the lysimeter width. On



21

the average, the measured sugarcane evapotranspiration in

creased by 15 percent.

Gibson and Isobe (1966) conducted a comprehensive

analysis of Hawaiian Sugar Planters' Association Experiment

Station studies on sugarcane evapotranspiration and Class

A pan evaporation at canopy height. They concluded that

evapotranspiration and elevated Class A pan evaporation

were significantly related, and the mean ratio of evapo

transpiration to elevated Class A pan evaporation was 1.12

and 1.05, respectively, for the plant and ratoon crops.

The current plantation practice is to place the evap

oration pan (usually at a height of 1.52 m) in areas

generally surrounded by, but outside cane fields, and over

unirrigated grass (Gibson and Isobe, 1966). Gibson and

Isobe (1966) pointed that there was no sufficient experi

mental evidence to justify the practice. Ekern (1972)

reported that the net radiation equivalent of the evapora

tion of the elevated pan at 1.52 m above the sod greatly

exceeded all the possible net radiation. This elevated

pan had 20 percent more evaporation than the ground level

Class A pan's.

Gibson (1978) summarized the results of the HSPA Ex

periment Station studies on the determination of the

potential evapotranspiration of sugarcane. The mean ratio

of actual evapotranspiration to Class A pan evaporation at

full canopy differed with irrigation method. The ratio was
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1:1 with furrow and sprinkler and 0.83:1.0 with drip irri

gation. Using an elevated pan at 1.52 m above the sod

instead of the ground level Class A pan, furrow, sprinkler,

and drip irrigated cane had mean ratios of 0.90, 0.90, and

0.75, respectively.

At Hawaiian Commercial and Sugar Company plantation

on Maui, Chang (1961) observed that potential evapotranspi

ration calculated by Thornwaite method was only 54 percent

of Class A pan evaporation. The estimated potential evapo

transpiration by Penman equation agreed well with the Class

A pan evaporation with correlation coefficient of 0.86 to

0.90 (Anonymous, 1961; Chang et al., 1965). On the aver

age, estimated potential evapotranspiration by Penman

equation was 81 to 89 percent of the Class A pan evapora

tion. The Class A pan evaporation was highly correlated

with estimated potential evapotranspiration by Penman equa

tion during the late fall, winter, and early spring months

in Hawaii (Chang et al., 1965). In summer, the correlation

was not as good.

Solar radiation has potential for replacing pan evap

oration to estimate potential evapotranspiration of

sugarcane (Gibson, 1978). Baver (1954) found an exceeding

ly high correlation between solar radiation and evaporation

in Oahu Sugar Company, Ltd •• Incident solar radiation ac

counted for 80 percent of the potential evapotranspiration

estimated with Penman equation (Anonymous, 1961). It also
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explained 80 percent of the water loss through evapotran

spiration (How, 1978a). When the supply of water is

adequate and advective energy" is absent, 80 to 85 percent

of the net radiation is used for evapotranspiration (Chang,

1970). Ekern (1965a) found a satisfactory relationship

between incident solar radiation and Class A pan evapora

tion (inch/day) which can be written as,

Class A pan evaporation = -0.043 + 0.78 incident solar

radiation (cal/cm2/day).

Shih et ale (1974) reported that mean ~onthly Class A pan

evaporation was significantly related to incident solar

radiation and mean air temperature in Everglades, Florida.

Wind speed and ground cover on the upwind sides of the

Class A pan may influence the short term relationship be

tween incident solar radiation and Class A pan evaporation

(How, 1978a).

Ekern (1970, 1972) established the relationship be-

tween incident solar radiation and net solar radiation over

the full canopy of sugarcane. The relationship is

net radiation (cal/cm2/day) = 0.80 RS - 150

where RS is the incident solar radiation expressed in call

cm2/day. He also observed strong seasonal shift in the ex-

pected conversion of incident solar radiation into net

radiation over the cane canopy with values of 53 percent

of incident solar radiation in midsummer and 38 percent in

midwinter. His hydraulic lysimeter study shows that
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consumptive water use by sugarcane exceeded the incident

net solar radiation when positive advection occurred. If

the relationship between net solar radiation and actual

evapotranspiration can be developed as has been done with

the Class A pan evaporation, there is a possibility that

net solar radiation can be used for irrigation scheduling.

In addition to incident solar radiation, the planta

tions also collect daily air temperature. Hargreaves and

Allan (1974) estimated mean monthly potential evapotranspi

ration from incident solar radiation and mean air

temperature. This method can be compared with Class A pan

and lysimeter data to estimate potential evapotranspiration

for sugarcane.

Effect of Moisture Availability on Sugarcane Growth

Mongelard and Nickell (1972) review the effects of

water stress on the growth of sugarcane. Cane stalk and

spindle leaf elongations are sensitive to water stress

(Clements et al., 1952; Hudson, 1969; Robinson, 1963b).

Spindle leaf elongation is mainly the expansion and growth

of the leaf (HSPA, unpublished). Hourly measurement of

transpiration rate and spindle leaf elongation of cane in

a weighing lysimeter showed that spindle leaf elongation

stopped while the actual transpiration was only 70 percent

of the potential transpiration rate (Hudson, 1969). Shaw

and Sweyez (1937) reported that the cane plant continued
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to transpire considerable quantitites of water even when

the soil moisture content was too low for active growth

and cane stalk elongation. Hudson (1969) suggested that

the stomata close at higher water stress than the cessation

of cell elongation. Cane stalk and spindle leaf elonga

tions can not be sustained without concomitant synthesis

of cellular materials that are usually associated with net

photosynthesis. The reduction in cane stalk elongation

results in low cane yield.

Ritchie (1974) postulated that the ratio of actual

net photosynthesis to potential net photosynthesis falls

below 1.0 when 80 percent of the extractable water remains

in the soil. Potential net photosynthesis is the net

photosynthesis when the extractable water is abundant.

Net photosynthesis is not markedly reduced until about 25

percent of the extractable water remains. At these soil

moisture level, the ratio of actual to potential evapotran-

spiration is about 0.70. He pointed out that the

reduction of net photosynthesis rate is more than the

evapotranspiration rate because the gradually declining

soil-water supply causes a concurrent decrease in plant

water potential.

When available soil water is not limiting for cane

stalk elongation, evapotranspiration and cane stalk elonga

tion are highly correlated (Mongelard and Mimura, 1971).

However, the effect of low available soil moisture on crop
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evapotranspiration after cane stalk elongation had ceased,

has not been evaluated.

Weekly stalk elongation declines as the soil moisture

tension measured by resistant block approaches -2.0 bars

at 30-cm soil depth in Waipahu, Lihue, and Ioleau silty

clay soils (Robinson, 1963b). At this soil moisture ten

sion, Waipahu and Lihue silty clays had about 20 to 30

percent of available soil moisutre. The rooting depth was

about 46 cm in Lihue and Ioleau silty clay soils and was

about 51 cm in Waipahu silty clay soil. Robinson (1963a)

reported that the roots below 61 cm in Kunia silty clay

soil contributed to the maintenance of stalk elongation

even though the suil moisture tension at 61 cm depth was

greater than -2 bars. Cane stalk elongation declined when

72 percent of the soil moisture available to the roots for

cane internode elongation was utilized. On the average,

the cane stalk elongation rates decrease when 67 percent

of the available soil moisture for cane stalk elongation

was extracted in some sugarcane fields of the Oahu Sugar

Company, Ltd. (Table 1). The decline in cane stalk elon

gation with decreasing available soil moisture was not

always sharp or abrupt depending apparently on the extent

of the root system (Shaw and Swezey, 1937). Clements et

al. (1952) reported that cane stalk elongation did not

cease even though the 88-cm soil profile was at its wilting

point. The roots below BB-cm depth can utilize the
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Table 1. Amount of Water Extracted from 1.5-m Soil Profile
During the Periods of Maximum and Reduced Cane
Elongation Rates in Some Fields of Oahu Sugar
Company, Ltd. (F.E. Robinson, unpublished HSPA
data) .

Water Extracted Water Extracted
During Maximum During Reduced A

Field Elongation Rates Elongation Rates
Number (A) (B) A + B

cm cm

105 4.67 1.73 0.73

165 7.52 2.16 0.78

205 4.85 0.84 0.85

211 7.11 7.06 0.50

250 6.65 3.99 0.63

500 7.11 6.93 0.51

530 6.55 3.40 0.66

Source: C.A. Jones, Hawaiian Sugar Planters' Association
Experiment Station.



28

available soil moisture for plant growth. They observed

that the decline in cane stalk elongation occurred at the

same soil moisture content either in the first or in the

second year of the growth period.

Ritchie's Daily Water Balance Model

Ritchie's (1972) daily water balance model is a deter

ministic digital simulation model that computes daily

evapotranspiration and amount of extractable soil moisture

in the effective root zone from input of daily potential

evapotranspiration and crop and soil characteristics

(Ritchie, 1972, 1975; Saxton et a1., 1974). This model

meets the criteria for simulating water use in a field crop

(Jury, 1979). These criteria are: 1) ability to determine

potential evapotranspiration based on external meteorolo

gical conditions; 2) ability to separately assess soil

evaporation and transpiration during the periods of partial

canopy; and 3) inclusion of feedback to reduce the computed

evapotranspiration below the potential level when transport

of water through the soil-plant system decreases below the

potential rate. The model is like a one-layer model where

in the extractable soil water within the effective root

zone is equally available irrespective of soil depth. In

this model, the daily rainfall is partitioned into various

components, namely, leaf and mulch interception, surface

runoff, plant extractable soil water, and drainage water.



29

Effective rainfall is defined as total rainfall minus run-

off. Vertical distribution of water in the profile is not

calculated. The amount of effective rainfall that exceeds

the total storage capacity is allocated to drainage water.

An energy budget approach is used to predict daily

soil evaporation and plant transpiration (Richardson and

Ritchie, 1973) and evaporation of the leaf and mulch inter

cepted rainfall from daily meteorological data. The

potential transpiration consists of plant potential evapo

transpiration and leaf interception evaporation. Potential

evapotranspiration below the canopy (EOP) is determined by

empirical equation

EOP = EO ( e -0.398 LA! )

where

EOP = potential evapotranspiration below the canopy

(mm/day)

EO = potential evapotranspiration (mm/day)

LA! = leaf area index.

The evaporative energy below the canopy is used to evapo

rate soil water and rainfall intercepted by the mulch.

Potential mulch evaporation is the difference between po

tential evapotranspiration below the canopy and potential

soil evaporation. The empirical equations to determine

potential soil evaporation (ESO)

ESO = EOP ( 1.0 - 0.105 (XMR) 1/5 )

where
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ESO = potential soil evaporation, mm/day

EOP = potential evapotranspiration below the canopy

XMR = dry weight of mulch on the ground, kg/ha.

Ritchie (1972) discussed the two stages of soil evap-

oration and presented them in a flow diagram. Stage I of

the soil evaporation is the constant rate stage when the

supply of energy to the surface limits evaporation. Daily

soil evaporation is maintained equal to the potential soil

evaporation. When the cumulative daily soil evaporation

exceeds the upper limit of Stage I soil evaporation (U),

the daily soil evaporation rate drops below ESO and Stage

II begins.

Stage II is the falling rate stage when soil water

movement to the evaporating surface is dependent on the

hydraulic properties. Soil evaporation is summed on a

daily basis following the end of Stage I

. E ES = a t~II
where

a = soil evaporation coefficient dependent on soil

hydraulic properties, mm/day~,

t = time, day.

Daily soil evaporation during Stage II is computed by cal

culating' E ESI I for a given day and subtracting' E ESI I for

the previous day (Richardson and Ritchie, 1973).

Plant transpiration is calculated by using the rela

tionship between leaf area index and transpiration rate
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relative to potential evapotranspiration rate under differ-

ent soil moisture conditions (Richardson and Ritchie, 1973;

Ritchie, 1975; Ritchie et al., 1976). In Stage I of plant

transpiration, the plant extractable soil moisture is not

limiting so long as the actual extractable soil moisture

is greater than 25 percent of total plant extractable soil

water. Plant transpiration rate (EP) is calculated from

an empirically derived equation

EP = EO ( -0.21 + 0.70 LAI% ), 0.10 < LA! < 2.7

where

EO = potential evapotranspiration,

mm/day

LAI = leaf area index.

When the LAI is greater than 2.7, EP = EO.

At stage II of plant transpiration, the plant extract

able soil water is less than 25 percent of the total plant

extractable soil water and plant transpiration decreases

linearly until the water uptake for all practical purposes

ceases. When LAI is equal to or less than 2.7, Ritchie et

a1. (1976) calculated plant transpiration rate at Stage II

using the formula

EP = 4( -0.21 + 0.70 LAI% ) EO ( WE/WU )

where

WE = plant extractable soil water, mm

WU = total plant extractable soil water, mm

EO = potential evapotranspiration, mm/day.
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If LAI is greater than 2.7 plant transpiration rate (EP)

EP = 4 EO ( WE/WU ).

These plant transpiration equations of the Ritchie's daily

water balance model neglected leaf interception evapora

tion. The computer program on Ritchie's daily water

balance at the Hawaiian Sugar Planters' Association Experi

ment Station considers the leaf interception evaporation

in the calculation of plant transpiration. The computed

actual daily evapotranspiration rate is the sum of soil

evaporation, plant transpiration, and evaporation of leaf

and mulch intercepted rainfall. Daily accounting of ex

tractable soil water is obtained from the equation

where

WE2 = amount of extractable soil water at the end of

day 2, mm

WEI = amount of extractable soil water at the end of

day 1, mm

P2 = rainfall at day 2, mm/day

E2 = daily evapotranspiration at day 2, mm./day

Q2 = daily surface runoff at day 2, mm/day.

If WE2 is greater than WU, drainage (D) out of the soil

profile is assumed to occur and is given by:

D = WE2 - WU

This simplification implies that all water infiltrating

into the soil in excess of WU drains out of the profile on
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the same day (Richardson and Ritchie, 1973; Ritchie et a1.,

1976).

The model was successfully used to compute daily soil

evaporation, plant transpiration, drainage, and total ex

tractable soil water in a 20-acre watershed with 3-year

rotation of cotton, grain sorghum, and oat (Richardson and

Ritchie, 1973). The Houston black clay was the dominant

soil in the watershed. The daily extractable soil moisture

computed by the model agreed closely with the measured soil

water during the 3 years cropping. Ritchie et al. (1976)

also used the model to calculate daily evapotranspiration

from grassland watershed.

Jones and Guimaraes (1979) tested this model against

measured soil gravimetric water content in plots planted

to two upland rice varieties at two plant densities on a

Dystrophic Red Yellow Latosol. In the 1975-76 crop, the

total evapotranspiration by Ritchie's model differed by

less than 10 percent from the gravimetric measurements of

soil water. The total daily evapotranspiration did not

differ greatly between varieties or plant densities.

Consumptive Water Use and Cane and Sugar Yield Relation
ships

Transpiration goes hand in hand with photosYnthesis

and dry matter accumulation (Arkley, 1963). Transpiration

has been shown to be proportional to sugarcane growth

(Thompson, 1976a). Nickell (1976) showed a linear
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relationship between the amount of water utilized and dry

matter yield of sugarcane. Campbell et al. (1959) summa

rized the water use efficiency from irrigated sugarcane in

Hawaii and found that mean water use efficiency was 8.269

tons cane per hectare per 100 mm of water. Isobe (1969)

obtained values ranging from 8.756 to 11.674 tons cane per

hectare per 100 mm of water. Thompson (1976b) reported

11.8 to 13.4 tons per hectare per 100 mm of water in the

plant and ratoon cane in South Africa. In Tucuman, Argen

tina, 6.71 to 6.87 tons cane per hectare per 100 mm of

water and 0.69 to 0.95 ton sugar per hectare per 100 mm of

water have been reported (Fogliata, 1974).

Several studies have been conducted by the HSPA Ex

periment Station to determine optimum pan factor of the

ground level Class A pan. The pan factor relates pan evap

oration to sugarcane water use. At HSPA Waipio Substation,

water use based on a pan factor of 1.0 of the ground level

Class A pan evaporation gave the highest cane yield in fur

row irrigated sugarcane (Anonymous, 1962). However, the

highest sugar yield was obtained with a pan factor of 0.85.

HSPA experiment at Waipio, Oahu showed that cane or sugar

yield of furrow irrigated sugarcane variety H 50-7209 at

pan factor of 0.85 did not differ with that at a pan factor

of 1.0 after adjusting cane and sugar yield according to

plant population (Robinson et al., 1963). Ewart (1965)

using the unadjusted cane and sugar yields concluded that
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cane and sugar yields at 0.70 pan factor was not signifi

cantly different from cane and sugar yield at 1.0 pan

factor. He stressed that excessive waste of water would

be incurred if irrigation were based on a pan factor of

1.0. The most efficient use of irrigation water was ob

tained when the crop was irrigated at a pan factor of less

than 1.0. Maximum yields, however, were obtained at a pan

factor of 1.0.

A cooperative HSPA-Oahu Sugar Company, Ltd. drip ir

rigation test showed irrigation at 1:1 of the elevated

Class A pan gave 10 tons cane more than 0.70:1.0 of the

elevated Class A pan (Isobe and Santo, 1976). The cane

yield at 1:1 of the elevated Class A pan was 296 tons cane

per hectare. Irrigation at 1.3:1 of the elevated Class A

pan increased cane yield by 5 tons cane per hectare more

than that of 1:1 of the elevated Class A pan. The statis

tical analysis of the cane yield at different irrigation

levels was not reported.

Campbell (1965) used relative water application as

index of consumptive water use. He defined relative water

application as the ratio of the water applied plus effec

tive rainfall of an irrigation treatment to that of Class

A pan evaporation. The yield of furrow irrigated sugarcane

increased almost linearly with water application up to a

relative application of 1.0 and then became independent of

relative water application when the ratio exceeded 1.0.
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The ton pol per acre of sugar increased linearly up to a

relative application of 0.89.

Early (1974) made a comprehensive review of the de

pendence of cane yield on water input. The water input was

expressed in terms of the number of irrigation rounds and

the amount of effective water applied. A curvilinear re

lationship between water input and cane or sugar yield was

found for Hawaii, South Africa, Mexico, Taiwan, Jamaica,

India, Puerto Rico, and Philippines.

Thompson (1976b) observed linear relationship between

cane yield and crop water use and obtained a correlation

coefficient of 0.95. Sugar yield and water use, on the

other hand, showed linear and curvilinear relationship with

correlation coefficient of 0.75 and 0.78, respectively.

The linear relationship between cane yield and crop water

use shows that 9.7 tons cane per ha per 100 mm of water

can be produced from 600 to'1380 mm of crop water use.

However, the linear relationship between sugar yield and

crop water use indicates that 1.35 tons sugar per ha per

100 mm can be produced from 600 to 1800 mm of crop water

use.

Water use-yield relationship using plantation data is

not plentiful. Rankine (1969) used water adequacy index

as the measure of water input. Water adequacy is the ratio

of effective irrigation and rainfall to potential evapo

transpiration. He obtained curvilinear relationship between
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cane yield and water adequacy index on Low Humic Latosols

and soils which were predominantly Dark Magnesium Clay.

Water adequacy index accounted for 18 and 23 percent of

the variation in cane yield, respectively, of sugarcane

irrigated with fresh water on Low Humic Latosols and soils

which were predominantly Dark Magnesium Clay. On Low Humic

Latosols the cane yield of sugarcane irrigated with brack

ish water was lower than those irrigated with fresh water

at any moisture adequacy index. The brackish water con

tained 55.4 ppm or more NaCl.

Chang et al. (1963, 1965) was unable to demonstrate a

continuous function of cane yield and total water deficit

in Kohala, Waialua, and Hawaiian Commercial and Sugar Com

panies. Total water deficit is defined as the difference

between total potential evapotranspiration and the effec

tive water use during the growing period (Hogg et al.,

1969; Wachi, 1978). The sum of the effective irrigation

and rainfall during the cropping period is the effective

water use. Wachi (1978) reported that sugar yield in tons

per acre per month decreased linearly with increasing water

deficit for furrow and drip irrigated sugarcane in Olokele

Sugar Company. The correlation coefficients between sugar

yield and water deficit of furrow and drip irrigated sugar

cane were -0.85 and -0.95, respectively.

Ewart (1965) shows little apparent relationship be

tween the number of rounds of irrigation and cane yield in
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tons per acre per month in four plantations. No statisti-

cal analysis was reported. Unpublished data from Kekaha

Sugar Company show a significant linear relationship be

tween total annual sugar production and total annual number

of irrigation rounds. 1 The correlation coefficient was

0.85 and 0.60 in makai (lowland) and mauka (upland) areas,

respectively.

Influence of Incident Solar Radiation on Sugarcane Produc
tion

Potential cane yield is determined to a large extent

by the amount of incident solar radiation if soil condi

tions and cultural practices are comparable (Chang et al.,

1963; Chang et al., 1965). Chang et ale (1965) pointed

that this is particularly true on a isothermal climate

like Hawaii's where temperature becomes a limiting factor

only for a short winter period and then only in high alti

tudes. Along the Hilo Coast of the island of Hawaii,

sugarcane yield increases linearly with mean daily incident

solar radiation, and incident solar radiation explained 68

percent of the variation in cane yield (AnonYmous, 1963b).

Clements (1980) reported linear relationship between cane

yield and incident solar radiation. The 9 plantations in

Hawaii that had mean daily incident solar radiation of more

than 450 cal/cm2/day were the top producers in 1968

1 Dr. Charles A. Jones, Personal Communication.



39

(Haraguchi, 1970). Maximum sugar yields were obtained with

adequate water supply, high sunlight intensity, warm day

temperature, and wide diurnal temperature range in Hawaii.

In Florida, mean daily incident solar radiation during

sugarcane "grand growth period" in April to October and

annual degree days accounted for 98 percent of the varia

tion in cane yield (Allen, 1977). Annual degree days were

calculated from daily mean temperature above 60° F.

Haraguchi (1968, 1969) studied the effect of partial

shading on cane yield in the HSPA Experiment Station.

Sugarcane grown under full sunlight during the "summer"

months (April-October) was 13 percent higher than that

grown under 69 percent of full sunlight. Partial shading,

59 percent of full sunlight, during "winter" months (Octo

ber-April) reduced cane yield by 17 percent.

Approaches in Water Availability Assessment

Different methods have been used to estimate the de

gree of water availability including soil or climate

factors or combinations of the soil, climatic, and crop

factors.

Sys (1980) defined water availability as the relative

amount of water that will be transpired by a crop in com

parison to the amount that could be transpired if soil

moisture remains near field capacity throughout the crop

development cycle. In Mauritius, Arlidge and Cheong (1975)
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determined and categorized water availability in terms of

climatic characteristics (mean annual rainfall, annual

evaporation, and number of months in which a moisture def

icit occurred) and total and readily available soil

moisture (moisture content between field capacity and per

manent wilting point and field capacity and 2.0 atm soil

moisture tension).

Vink (1975) suggested that water availability can be

estimated from the measurement of rainfall, ground water,

and soil water retention capacity. This evaluation along

with the crop's water requirement during different stages

of its development determines water availability. If nec

essary, water balance calculation on a large area basis at

different seasons can be made.

Vermami et ale (1977) developed a method for estimat

ing water availability from an integrated index of rainfall,

soil characteristics, and evapotranspiration. It considers

the distribution and dependability of rainfall, soil mois

ture availability, and available moisture probabilities at

various stages of the crop development.

The R-index, a ratio of the actual to potential evapo

transpiration has been used to measure plant water adequacy

(Yao, 1969, 1973, 1974). It is a function of the antece

dent precipitation and the climatic evaporative demand

(Yao, 1973). The latter is estimated by different methods

of assessing potential evapotranspiration. An R-index of
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about 0.90 was assumed to be adequate to meet crop require

ment and value of 0.60 or less indicated the need for

irrigation.

The water balance for R-index determination was made

on a daily (Yao, 1969) or monthly (Yao, 1974) basis. A

two-layer soil model (Palmer, 1965) was used. Available

soil water in the top layer was assumed to be removed at

potential rate until the soil moisture content is exhaust

ed. The subsequent evapotranspiration from the sub-soil

is assumed to decrease linearly and the rate is proportion

al to the ratio of available water in the sub-soil to the

water storage capacity of the root zone. The distribution

of the R-index during the cropping period can also be used

as an index to classify land. The probability of water

sufficiency indicates the chance that a crop will be sub

jected to water stress. However, Yao (1974) assumed that

the soil storage capacity was the same for all soils.

Hargreaves (1975a, 1975b) defined the moisture avail

ability index as a measure of monthly moisture adequacy.

It is the ratio of dependable monthly rainfall to potential

evapotranspiration. Dependable rainfall is the rainfall at

75 percent exceedence probability. He proposed that mois

ture availability index be employed as a standard index for

measuring water deficiencies. However, a daily or short

time evaluation is necessary to precisely evaluate supple

mental irrigation.
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Soil Moisture Regime of the Soil Taxonomy - A Guide in
Water Availability Assesment

Soil Taxonomy, a natural system of soil classifica

tion, is based on the assumption that similarly classified

soils which have the same climate, topography and drainage

characteristics will behave similarly under specific use

wherever the soil is found (Southern Wisconsin Regional

Planning Commission, 1969). The soil family has been sug

gested as a useful taxonomic category for farm evaluation

(Riecken, 1963). The use of the Soil Taxonomy in land

evaluation would enhance the transfer of practical knowl-

edge and experience to another region or country with

similar classified soils (Vink, 1975). The connotative

nature of the differentiae enables the users to interpret

the soil characteristics that are important to land use

and management from the formative syllables of the subgroup

names and the features of the soil family (Arens, 1977).

The name of the categories in the Soil Taxonomy con

notes soil properties important to soil water storage

capacity, seasonal distribution of rainfall, and the evap

orative demand for water. Eswaran (1977) summarized the

inferred limiting soil properties related to soil moisture

contained in the subgroup category of Soil Taxonomy. Among

those properties related to water availability are root

restricting layers, soil texture, hydraulic conductivity,

and soil temperature. At the soil family level additional
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differentiating soil properties that are important to water

management can be found (Coover, 1969). The soil belonging

to the same soil family would have relatively similar be

havior with respect to soil air, soil water, and plant root

relationship and to soil nutrient supplying capacity.

Soil Taxonomy's soil moisture regime provides general

information on water availability (Antoine, 1977; Leven et

al., 1974). Leven et ale (1974) characterized the relative

degree of water availability in each soil moisture regime.

The aridic soil moisture regime is dry with little moisture

available when conditions are favorable for plant growth.

The ustic soil moisture regime is associated with a pro

nounced dry season but prOVides water when other conditions

are suitable for plant growth. In an udic soil moisture

regime, soil moisture is rarely deficient.

The relationship between rainfall and soil moisture

regime is very general and does not always fit the goals

of crop production (Antoine, 1977). The adequacy of soil

moisture in each soil moisture regime to meet evaporative

demand needs to be quantified. The degree of soil moisture

adequacy should include dependability criterion that will

make it more useful in planning the irrigation requirement

of the crop and water availability assessment.
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MATERIALS AND METHODS

Comparison of Various Methods of Estimating Daily Potential
Evapotranspiration of Sugarcane

Daily consumptive water use data from three crops of

drip irrigated H 50-7209 sugarcane variety and the meteor

ological data from the study of Ekern (1977) were used to

assess the daily potential evapotranspiration of sugarcane.

The plant crop was planted in August, 1970 and harvested

on June 21, 1971. The first and second ratoon crops were

harvested on March 23, 1972 and August 6, 1973, respective

ly. The plant cane was initially irrigated with overhead

sprinkler irrigation. The soil moisture tension at 30- and

60-cm below the stool was maintained at near 0.1 bar.

Daily mean air temperature, rainfall, incident solar

radiation, Class A pan evaporation, wind speed, and con

sumptive water use data were obtained. When any of the

above data was missing in each day, the plant and meteoro

logical data were not included in the analysis. Daily

consumptive water use of cane from the lysimeter was com

pared with the estimated daily potential evapotranspiration

using the four methods: ground level Class A pan, Ekern,

Hargreaves, and Priestley-Taylor. The available weather

data determined the choice of method for estimating poten

tial evapotranspiration.
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Two pan factors (0.85 and 1.00) of the Class A pan

evaporation were used to estimate the potential evapotran

spiration of sugarcane. A Priestley-Taylor parameter (a)

of 1.28 was used. Priestley-Taylor parameter (a) is de

fined as the proportionality constant of evapotranspiration

from saturated surfaces or wet soil surfaces and root zone

with unsaturated atmosphere to evapotranspiration from

saturated surface and the atmosphere surface layer is vapor

saturated (Tanner and Ritchie, undated). Regression analy

sis using the ordinary least square method was used to

compare the measured daily consumptive water use by the

cane crop with potential evapotranspiration estimated by

different methods at partial and full canopy of the three

crops of sugarcane. The correlation between Class A pan

evaporation at pan factor of 1.00 and the potential evapo

transpiration estimated by the other methods was determined

by month. Daily potential evapotranspiration and consump

tive water use were also compared on a monthly basis

because Prasad (1971) observed a seasonal loop pattern of

the relationship between Class A pan evaporation and inci

dent solar radiation at the HSPA, Kunia Substation on Oahu.

The seasonal loop pattern showed that for the same incident

solar radiation, a considerably higher evaporation occurred

from the Class A pan from August to December than did from

January to July, a situation which reflected a significant

transport of advected energy. Ekern (1965b) reported
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similar phenomenon at Pineapple Research Institute in

Hawaii. At full canopy, monthly mean of daily potential

evapotranspiration estimated by the four methods was com

pared with monthly mean of daily consumptive water use.

Two values of Priestley-Taylor parameter (0.85 and 1.28)

were used. The Statistical Analysis System package program

(SAS Institute, 1978) was used for statistical analysis.

Ekern (1970) proposed that daily potential evapotrans

piration of sugarcane could be estimated from the net

solar radiation data. He determined daily potential evapo

transpiration, RPET, from the relationship.

where

RPET ( 0.8 x RS ) -150= 1500 cal/inch x 25.4 mm/inch

RPET = mm/day

RS = incident solar radiation, cal/cm2/day.

The method developed by Hargreaves (1975b) for deter-

mining monthly evapotranspiration was used for daily data.

The Hargreaves method determines potential evapotranspira

tion, ETP, as

ETP = 0.075 x TMF x RS/L

where

ETP = mm/day

TMF = mean daily air temperature, of

RS = incident solar radiation, cal/cm2/day

L = latent heat of vaporization, cal/mm

L = 595.9 - 0.305 ( TMF - 32.0 )
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Priestley-Taylor (1972) simplified the Penman equation

and defined potential evapotranspiration, EO, as

EO = a ( ~/( ~ + X » x « 1- albedo) RS + RNL
A

where

EO = mm/day

a = Priestley-Taylor par~eter

A = latent heat of vaporization, 58.3 cal/mm

~ = slope of the saturation water vapor pressure

curve at ambient temperature

y = psychrometer constant

RS = incident solar radiation, cal/cm2/day

RNL= net long wave radiation.

A computer program of the Priestley-Taylor method at

the HSPA Experiment Station based on Ritchie's program with

some modification was used. Ritchie (1972) estimated

albedo as

albedo = es + 0.25 ( 0.23 - es ) x LAI

where

es = average bare soil albedo

LAI = leaf area index, 0.0 ~ LAI < 4.0.

Monthly albedo was determined using monthly leaf area index

and average bare soil albedo of 10 percent (Ekern, 1970).

If LAI was greater than 4.0, the albedo was made equal to

0.23.

The net long wave radiation, RNL, was determined using

the empirical equation for net thermal radiation (Ritchie,
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1975), incident solar radiation, and estimated solar radia

tion for clear sky. The equation is

RNL = -2.61 + 0.0041 t T - 7.75 11 . 18 x RS/RSO

where

T = mean air temperature, °C

RS = incident solar radiation, cal/cm2/day,

RSO= expected daily incident solar radiation on a

clear day, cal/cm2/day.

The expected daily incident solar radiation on a clear day

for the HSPA Substation (21 0 23' N) was obtained by inter

polation from the tabulated daily incident solar radiation

assuming 80 percent atmospheric transmission coefficient

(List, 1963). The solar constant is assumed to be 1.94

cal/cm2/min. Regression analysis with least square method

was used to establish an empirical equation of expected

daily incident solar radiation at 80 percent atmospheric

transmission coefficient with Julian date, J. The regres

sion equation accounted for 97 percent of the variation in

expected daily incident solar radiation. The regression

equation is

RSO = 354.97 + 3.64 J - 0.01 J2.

In Hawaii, Yoshihara and Ekern (1977) reported that radia

tion during clear sky on horizontal surface is estimated

to be about 80 percent of the extra terrestrial radiation.

The expected incident solar radiation used in this study

was about 92 percent of the theoretical clear sky insolation
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on horizontal surface in Honolulu, Hawaii with clearness

factor of 1.00 (Yoshihara and Ekern, 1977).

The intercepts, regression and coefficients, and re

sidual variances of the regression equations of daily

consumptive water use with estimated potential evapotrans

piration with each method during the partial and full

canopy were compared using Snedecor and Cochran (1967)

procedure. Similar comparison was done with the regression

equations of monthly mean of daily consumptive water use

with monthly mean of daily estimated potential evapotrans

piration using the four methods.

Estimation of Leaf Area Index and Light Transmission Ratio
of the Sugarcane Canopy

Leaf area index of the canopy of H 59-3775 sugarcane

variety was determined to develop empirical equations for

estimating daily leaf area index as a function of time.

Sugarcane fields planted to H 59-3775 of different ages at

Hawaiian Sugar Planters' Association Experiment Substation

at Kunia and Oahu Sugar Company, Ltd. were used. Two ad

jacent rows of plant cane in the middle of the field were

selected. and the number of primary and secondary tillers

in the 3-meter row was counted. The number of leaves of

10 randomly selected primary and secondary tillers was used

to determine the total leaf area per plant. Leaf area was

estimated as

Leaf area ( cm2 ) = 0.70 x L x W
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where

L = length of the leaf from the blade and sheath

junction to the tip, cm

W = width of the leaf at the middle, cm.

The leaf area index was determined as the ratio of the

total leaf area of all the tillers in the two 3-meter rows

to the total area occupied by the cane rows.

The leaf area index of sugarcane of H 59-3775 was de

termined as a function of age up to 10 months. Bull and

Glasziou (1975) reported that the leaf area index of sugar

cane in Hawaii was nearly constant after 10 months. It was

assumed that leaf area index of H 59-3775 followed the same

pattern. The leaf area index of H 59-3775 and H 50-7209

was assumed to be the same throughout the growing period

as the Oahu Sugar Company, Ltd. was no longer planting

H 50-7209. Leaf area indices of H 50-7209 determined by

Ekern (1977) and H 59-3775 were used to approximate the

mean leaf area index of the two sugarcane varieties. The

empirical equations for daily leaf area index as function

of time were used in the daily water balance computer pro

gram. Appendix A shows the leaf area index of

H 59-3775 and H 50-7209 sugarcane varieties at different

ages.

Light transmission ratio of the canopy of H 59-3775

sugarcane variety with different leaf area indices was

determined. The sunlight intensity above and below the
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canopy was determined using tube solarimeter between 10:00

AM and 2:00 PM. Mean sunlight intensity below the canopy

was measured by taking 10 readings between rows and in the

cane rows. The sunlight intensity above the canopy was

taken outside the sugarcane canopy. The light transmission

ratio at different leaf area indices was compared with the

computed fraction of net radiation transmitted below the

canopy using Ritchie's empirical equation (Ritchie, 1972).

The fractional net radiation transmitted below the canopy

was defined as

RNS = e-0.398 LAI
RNO

where

RNO = net radiation above the canopy

RNS = net radiation below the canopy

LAI = leaf area index.

Estimation of Mulch Production

The mulch production was estimated to predict the

amount of rainfall intercepted by the mulch. Dry leaves

from the primary and secondary tillers were collected in

the sampling area where the leaf area index was determined.

Dry leaves samples were not collected from the cane older

than 6 months. The total amount dry leaves produced till

harvest was estimated using the HSPA Experiment Station

unpublished data and it was about 7.5 tons/ha. The rate

mulch production of cane older than 6 months was assumed
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to be constant. Empirical equations of daily mulch produc

tion as function of the age of the cane were developed and

used in the daily water balance computer program.

Estimation of Evapotrans1iration of Sugarcane by Ritchie's
Daily Water Balance Mode

The computer program of Ritchie's digital simulation

model was obtained from C.A. Jones of the Hawaiian Sugar

Planters' Association Experiment Station. Some parts of

the program were modified namely the runoff equation, frac

tion of sunlight below the cane canopy, portion of the

ground surface evaporating water after irrigation, and

fraction of the available water storage capacity filled

with water after irrigation. Appendix C shows the computer

program of the Ritchie's daily water balance model used in

this study. The maxtmum rainfall intercepting capacity of

the full canopy and the mulch was assumed to be 2.54 mm.

Porter and Mchon (1971) and Zinke (1967) pointed out for

most grasses, shrubs, and trees assuming a 2.54 mm inter

cepting capacity will not introduce significant error.

The USDA Soil Conservation Service runoff equation

with tentative estimated runoff curve number (USDA, Soil

Conservation Service, 1972) was not used because it over-

estimated the runoff on Hawaiian soils. The relationship

between rainfall and runoff on the cane field of Waialua

Sugar Company (U.S. Environmental Protection Agency, 1971)

was used to estimate daily runoff. If the rainfall
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exceeded 101.6 mm, runoff was set at 5 percent of the daily

rainfall, Cooley and Lane (1980) reported the optimized

runoff curve number for sugarcane fields in Hawaii for es

timating the runoff using the USDA Soil Conservation

Service runoff equation. When the daily rainfall during

the limited and complete crop cover was equal to or less

than 12 cm, the estimated runoff used in this study did

not differ markedly with that of the USDA Soil Conservation

Service runoff equation with optimized runoff curve number.

A. Hydraulic Lysimeter Study

The daily consumptive water use data of the second

ratoon crop of H 50-7209 obtained from Ekern's (1977) hy

draulic 1ysimeter study were compared with the computed

daily evapotranspiration using Ritchie's model. The fol

lowing simplifying assumptions were made. The runoff from

the 1ysimeter was considered as a part of the drainage

water since the runoff was precluded from the lysimeter.

Only 15 percent of the area occupied by each cane stool was

moistened by drip irrigation system and the rest remained

dry except when it rained. On the initial day, soil evap

oration at the unwetted portion of the surface was assumed

to be at Stage II conditions.

The Molokai soil in the hydraulic lysimeter had a

60.96 mm soil water storage capacity in 60.96 cm of soil

depth. The soil moisture tension in the root zone was
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maintained at 0.1 bar. The upper limit of the cumulative

soil evaporation at Stage I (U) and the soil evaporation

coefficient (a) of the Molokai soil were estimated by com

paring the hydraulic conductivity of the Molokai soil

(Ekern, 1966) with those of other soils reported by Ritchie

(1972). Molokai soil is strongly aggregated and behaves

like sand and its hydraulic conductivity is comparable to

sand (Ekern, 1966).'

Two pan factors (0.85 and 1.00) of the daily Class A

pan evaporation were used to estimate the potential evapo

transpiration of sugarcane. The sum of the daily

evapotranspiration estimated by the Ritchie's daily water

balance model for each week was compared with that of the

daily consumptive water use. Ekern method for computing

potential evapotranspiration of sugarcane was also sub

jected to the same comparison. The evapotranspiration

rates of sugarcane was estimated by Ritchie's daily.water

balance model for the period before soil moisture extrac

tion caused cane internode elongation to cease.

Furthermore, the soil moisture tension in the hydraulic

lysimeter did not approach -2.0 bars at which cane stalk

elongation decreases (Robinson, 1963b).

B. FT-5 and FT-7 Sugarcane Variety Trials

The daily evapotranspiration of sugarcane varieties

H 50-7209 and H 59-3775 obtained from the sugarcane variety.
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trials conducted between 1962 to 1978 on Oahu Sugar Com

pany, Ltd. was estimated using Ritchie's model. The yield,

location, and period of each trial were established from

unpublished reports of the Hawaiian Sugar Planters' Asso

ciation Experiment Station. The soil of the specific site

of each trial was determined using the detailed soil map of

the company. Daily rainfall data of the nearest weather

station were collected from the rainfall record of the com

pany. Twenty-eight rainfall stations were used. The

weekly elevated pan evaporation data from 8 weather sta

tions were also collected. The schedule of furrow

irrigation during the cropping period was obtained from the

irrigation record of the company. The date of planting was

used as guide to identify the irrigation block when the

trial block was not properly identified in the irrigation

record.

Only six soils had sufficient number of trials to jus

tify undertaking a statistical analysis of the relationship

between total daily estimated evapotranspiration and cane

yield (Table 2). The soil water storage capacity of each

soil was obtained from the Soil Survey of Islands of Kauai,

Oahu, Maui, and Lanai, State of Hawaii (Foote et a1., 1972)

and used in place of the total plant extractable soil water.

The soil water storage capacities used in this study were

comparable to the values used by the company in irrigation

practices. The two root zone depths used were 45 and 90 em.
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Table 2. Classification of the Six Soils in Oahu Sugar
Company, Ltd. Plantation.

Soil Soil Classification

Mo10kai Typic Torrox
clayey, kaolinitic, isohyperthermic

Wahiawa Tropeptic Eutrustox
clayey, kaolinitic, isohyperthermic

Lahaina Tropeptic Hap1ustox
clayey, kaolinitic, isohyperthermic

Ewa Torric Hap1usto11s
fine, kaolinitic, isohyperthermic

Kunia Us toxic Humitropepts
fine, kaolinitic, isohyperthermic

Honou1iu1i Typic Chromusterts
fine, kaolinitic, isohyperthermic

Source: F.H. Beinroth, H. Ikawa, and G. Uehara, "Classifi
cation of the Soil Series of Hawaii in Four
Systems: A Guide to Correlating Tropical Soils,"
Hawaii Agricultural Experiment Station, College
of Tropical Agriculture and Human Resources,
University of Hawaii, Miscellaneous Publications
(BSP Tech Rep 2) (1979).
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Table 3 shows the available soil water storage capacity for

the two root zone depths, the estimated upper limit of

cumulative soil evaporation at Stage I (U), and the esti

mated soil evaporation coefficient (a) of the different

soils. l

Several assumptions were made in this study. They

were:

1. fertilizer and soil management on each soil did not

change significantly from 1962 to 1978;

2. the effect of irrigation water quality on cane yields

did not vary among experiments conducted on the same

soil;

3. the available soil water storage was filled to 80 per

cent of the capacity with each round of irrigation;

4. one-half of soil evaporation occurred from the furrow

and the remaining evaporation from the ridge;

5. the ridge was assumed to be dry during each round of

irrigation and only the furrow was wet, and after a

rain both the furrow and ridge contributed to the soil

evaporation;

6. the daily elevated pan evaporation did not differ sig

nificantly from the mean daily elevated pan evaporation

in a one week period.

1 Dr. Paul Ekern, Personal Communication.
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Table 3. Available Soil Water Storage Capacity at Two
Root Zone Depths, Estimated Upper Limit of Stage
I Cumulative Evaporation (U), and Estimated Soil
Evaporation Coefficient (~) of Six Soils.

Available Soil Water
Storage Capacity at Two

Soil Root Zone Depths (em) U

45 90
-.kmm mm mm day :2

Molokai 49.53 99.06 5 2.50

Wahiawa 50.80 104.14 5 2.50

Lahaina 49.53 102.87 5 2.50

Ewa 49.53 104.14 6 3.50

Kunia 64.77 129.54 6 3.50

Honouliuli 68.58 137.16 6 3.50
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7. no significant reduction of the estimated daily evapo

transpiration occurred when the cane lodged; and

8. the plant was considered to be under "severe stress"

when the computed daily transpiration rate was equal

to zero.

The weekly elevated pan evaporation was changed to

mean daily elevated pan evaporation for estimating the

daily potential evapotranspiration using a pan factor of

0.70. The lower pan factor was used to correct for higher

evaporation from an elevated pan than ground level pan.

Evaporation rate from an elevated pan was at least 10 per

cent (Ekern, 1966) to as much as 20 percent (Ekern, 1972)

higher than the ground level Class A pan.

The number of "severe stress day" was determined·

starting 30 days after the first round of irrigation until

the last round or until the day before harvest when the .

soil available storage capacity was 80 percent filled with

rain. Plant transpiration rate was considered to be neg

ligible during the first month after the first round of

irrigation. Furthermore, the leaf area index at this

period was less than 0.1 and Ritchie's model assumes that

plant transpiration rate is zero if the leaf area index is

less than 0.1.

The total estimated daily evapotranspiration from the

first round of irrigation to harvest date was determined.

The mean monthly estimated evapotranspiration of each
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variety grown on six soils was also determined. Regression

analysis was used to relate total daily or mean monthly es

timated evapotranspiration to cane yield per acre or cane

yield per acre per month.

The effect of different elevated pan factors and root

zone depths on the relationship between cane yield and es

timated evapotranspiration was determined using sugarcane

variety H 59-3775 grown on Molokai soil. Three elevated

pan factors (0.70, 0.85, and 1.00) and six root zone depths

(30, 45, 60, 75, 90, and 105 em) were used. The number of

"severe stress days" was determined.

Assessment of the Relationship Between Incident Solar
Radiation During the cropping Period and Cane Yield

The total incident solar radiation from a week after

planting until harvest and from 9 months until harvest was

determined using the weekly incident solar radiation of the

nearest weather station on the plantation. Regression

analysis was used to relate cane yield to incident solar

radiation. Cane yields from 1960 to 1975 harvest were com

pared with the annual incident solar radiation and mean

monthly estimated evapotranspiration.

Average Weather Conditions at Oahu Sugar Company, Ltd.

Monthly rainfall data from 9 weather stations located

on Oahu Sugar Company, Ltd. lands and the HSPA Experiment

Station in Kunia were obtained from the Division of Water
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and Land Development, Department of Land and Natural Re

sources, State of Hawaii. The monthly rainfall at 75

percent exceedence probability was determined by linear

interpolation of the computed exceedence probability of

each rainfall value of the long term data. Appendix

B shows the number of years and inclusive period of the

rainfall data in each weather station. The exceedence

probability of a monthly rainfall was calculated from the

Weibull equation (Viessman et al., 1977):

m
p = n + 1 x 100

where

P = exceedence probability

m = ranking in descending order of the monthly rain-

fall

n = number of years of rainfall record.

In the case of the elevated pans, weekly computed

"Class A pan evaporation" was obtained by multiplying the

value of the elevated pan evaporation by a factor of 0.85.

The mean weekly computed "Class A evaporation" of seven

elevated pan stations in the company from 1962 to 1978 was

determined.

Calculation of Weekly Ratio of Estimated Evapotranspiration
to "Class A Pan Evaporati.on" on Different Soils

Table 4 shows the different soils near each selected

weather station. Two root zone depths were used to deter

mine the weekly ratio of estimated evapotranspirati.on (ET)



Table 4. Soil Series Near Selected Weather Stations on
Oahu Sugar Company, Ltd.
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Weather Station

Field 155

Field 220

Field 541

Ewa Office

Rock File

Reservoir 6

Reservoir 9

Reservoir 10

Soils

Mo1okai, Lahaina, Wahiawa, and
Kunia

Mo1okai, Lahaina, and Wahiawa

Lahaina and Wahiawa

Honou1iu1i and Ewa

Ewa

Honou1iu1i

Honou1iu1i and Kunia

Ewa and Honou1iu1i
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to the computed "Class A pan evaporation" (CAPE), an index

of potential evapotranspiration of sugarcane. McAlpine's

(1970) weekly water balance model was used to determine the

ratio of ET to CAPE and the assumptions were:

1. no runoff or percolation occurs unless the available

storage capacity is filled (McAlpine, 1970);

2. ET-CAPE ratio is 1.0 until the available water is half

depleted and then declines linearly thereafter (McCown,

1973) ;

3. when the amount of available soil water was not suffi

cient to satisfy the weekly potential evapotranspiration,

the mean daily rainfall and potential evapotranspira

tion for the week were used to calculate the estimated

evapotranspiration each day; and the sum of the esti

mated daily evapotranspiration in a week was used to

compute the ET-CAPE ratio.

The frequency distribution of the ET-CAPE ratio in

each week was fitted to Beta distribution function. The

parametric Kolmogorov-Smirnov test was used to determine

the goodness of fit and the critical values of the Kolmogo

rov-Smirnov test for exponential distribution (Lilliefors,

1969) were used. A 15 percent level of significance was

used to test the goodness of fit. If the freq~ency dis.tri

bution of weekly ET-CAPE ratio fitted the Beta distribution,

the ET-CAPE ratio at 85 percent exceedence probability .was

interpolated from the exceedence probability of each weekly
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ET-CAPE ratio. Otherwise, the Weibull equation was used.

A computer program in WATFIV was prepared to compute

the exceedence probability of each ET-CAPE ratio using the

Weibull equation and the Beta distribution function as de

fined by p and q parameters. The Beta distribution

function is defined as
1 Jol t P -1( 1 - t )q - 1 dt

Ix(p,q) = B(p,q)

where _ji t P -1 ( 1 _ t )q - 1 dt _ .
B(p,q) - 0 -~

in which p and q are two positive parameters, and x has a

range from 0.0 to 1.0 (Yao, 1969). The p and q parameters

of the Beta distribution function were determined by the

following equations (Derman et al., 1973):

( 1 - )- ( x - x 1 )p = x
s2 -

- ( 1 - )( 1 - ) ( x - x 1 )q = - x 2 -
s

where

x = sample mean

s2 = sample variance.

The subroutine MDBETA for incomplete Beta distribution

function in the IMSL Library (IMSL, 1979) was used. Appen

dix D shows the computer program of weekly ET-CAPE ratio.
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RESULTS

Comparison Between Four Methods of Estimating Potential
Evapotranspiration and Sugarcane Consumptive Water Use

This study assessed the utility of Ekern, Hargreaves,

Priestley-Taylor, and Class A pan methods of estimating the

potential evapotranspiration of sugarcane using the meas

ured consumptive water use by the hydraulic lysimeter as

the standard for comparison. These methods other than the

Class A Pan method are based basically on radiative energy

exchange. Comparison between consumptive water use and es

timated potential evapotranspiration at different stages of

the crop and at different months assessed the variation on

the relationship between estimated potential evapotranspi

ration and consumptive water use. The method other than

the Class A pan method which could explain most of the.var

iation in daily consumptive water use can be used for water

balance study in rainfed sugarcane plantations.

Table 5 shows the regression equations of daily ,con

sumptive water use with daily potential evapotranspiration

estimated by different methods at partial and full canopy.

of three crops of H 50-7209 grown in the hydraulic lysi

meter. Daily Class A pan evaporation at either pan factor

explained 30 and 68 percent of the variation in daily .con

sumptive water use at partial and at full canopy,

respectively. The Hargreaves, Ekern, and Priestley-Tay~or

methods were almost equally effective in explaining the .



Table 5. Regression Equations of Daily Consumptive Water
Use (Y, mm/day) with Daily Potential Evapotran
spiration Estimated by Different Methods During
the Partial and Full Canopy of Three Crops of
H 50-7209 Grown in the Hydraulic Lysimeter.
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Coefficient of
Regression Equation Determinationb

Partial Canopy

Y= 0.65 + 0.48 XPANa 0.30**

Y = 0.65 + 0.41 PANa 0.30**

Y = 1.53 + 0.31 RPETa 0.13**

Y = 0.54 + 0.48 ETpa 0.16**

Method

Class A Pan

Pan Factor = 0.85

Pan Factor = 1.00

Ekern Method

Hargreaves Method

Priestley-Taylor
Method

c = 1.28

Class A Pan

Pan Factor = 0.85

Pan Factor = 1.00

Ekern Method

Hargreaves Method

Priestley-Taylor
Method

Cl = 1.28

Y = 1.12 + 0.25 EOa

Full Canopy

Y = 0.50 + 0.83 XPAN

Y = 0.51 + 0.71 PAN

Y = 1.26 + 0.68 RPET

Y = -0.31 + 0.96 ETP

Y = -0.35 + 0.74 EO

0.10**

0.68**

0.68**

0.57**

0.62**

0.60**

a XPAN, PAN, RPET, ETP, and EO are daily potential evapo
transpiration in mm/day estimated by four methods.

b** significant at 1% level.
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variation in daily consumptive water use at either stage

of the crop. However, the coefficient of determination of

the regression of daily consumptive water use with esti

mated daily potential evapotranspiration of these three

methods was lower than the Class A pan method. The use of

mean daily temperature with incident solar radiation in the

estimation of daily potential evapotranspiration slightly

improved the coefficient of determination with Hargreaves

and Priestley-Taylor methods in comparison to Ekern method

which uses net radiation estimated from incident solar ra

diation alone.

The relationship between daily consumptive water use

and potential evapotranspiration estimated with different

methods in each crop is discussed in the following sections.

A. Plant Crop

Table 6 shows the regression equations between daily

consumptive water use and Class A pan evaporation with a

pan factor of 1.0 (PAN) in different months at partial and

full canopy of the plant crop. Daily PAN explained 33 and

53 percent of the variation in daily consumptive water use,

respectively, at partial (September.-November 1970) and full

(December 1970-June 1971) canopy. Frequent rains, lodging

of the cane, and low air temperature possibly contributed·

to the poor relationship between daily consumptive water

use and daily PAN in January 1971 (Table 7). The inter

cepts were generally high but the regression coefficients
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Table 6. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Class A Pan Evapora
tion with a Pan Factor of 1.0 (PAN, mm/day) in
Different Months at Partial and Full Canopy of
the Plant Crop of H 50-7209 Grown in the Hydrau
lic Lysimeter.

Month

1970

September

October

November

September
November

Regression Equation

Partial Canopy

y = 2.02 + 0.19 PAN

Y = 1.08 + 0.35 PAN

Y = 1.21 + 0.32 PAN

Full Canopy

Coefficient of
Determinationa

0.15*

ns

0.52**

0.33**

1971

January ns

February Y= 1.22 + 0.50 PAN 0.22*

March Y= 1.35 + 0.52 PAN 0.76**

April y= 1.60 + 0.46 PAN 0.57**

May Y = 2.29 + 0.37 PAN 0.26**

June Y= 2.57 + 0.29 PAN 0.32*

December 1970-
June 1971 y = 1.19 + 0.53 PAN 0.53**

an s not significant, * significant at 5% level, ** signi
ficant at 1% level.
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Table 7. Mean Daily Air Temperature Over the Duration of
the Hydraulic Lysimeter Study.

Year

Month 1970 1971 1972 1973

°c
January 20.3 20.4 20.7

February 21.7 20.3 21.4

March 21.7 21.2 21.2

April 22.3 21.6 20.9

May 22.2 22.7 21.5

June 23.2 23.7 23.0

July 23.7 24.4 23.8

August 24.9 23.8 24.9

September 24.4 24.0 24.5

October 24.1 24.4 24.1

November 22.4 22.9 22.3

December 22.1 21.8 20.1
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of daily PAN were less than or equal to 0.53. When the pan

factor was decreased to 0.85, the coefficients of de termina

tion and the intercepts of the regression equations did not

change (Table 8). Only the regression coefficients of the

daily Class A pan evaporation with pan factor of 0.85

changed, and they were 1.18 of the daily PAN regression co

efficient in each month.

In most months, the R2 (coefficient of determination)

of the regression of daily Class A pan evaporation with a

pan factor of 1.00 with daily potential evapotranspiration

estimated by the three methods was significantly high (Ta

ble 9). The values were more than 0.50 except in December

1970 to February 1971 and in June 1971. The R2 with Har

greaves method was high in January 1971.

Daily potential evapotranspiration computed by Ekern

method (RPET) explained 38 and 60 percent of the variation

in daily consumptive water use during partial canopy, Sep

tember-November 1970 and full canopy, December 1970-June

1971, respectively (Table 10). The R2 of the regression of

daily consumptive water use with daily RPET in each month

varied from 0.20 to 0.49 and from 0.15 to 0.84 at partial

and full canopy, respectively. The coefficient of determi

nation was lower in December 1970 to February 1971 than in

other months when crop was at full canopy. The regression

coefficient of RPET was generally less than 0.6 except in

January 1971 when it was 0.72. The intercepts of the
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Table 8. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Class A Pan Evapora
tion with a Pan Factor of 0.85 (XPAN, mm/day) in
Different Months at Partial and Full Canopy of
the Plant Crop of H 50-7209 Grown in the Hydrau
lic Lysimeter.

Month

1970

September

October

November

September
November

December

1971

Regression Equation

Partial Canopy

Y = 2.02 + 0.22 XPAN

Y = 1.08 + 0.41 XPAN

Y = 1.21 + 0.38 XPAN

Full Canopy

Y = 0.89 + 0.53 XPAN

Coefficient of
Determinationa

0.15*

ns

0.54**

0.33**

0.54**

January

February

March

April

May

June

December 1970
June 1971

ns

Y = 1.22 + 0.59 XPAN 0.22*

Y = 1.35 + 0.61 XPAN 0.76**

Y = 1.60 + 0.55 XPAN 0.57**

Y = 2.29 + 0.44 XPAN 0.26**

Y = 2.57 + 0.32 XPAN 0.32*

Y = 1.19 + 0.63 XPAN 0.53**

ans not significant, * significant at 5% level, ** signi
ficant at 1% level.
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Table 9. R2 of the Regression of the Daily Class A Pan
Evaporation at a Pan Factor of 1.00 with Poten-
tial Evapotranspiration Estimated by Three
Different Methods During the Plant Crop of
H 50-7209 Grown in the Hydraulic Lysimeter. a

Ekern Hargreaves Priestley-Taylor
Month Method Method Method

1971

September 0.74** 0.69** 0.71**

October 0.59** 0.59** 0.59**

November 0.74** 0.69** 0.72**

December 0.46** 0.25** 0.24**

1971

January ns 0.71** ns

February 0.18** 0.18** 0.18**

March 0.72** 0.83** 0.85**

April 0.52** 0.52** 0.53**

May 0.59** 0.58** 0.58**

June 0.37** 0.35** 0.35**

an s not significant, * significant at 5% level, ** signi-
ficant at 1% level.
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Table 10. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotrans
piration Estimated with Ekern Method (RPET,
mm/day) in Different Months at Partial and Full
Canopy of the Plant Crop of H 50-7209 Grown in
the Hydraulic Lysimeter.

Coefficient of
Month Regression Equation Determination a

Partial Canopy
1970

September ns

October Y = 1.00 + 0.43 RPET 0.20*

November Y = 1.19 + 0.37 RPET 0.49**

September-
November Y = 1.22 + 0.36 RPET 0.38**

Full Canopy--
December Y = 1.65 + 0.32 RPET 0.15**

1971

January Y = 0.89 + 0.72 RPET 0.35**

February Y = 0.86 + 0.58 RPET 0.31**

March y= 1.41 + 0.57 RPET 0.84**

April Y = 1. 76 + 0.44 RPET 0.51**

May Y = 2.12 + 0.40 RPET 0.52**

June Y = 1.36 + 0.52 RPET 0.75**

December 1970-
June 1971 Y = 1.37 + 0.51 RPET 0.60**

ans not significant,. * significant at 5% level, "** signi-
ficant at 1% level.
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regression equations were mostly greater than 1.0.

At partial canopy, September-November 1970, daily po

tential evapotranspiration estimated by Hargreaves method

(ETP) accounted for 36 percent of the variation in daily

consumptive water use (Table 11). The coefficient of de

termination of the regression of daily ETP with daily

consumptive water use in each month ranged from 0.19 to

0.46 at this stage of the crop. Daily ETP explained 59

percent of the variation in daily consumptive water use at

full canopy, December 1970-June 1971. The coefficient of

determination was lower in December 1970 to February 1971

than in March to June 1971.

The daily potential evapotranspiration estimated with

Priestley-Taylor method with a = 1.28 (EO) overestimated

daily potential evapotranspiration of sugarcane. It ac

counted for 37 and 58 percent of the variation in daily

consumEtive water use at partial canopy, September-November

1970, and full canopy, December 1970-June 1971, respective

ly (Table 12). The coefficient of determination in each

month was low at partial canopy and in December 1970 to

February 1971 at full canopy. The regression coefficient

of EO in each month was generally lower than 0.65 even at

full canopy except in January 1971.

Table 13 shows the comparison of the coefficients of

determination between daily consumptive water use and po

tential evapotranspiration estimated by the four methods
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Table 11. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotrans
piration Estimated with Hargreaves Method (ETP,
mm/day) in Different Months at Partial and Full
Canopy of the Plant Crop of H 50-7209 Grown in
the Hydraulic Lysimeter.

Coefficient of
Month Regression Equation Determinationa

Partial Canopy
1970

September ns

October Y = 0.02 + 0.57 ETP 0.19*

November Y = 0.31 + 0.52 ETP 0.46**

September-
November Y = 0.47 + 0.47 ETP 0.36**

Full Canopy

December Y = 0.61 + 0.54 ETP 0.23*

1971

January Y =-0.62 + 1.00 ETP 0.28*

February Y =-0.48 + 0.84 ETP 0.30**

March Y = 0.26 :r 0.78 ETP 0.74**

April Y = 0.59 + 0.66 ETP 0.52**

May Y = 1.11 + 0.58 ETP 0.52**

June Y = 0.21 + 0.71 ETP 0.77**

December 1970-
June 1971 Y = 0.21 + 0.72 ETP 0.59**

ans not significant, * significant at 5% level, ** signi
ficant at 1% level.
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Table 12. Regression Equation of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotrans
piration Estimated with Priestley-Taylor Method
with a = 1.28 (EO, mm/day) in Different Months
at Partial and Full Canopy of H 50-7209 Grown
in the Hydraulic Lysimeter.

Coefficient of
Month Regression Equation Determinationa

Partial Canopy
1970

September ns

October Y =-0.01 + 0.41 EO 0.20*

November Y = 0.29 + 0.37 EO 0.47**

September-
November Y = 0.54 + 0.32 EO 0.37**

Full Canopy

December Y = 0.68 + 0.40 EO 0.20*

1971

January Y =-0.72 + 0.76 EO 0.31*

February Y =-0.51 + 0.64 EO 0.30**

March Y = 0.71 + 0.61 EO 0.78**

April Y = 0.62 + 0.39 EO 0.52**

May Y = 1.12 + 0.34 EO 0.52**

June Y = 0.14 + 0.44 EO 0.76**

December 1970-
June 1971 Y = 0.11 + 0.56 EO 0.58**

ans not significant, * significant at 5% level, ** signi
ficant at 1% level.
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in different months at partial and full canopy. At partial

canopy, the four methods of estimating potential evapotran

spiration were equally effective in explaining the variation

in daily consumptive water use. Ekern, Hargreaves, and

Priestley-Taylor methods were apparently better than the

Class A pan method at full canopy. The four methods showed

consistently low coefficient of determination in December

1970 to February 1971 at full canopy.

The monthly mean of daily consumptive water use ranged

from 2.2 to 4.4 mm/day (Figure 1). The high monthly mean

of daily consumptive water use in September 1970 was due to

high evaporative demand even though the canopy was partial

ly developed. The monthly mean of daily consumptive water

use was less than the monthly mean of daily potential evap

otranspiration estimated by different methods at partial

canopy, September-November 1970 (Figures 1 and 2). At full

canopy, December 1970-June 1971, the monthly mean of daily

PAN was greater than the monthly mean of daily consumptive

water use except in January 1971. However, the latter ex

ceeded monthly mean of daily XPAN in January to April 1971.

The monthly mean of daily RPET was generally less than

the monthly mean of daily PAN but mostly greater than the

mean monthly mean of daily XPAN (Figures 1 and 2). Monthly

mean of daily consumptive water use during partial and full

canopy was 0.69 and 0.87 of the monthly mean of daily RPET,

respectively. The monthly mean of daily ETP was comparable



Table 13. Coefficients of Determination of the Regression of Daily Consumptive Water
Use (Y, mm/day) with Potential Evapotranspiration Estimated by Different
Methods at Different Months During the Plant Crop of H 50-7209 Grown in
the Hydraulic Lysimeter. a

Class A Pan Method
at Two Pan Factors Hargreaves Priestley-Taylor
0.85 1.00Month Ekern Method Method Method

Partial Canopy
1970
September 0.15* 0.15* ns ns ns
October ns ns 0.20* 0.19* 0.20*
November 0.52** 0.52** 0.49** 0.46** 0.471(*

September-
November 0.33** 0.33** 0.38** 0.36** 0.37**

Full Canopy
December 0.54** 0.54** 0.15* 0.23* 0.20*
1971
January ns ns 0.35** 0.28** 0.31*
February 0.22* 0.22* 0.31** 0.30** 0.30**
March 0.76** 0.76** 0.84** 0.74** 0.78**
April 0.57** 0.57** 0.51** 0.52** 0.52**
May 0.26** 0.26** 0.52** 0.52** 0.52**
June 0.32* 0.32* 0.75* 0.77* 0.76**
December 1970-
June 1971 0.53** 0.53** 0.60** 0.59** 0.58**

......
ans not significant, * significant at 5% level, ** significant at 1% level. 00
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Figure 1. Monthly Mean of Daily Consumptive
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to monthly mean of daily PAN (Figure 1). The monthly mean

of daily consumptive water use was 0.58 and 0.77 of the

monthly mean of daily ETP at partial and full canopy, re

spectively.

The monthly mean of daily EO with a = 1.28 exceeded

the monthly mean of daily PAN (Figures 1 and 2). The

monthly mean of daily EO with a = 0.85 was comparable to

monthly mean of daily PAN. The ratio of monthly mean of

daily consumptive water use to monthly mean of daily EO

with a = 0.85 during the partial and full canopy was 0.64

and 0.77, respectively.

The monthly mean of daily values of consumptive water

use and estimated potential evapotranspiration at full

canopy improved the coefficient of determination compared

with the daily values (Table 14). The monthly mean of

daily PAN or XPAN explained 87 percent of the variation in

monthly mean of daily consumptive water use. The monthly

mean of daily RPET and ETP explained, respectively, 94 and

93 percent of the variation in monthly mean of daily con

sumptive water use at full canopy. The monthly mean of

daily EO either with a = 0.85 or with a = 1.28 explained

90 percent of the variation in monthly mean of daily con

sumptive water use.

B. FirstRatoon

The daily PAN and daily consumptive water use were not

linearly related to partial canopy, June-August 1971 (Table
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Table 14. Regression Equations for the Monthly Mean of
Daily Consumptive Water Use (Y, mm/day) in
Relation to Monthly Mean of Daily Potential
Evapotranspiration Estimated by Different
Methods During the Full Canopy of the Plant
Crop of H 50-7209 Grown in the Hydraulic
Lysimeter.

Method

Class A Pan

Pan Factor = 0.85
Pan Factor = 1.00

Ekern Method

Hargreaves Method

Priestley-Taylor
Method

(l = 0.85

(l = 1.28

Equation

Y = 0.94 + 0.69 XPANa

Y = 0.94 + 0.59 PANa

Y = 1.23 + 0.55 RPETa

Y = 0.13 + 0.74 ETpa

Y = 1.22 + 0.49 EOa

Y = 1.22 + 0.32 EO

Coefficient of
Determinationb

0.87**
0.87**

0.94**

0.93**

0.90**

0.90**

a XPAN, PAN, RPET, ETP, and EO are daily potential evapo-
transpiration in mm/day estimated by four methods.

b** significant at 1% level.
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15). Only in August 1971, daily PAN was linearly related

with daily consumptive water use, and the coefficient of

determination was 0.14. The coefficient of determination

of the regression of daily PAN with daily consumptive water

use at full canopy, September 1971-March 1972, was 0.56.

The low coefficient of determination in January 1972 may

have been caused by low air temperature (Table 7) which

reduced consumptive water use. The coefficient of deter

mination of the regression between daily consumptive water

use and daily PAN in March 1972 was the highest during full

canopy. In most months at full canopy, the regression co

efficientsofdaily PAN were less than 0.80. As in the

plant crop, only the regression coefficients changed in the

regression equations of daily consumptive water with Class

A pan evaporation when the pan factor was lowered to 0.85

(Table 16).

The coefficients of determination of the regression of

daily Class A pan evaporation with daily potential evapo

transpiration estimated with Ekern, Hargreaves, and

Priestley-Taylor methods were less than 0.50 in June-August

1971 and in January-February 1972 (Table 17). Daily RPET

also showed low coefficient of determination in December

1971.

Even though the coefficient of determination of the

regression between daily consumptive water use and daily

RPET was significant in each month during partial canopy,
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Table 15. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Class A Pan Evapora
tion with a Pan Factor of 1.0 (PAN, mm/day) in
Different Months at Partial and Full Canopy of
the First Ratoon of H 50-7209 Grown in the Hy
draulic Lysimeter.

Coefficient of
Month Regression Equation Determinationa

Partial Canopy
1971

June ns

July ns

August Y = 1.87 + 0.22 PAN 0.14*

June-Agust ns

Full Canopy

September Y = 0.61 + 0.61 PAN 0.51**

October Y = 0.03 + 0.77 PAN 0.48**

November Y = 0.91 + 0.50 PAN 0.43**

December Y = 0.67 + 0.58 PAN 0.50**

1971

January y = 1.42 + 0.35 PAN 0.17**

February Y = 0.94 + 0.47 PAN 0.45**

March Y =-0.15 + 0.91 PAN 0.83**

September 1971-
March 1972 Y = 0.59 + 0.62 PAN 0.56**

ans not significant, * significant at 5% level, ** signi
ficant at 1% level.



85

Table 16. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Class A Pan Evapora
tion with a Pan Factor of 0.85 (XPAN, mm/day)
in Different Months at Partial and Full Canopy
of the First Ratoon of H 50-7209 Grown in the
Hydraulic Lysimeter.

Coefficient of
Month Regression Equation Determinationa

Partial Canopy
1971

June ns

July ns

August Y = 1.87 + 0.26 XPAN 0.14*

June-August ns

Full Canopy

September Y = 0.61 + 0.72 XPAN 0.51**

October Y = 0.03 + 0.91 XPAN 0.48**

November Y = 0.87 + 0.59 XPAN 0.38**

December Y = 0.68 + 0.69 XPAN 0.50**

1972

January Y = 1.42 + 0.41 XPAN 0.17*

February Y = 0.94 + 0.56 XPAN 0.45**

March Y =-0.15 + 1.07 XPAN 0.83**

September 1971-
March 1972 Y = 0.59 + 0.73 XPAN 0.56**

aas not significant, * significant at 5% level, ** signi
ficant at 1% level.
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Table 17. R2 of the Regression of Daily Class A Pan Evap
oration at a Pan Factor of 1.00 with Potential
Evapotranspiration Estimated by Different
Methods in Each Month During the First Ratoon a
of H 50-7209 Grown in the Hydraulic Lysimeter.

Month

1971

June

July

August

September

October

November

December

1972

January

February

March

Ekern
Method

0.35*

0.11*

0.11*

0.79*

0.64**

0.76**

0.42**

0.49**

ns

0.66**

Hargreaves
Method

0.42**

0.14*

0.42*

0.77**

0.61**

0.76**

0.67**

0.48**

ns

0.67**

Priestley-Taylor
Method

ns

0.14*

0.38*

0.79**

0.61**

0.76**

0.67**

0.48**

ns

0.67**

ans not significant, * significant at 5% level, ** signi
ficant at 1% level.
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they did not show a significant relationship when all daily

values at this stage were pooled (Table 18). The coeffi

cient of determination was also low during full canopy,

September 1971-March 1972. The intercepts of the regres

sion equations were generally high. The relationship

between daily consumptive water use and daily RPET was not

significant in January and February 1972. Daily wind speed

explained 48 percent of the variation in daily consumptive

water use in January 1972 (Table 19). This suggests that

aerodynamic factor markedly influenced the consumptive

water use.

Daily ETP or EO with a = 1.28 was not linearly related

with daily consumptive water use at partial canopy, Jurie

August 1971 (Tables 20 and 21). However, they were linearly

related in each month during the partial canopy. Daily ETP

or EO explained 47 percent of the variation in daily.con

sumptive water use at full canopy~ September 1971-Ma~ch

1972. The coefficients of determination of daily ETP and

EO in each month at full canopy were the same in most

months. The relationship of daily consumptive water use

either with daily ETP or with daily EO at a = 1.28 was not

statistically significant in January and February 1972.

In contrast to the plant crop, Class A pan method with

either pan factor was better than Ekern, Hargreaves, Priest

ley-Taylor methods at full canopy in explaining the

variation in daily consumptive water use at full canopy
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Table 18. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotran
spiration Estimated with Ekern Method (RPET,
mm/day) in Different Months at Partial and Full
Canopy of the First Ratoon of H 50-7209 Grown
in the Hydraulic Lysimeter.

Month

1971

June

July

August

June-August

September

October

November

December

1972

Coefficient of
Regression Equation Determinationa

Partial Canopy

Y =-1.21 + 0.63 RPET 0.59*

Y= 1.50 + 0.16 RPET 0.28**

Y = 1.80 + 0.27 RPET 0.14*

ns

Full Canopy

Y= 1.82 T 0.49 RPET 0.33**

Y = 1.24 + 0.64 RPET 0.46**

Y= 1.39 + 0.58 RPET 0.38**

Y= 1.66 + 0.46 RPET 0.28**

January

February

March

September 1971
March 1972

Y = 0.58 + 0.71 RPET

Y = 1.51 + 0.52 RPET

ns

ns

0.58**

0.42**

ans not significant, * significant at 5% level, ** signi
ficant at 1% level.
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Table 19. Regression Equations of the Daily Consumptive
Water Use with Wind Speed and RPET in Few Months
During the First and Second Ratoon of H 50-7209
Grown in the Hydraulic Lysimeter.

Coefficient of
Cropping Determinationd

First
Ratoon 1972

January ya= 0.01794+0.00042 WINDb 0.48**

Second
Ratoon 1972

May y =-0.01355+0.00041 WIND 0.51**

June Y =-0.00583+0.00026 WIND
+0.01953 RPETc 0.69**

July y =-0.04218+0.00034 WIND
+0.01953 RPET 0.75**

November Y = 0.00243+0.00021 WIND
+0.03298 RPET 0.65**

ay Daily consumptive water use in mm/day.
bWIND Wind speed in km/day.
cRPET Estimated potential evapotranspiration with Ekern

method in mm/day.
d** significant at 1% level.
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Table 20. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotrans
piration Estimated with Hargreaves Method (ETP,
mm/day) in Different Months at Partial and Full
Canopy of the First Ratoon of H 50-7209 Grown
in the Hydraulic Lysimeter.

Month

1971

June

July

August

June-August

September

October

November

December

1972

January

February

March

September 1971
March 1972

Regression Equation

Partial Canopy

Y =-2.16 + 0.76 ETP

Y = 1.22 + 0.20 ETP

Y = 1.16 + 0.37 ETP

Full Canopy

Y = 0.69 + 0.66 ETP

Y =-0.35 + 0.89 ETP

Y =-0.13 + 0.85 ETP

Y = 0.42 + 0.70 ETP

Y = 1.24 + 1.06 ETP

Y = 0.31 + 0.72 ETP

Coefficient of
Determinationa

0.42*

0.22**

0.13*

ns

0.32**

0.44**

0.41**

0.50**

ns

ns

0.56**

0.47**

an s not significant, * significant at 5% level, ** signi
ficant at 1% level.
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Table 21. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotrans
piration Estimated with Priestley-Taylor Method
with a = 1.28 (EO, mm/day) in Different Months
at Partial and Full Canopy of the First Ratoon
of H 50-7209 Grown in the Hydraulic Lysimeter.

Month

1971

June

July

August

June-August

September

October

November

December

1972

January

February

March

September 1971
March 1972

Regression Equation

Partial Canopy

Y =-2.47 + 0.57 EO

Y = 1.17 T 0.14 EO

Y = 1.13 T 0.27 EO

Full Canopy

Y = 0.66 + 0.48 EO

Y =-0.34 + 0.66 EO

Y =-0.09 + 0.63 EO

Y = 0.68 + 0.48 EO

Y = 1.22 + 0.81 EO

Y = 0.36 + 0.53 EO

Coefficient of
Determinationa

0.50*

0.25**

0.13*

ns

0.32**

0.45**

0.40**

0.26**

ns

ns

0.57**

0.47**

ans not significant, * significant at 5% level, ** signi
ficant at 1% level.
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(Table 22). At the same stage of the crop, Hargreaves and

Priestley-Taylor methods had apparent advantage over the

Ekern Method.

Figures 3 and 4 show the monthly mean of daily con

sumptive water use and potential evapotranspiration

estimated by the different methods during the first ratoon.

Monthly mean of daily consumptive water use during the par

tial canopy was 0.42 and 0.50 of monthly mean of daily PAN

and XPAN, respectively. It was 80 and 90 percent of month

ly mean of daily PAN and XPAN, respectively, during the

full canopy. At this later stage, monthly mean of daily

PAN or XPAN explained 82 percent of the variation in month

ly mean of daily consumptive water use (Table 23).

The monthly mean of daily consumptive water use was

about 42 percent of the monthly mean of daily RPET at par

tial canopy, June-August 1971 (Figure 3). At full canopy,

the monthly mean of daily consumptive water use was greater

than the monthly mean of daily RPET in most months. The

monthly mean of daily RPET explained 87 percent of the var

iation in monthly mean of daily consumptive water use at

full canopy, September 1971-March 1972.

The monthly mean of daily consumptive water use was

46 and 80 percent of the monthly mean of daily ETP at par

tial and full canopy, respectively (Figure 3). At full

canopy, the monthly mean of daily ETP explained 98 percent

of the variation in monthly mean of daily consumptive water



Table 22. Coefficients of Determination of the Regression of Daily Consumptive Water
Use (mm/day) with Potential Evapotranspiration Estimated by Different
Methods at Different Months During the First Ratoon of H 50-7209 Grown
in the Hydraulic Lysimeter. a

Class A Pan Method
at Two Pan Factors Ekern Hargreaves Priestley-Taylor

Month 0.85 1.00 Method Method Method

1971 Partial Canopy
June ns ns 0.59* 0.42* 0.50*
July ns ns 0.28** 0.22** 0.25**
August 0.14* 0.14* 0.14* 0.13* 0.13*
June-August ns ns ns ns ns

Full Canopy
September 0.51** 0.51** 0.33** 0.32** 0.32**
October 0.48** 0.48** 0.46** 0.44** 0.45**
November 0.38** 0.38** 0.38** 0.41** 0.40**
December 0.50** 0.50** 0.28** 0.50** 0.26**
1972
January 0.17* 0.17* ns ns ns
February 0.45** 0.45** ns ns ns
March 0.83** 0.83** 0.58** 0.56** 0.57**
September 1971-

0.56**March 1972 0.56** 0.42** 0.47** 0.48**

an s not significant, * significant at 5% level, ** significant at 1% level. \0
w



4

10
USE
PAN

0 0 RPET
8 A A E TP

>-
CO
'D

" 6E
E
v
t
W
Q.

a::
o
w
C/)

::>
2

94·

Partial Canopy I :> Full Canopy Eo

~ 1971" .. '~1972~

J J A S 0 N 0 J F M

MONTH

Figure 3. Monthly Mean of Daily Consumptive
Water Use (USE) and Potential Evapo
transporation (PET) Estimated by
Class A Pan Method with a Pan Factor
of 1.00 (PAN), Ekern Method (RPET) ,
and Hargreaves Method (ETP) During
the First Ratoon of H 50-7209 Grown
in the Hydraulic Lysimeter.



95

~
ftl

"C-E
E-~
W
D.

a:
o
w

'"~

10

8

6

4

2

cr--o EO(co(:0.8S)

• • EO ( c< : 1 .28 )
USE

A--A XPAN

Partial Canopy 1---::.;;:. Full Canopy -E:<:::----

E-----t~ 1972 ~

J J A s o N

MONTH

o J F M

Figure 4. Monthly Mean of Daily ConsumptLve
Water Use (USE) and Potential Evapo
transpiration (PET) Estimated by
Class A Pan Method with a Pan Fac
tor of 0.85 (XPAN) and Priestley
Taylor Method with ci=1.28 and
a=0.85 (EO) During the First Ratoon
of H 50-7209 Grown in the Hydraulic
Lysimeter.



96

Table 23. Regression Equations of the Monthly Mean of
Daily Consumptive Water Use (Y, mm/day) in
Relation to Monthly Mean of Daily Potential
Evapotranspiration Estimated By Different
Methods During the Full Canopy of the First
Ratoon of H 50-7209 Grown in the Hydraulic
Lysimeter.

Y = 0.62 + 0.72 XPANa 0.82**
Y = 0.63 + 0.61 PANa 0.82**

Y = 1.36 + 0.56 RPETa 0.87**

y = 0.15 + 0.76 ETpa 0.98**

Method

Class A Pan
Pan Factor = 0.85
Pan Factor = 1.00

Ekern Method

Hargreaves Method

Priestley-Taylor
Method

cx = 0.85
"CX = 1.28

Equation

Y = 0.36 + 0.80 EOa

Y = 0.37 + 0.53 EOa

Coefficient of
Determinationb

0.98**
0.98**

a XPAN, PAN, RPET, ETD, and EO are dialy potential evapo
transpiration in mm/day estimated by four methods.

b** significant at 1% level.
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use (Table 23). The regression coefficient of ETP did not

differ markedly from the ratio of monthly mean of daily

consumptive water use to monthly mean of daily ETP at full

canopy.

The monthly mean of daily EO with a = 1.28 overesti

mated potential evapotranspiration of sugarcane and it was

greater than the monthly mean of daily PAN (Figure 4). The

monthly mean of daily consumptive water use was 32 and 60

percent of the monthly mean of daily EO with a = 1.28 dur

ing partial and full canopy, respectively. With a = 0.85,

it was 49 and 91 percent of the monthly mean of daily EO,

respectively, at partial and full canopy. Monthly mean of

daily EO either with a = 0.85 or with a = 1.28 explained

98 percent of the variation in monthly mean of daily .con

sumptive water use (Table 23). Monthly mean of daily

values of consumptive water use and potential evapotranspi

ration estimated by the four methods dramatically improved

the coefficient of determination of the regression of con

sumptive water use with potential evapotranspiration.

c. Second Ratoon

The daily PAN explained 41 percent of the variation in

daily consumptive water use at partial canopy, March-July.

1972 (Table 24). The daily PAN and daily consumptive water

use were not linearly related at the first month of the

second ratoon. The regression coefficient of daily PAN
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Table 24. Regression ~quations of Daily Consumptive WRter
Use (Y, mm/day) with Class A Pan Evaporation
with a Pan Factor of 1.00 (PAN, mm/day) in Dif
ferent Months at Partial and Full Canopy of the
Second Ratoon of H 50-7209 Grown in the Hydrau
lic Lysimeter.

Coefficient of
Month Regression Equation Determinationa

Partial Canopy
1972
March ns
April ns
May Y = 0.01 + 0.37 PAN 0.45**
June Y =-0.33 + 0.69 PAN 0.75**
July Y = 0.04 + 0.69 PAN 0.53**
March-July Y =-0.20 + 0.59 PAN 0.41**

Full Canopy
August Y = 0.10 + 0.81 PAN 0.65**
September Y = 1.87 + 0.57 PAN 0.59**
October Y = 0.79 + 0.71 PAN 0.79**
November Y = 1.15 + 0.63 PAN 0.55**
December Y = 0.58 + 0.64 PAN 0.51**
1973
January Y = 1.38 + 0.28 PAN 0.18*
February Y = 1.87 + 0.32 PAN 0.20*
March Y = 0.96 + 0.59 PAN 0.76**
April Y = 1.56 + 0.52 PAN 0.52**
May Y = 0.71 + 0.72 PAN 0.57**
June Y = 0.66 + 0.78 PAN 0.82**
July Y = 1.37 + 0.64 PAN 0.67**
August 1972-
July 1973 Y = 0.48 + 0.75 PAN 0.72**

ans not significant, * significant at 5% level, ** signi
ficant at 1% level.
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increased to 0.81 as the crop reached the full canopy.

When the intercept of the regression equation approached

zero as in May to August 1972, the regression coefficient

of daily PAN was almost equal to the ratio of monthly mean

of daily consumptive water use to monthly mean of daily

PAN. Ekern (1977) reported that strong positive advection

from the harvested cane field immediately upwind of the ly

simeter site in April 1972 and from the nearby experimental

plots in August 1972 increased consumptive water use and

Class A pan evaporation despite the buffer around the lysi

meter. At full canopy, August 1972-July 1973, the daily,

PAN explained 72 percent of the variation in daily consump

tive water use. At this stage, daily PAN explained 51 to

82 percent of the variation in daily consumptive water use

in each month except in January and February 1973. The low

air temperature in January and February 1973 may have re

duced the consumptive water use (Table 7). Only the

regression coefficient of the regression equation changed

when the pan factor of Class A pan evaporation was reduced

to 0.85 (Table 25).

In January and February 1973, daily RPET, ETP, and EO

explained not more than 50 percent of the variation in

daily PAN (Table 26). A similar result was also obtained

with daily RPET in November 1972 and March 1973. Signifi

cantly high R2,s were obtained with these three methods in

other months during the second 'ratoon.
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Table 25. Regression Equations of Daily Consumptive Water
Use (Y, rmn/day) with Class A Pan Evaporation
With a Pan Factor of 0.85 (XPAN, mm/day) in Dif
ferent Months at Partial and Full Canopy of the
Second Ratoon of H 50-7209 Grown in the Hydau1ic
Lysimeter.

Coefficient of
Month Regression Equation Determinationa

Partial Canopy
1972
March ns
April ns
May Y = 0,01 + 0.43 XPAN 0.45**
June Y =-0.33 + 0.81 XPAN 0.75**
July Y = 0.04 + 0.81 XPAN 0.53**
March-July Y =-0.20 + 0.69 XPAN 0.41*·*

Full Canopy
August Y = 0.09 + 0.95 XPAN 0.65**
September Y = 1.86 + 0.67 XPAN 0.59**
October Y = 0.76 + 0.84 XPAN 0.79**
November Y = 1.15 + 0.75 XPAN 0.55**
December Y = 0.58 + 0.78 XPAN 0.51**
1973
January Y = 1.37 + 0.32 XPAN 0.18*
February Y = 1.87 + 0.38 XPAN 0.20*
March Y = 0.96 + 0.70 XPAN 0.76**
April Y = 1.56 + 0.62 XPAN 0.51**
May Y = 0.71 + 0.85 XPAN 0.57**
June Y = 0.66 + 0.92 XPAN 0.82**
July Y = 1.37 + 0.75 XPAN 0.67**
August 1972-
July 1973 Y = 0.48 + 0.88 XPAN 0.72**

an s not significant, * signifi~ant at 5% level, **signi
ficant at 1% level.



101

Table 26. R2 of the Regression of the Daily Class A Pan
Evaporation at a Pan Factor of 1.00 with Poten
tial Evapotranspiration Estimated by Different
Methods in Each Month During the Second Ratoon
of H 50-7209 Grown in the Hydraulic Lysimeter. a

Ekern Hargreaves Priestley-Taylor
Month Method Method Method

1972
March 0.55* 0.62* 0.59*
April 0.66** 0.64* 0.66**
May 0.59** 0.72** 0.72**
June 0.66** 0.66** 0.66**
July 0.55** 0.56** 0.56**
August 0.53** 0.53** 0.53**
September 0.66** 0.67** 0.67**
October 0.59** 0.52** 0.59**
November 0.49** 0.75** 0.53**
December 0.77** 0.72** 0.76**
1973
January 0.50** 0.40** 0.27**
February 0.34** 0.27** 0.30**
March 0.50** 0.64** 0.73**
April 0.72** 0.71** 0.72**
May 0.62** 0.61** 0.79**
June 0.72** 0.72** 0.79**
July 0.77** 0.81** 0.79**

~s not significant, * significant at 5% level, ** signi-
ficant at 1% level.
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The coefficient of determination of the regression of

daily consumptive water use with daily RPET at partial can

opy of the second ratoon, March-July 1972, was lower than

the coefficient of determination in most months at the same

stage of the crop (Table 27). This was due to the varia

tion in leaf area with age of the cane. This is reflected

on the regression coefficient of daily RPET which increased

as the canopy closed. Daily wind speed alone in May .1972

explained 51 percent of the variation in daily consumptive

water use (Table 19). In this month, daily RPET together

with daily wind speed did not improve the coefficient of

determination of the regression equation of daily consump

tive water use either with daily RPET or with daily wind

speed. The multiple regression of daily wind speed and

RPET with daily consumptive water use showed that wind·

speed contributed 10 to 15 percent to the variation in

daily consumptive water use in June, July, and November

1972. Daily RPET explained 71 percent of the variation in

daily consumptive water use at full canopy, August 1972

July 1973. Except in January and February 1973, the

coefficient of determination was more than 0.50.

The regression equation of the pooled daily va~ues of

consumptive water use either with daily ETP or with daily

EO at partial canopy had generally lower coefficient of

determination than that of the monthly grouping ·of the

daily consumptive water use and daily EO or ETP at this
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Table 27. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotrans
piration Estimated with Ekern Method (RPET,
mm/day) in Different Months at Partial and Full
Canopy of the Second Ratoon of H 50-7209 Grown
in the Hydraulic Lysimeter.

Month

1972
March
April
May
June
July
March-July

August
September
October
November
December
1973
January
February
March
April
May
June
July
August 1972
July 1973

Regression Equation

Partial Canopy

Y = 1.27 + 0.30 RPET

Y = 1.01 + 0.24 RPET
Y = 0.92 + 0.65 RPET
Y = 1.29 + 0.76 RPET
Y = 1.69 + 0.35 RPET

Full Canopy
Y = 0.88 + 0.96 RPET
Y = 2.20 + 0.72 RPET
Y = 1.42 + 0.86 RPET
Y = 1.75 + 0.79 RPET
Y = 1.12 + 0.67 RPET

Y = 1.02 + 0.53 RPET
Y = 1.62 + 0.52 RPET
Y = 2.09 + 0.50 RPET
Y = 1.71 + 0.63 RPET
Y = 1.12 + 0.78 RPET
Y = 0.43 + 1.04 RPET
Y = 1.38 + 0.80 RPET

Y = 1.08 + 0.85 RPET

Coefficient of
Determinationa

0.52
ns

0.31**
0.57**
0.60**
0.12**

0.69**
0.63**
0.61**
0.55**
0.54**

0.44**
0.22*
0.54**
0.56**
0.66**
0.82**
0.86**

0.71**

~s not significant, * significant at 5% level, ** signi
ficant at 1% level.
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stage (Tables 28 and 29). The regression coefficient of

daily ETP or EO increased as the canopy developed. The

monthly variation in the coefficient of determination with

these two methods at full canopy was similar. The coeffi

cient of determination was low in January and February 1973

during this stage. The daily ETP and EO explained, re

spectively, 77 and 76 percent of the variation in daily

consumptive water use at this stage, August 1972-July 1973.

Class A pan method at either pan factor was more ef

fective than Ekern, Hargreaves, or Priestley-Taylor method

in explaining the variation in daily consumptive water use

at partial canopy (Table 30). However, Hargreaves and

Priestley-Taylor methods were equally effective and better

than Class A Pan and Ekern methods in explaining the vari

ation in daily consumptive water use at full canopy, August

1972-July 1973. The coefficients of determination of the

regression of daily consumptive water use with dailypoten

tial evapotranspiration estimated by the different methods

in different months were generally higher in the second

ratoon than in the plant crop and first ratoon.

Figures 5 and 6 show the monthly mean of daily con

sumptive water use and monthly mean of daily potential

evapotranspiration estimated by the different methods dur

ing the second ratoon. The monthly mean of daily

consumptive water use was 55 and 84 percent of the monthly

mean of daily PAN during the partial canopy, March-July
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Table 28. Regression Equations of the Daily Comsumptive
Water Use (Y, mm/day) with Potential Evapotrans
piration Estimates with Hargreaves Method (ETP,
mm/day) in Different Months at Partial and Full
Canopy of the Second Ratoon of H 50-7209 Grown
in the Hydraulic Lysimeter.

Month

1972
March
April
May
June
July
March-July

August
September
October
November
December
1973
January
February
March
April
May
June
July
August 1972
July 1973

Regression Equation

Partial Canopy

Y = 0.54 + 0.45 ETP

Y = 0.29 + 0.37 ETP
Y =-0.75 + 0.73 ETP
Y =-0.58 + 1.03 ETP
Y = 0.18 + 0.63 ETP

Full Canopy
Y = 1.79 + 1.36 ETP
Y = 0.44 + 1.00 ETP
Y =-0.34 + 1.09 ETP
Y =-0.55 + 1.26 ETP
Y =-0.67 + 1.09 ETP

Y =-0.44 + 0.84 ETP
Y = 0.64 + 0.70 ETP
Y = 0.68 + 0.78 ETP
Y = 0.41 + 0.88 ETP
Y =-0.83 + 1.16 ETP
Y =-1.73 + 1.39 ETP
Y =-0.43 + 1.09 ETP

Y =-0.73 + 0.90 ETP

Coefficient o~
Determination

0.52*
ns

0.33**
0.58**
0.60**
0.21**

0.72**
0.60**
0.57**
0.69**
0.54**

0.50**
0.22**
0.56**
0.55**
0.66**
0.79**
0.85**

0.77**

ans not significant, * significant at 5.% LeveL, ** signi
ficant at 1% level.
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Table 29. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotran
spiration Estimated with Priestley-Taylor Method
with a = 1.28 (EO, mm/day) in Different Months
at Partial and Full Canopy of the Second Ratoon
of H 50-7209 Grown in the Hydraulic Lysimeter.

Month

1972
March
April
May
June
July
March-July

August
September
October
November
December
1973
January
February
March
April
May
June
July
August 1972
July 1973

Regression Equation

Partial Canopy

Y = 0.53 + 0.30 EO

Y = 0.33 + 0.25 EO
Y =-0.73 + 0.66 EO
Y =-0.59 + 0.78 EO
Y = 1.06 + 0.32 EO

Full Canopy
Y =-1.67 + 1.03 EO
Y = 0.41 + 0.76 EO
Y =-0.50 + 0.89 EO
Y =-0.46 + 0.94 EO
Y =-0.63 + 0.80 EO

Y =-0.40 + 0.63 EO
Y = 0.54 + 0.55 EO
Y = 0.74 + 0.58 EO
Y = 0.31 + 0.68 EO
Y = 0.82 + 0.88 EO
Y =-1.89 + 1.10 EO
Y =-1.04 + 1.07 EO

Y =-0.79 + 0.90 EO

Coefficient of
Determinationa

0.52*
ns

0.32**
0.58**
0.60**
0.10**

0.71**
0.62**
0.59**
0.64**
0.55**

0.49**
0.22**
0.56**
0.65**
0.66**
0.81**
0.79**

0.76**

~s not significant, * significant at 5% level, ** signi
ficant at 1% level.
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1972 and full canopy, August 1972-July 1973, respectively.

At full canopy, the monthly mean of daily XPAN was almost

equal to the monthly mean of daily consumptive water use

except in summer of 1972 when strong positive advection

occurred. In most months at full canopy, monthly means of

daily RPET and ETP were less than the monthly mean of daily

consumptive water use. This suggests that the aerodynamic

factor of evaporative demand is underestimated by Ekern and

Hargreaves methods when strong positive advection and

strong wind occurred. The monthly mean of daily EO with

a = 1.28 overestimated the monthly mean of daily potential

evapotranspiration and it exceeded the monthly mean of

daily consumptive water use. However, the monthly.mean of

daily EO with a = 0.85 was generally less than the mon~hly

mean of daily consumptive water use at full canopy.

The coefficients of determination of the regressLon of

monthly mean of daily potential evapotranspiration esti

mated by Class A pan method at either pan factor and

Hargreaves method with monthly mean of daily consumptive

water use were almost similar (Table 31). Ekern method was

as effective as the Priestley-Taylor method either with

a = 0.85 or with a = 1.28 in explaining the variation in

monthly mean of daily consumptive water use at full canopy.

The coefficients of determination of Class A pan method and

Hargreaves methods were higher than that of the Ekern and

Priestley-Taylor methods.



Table 31. Regression Equations for the Monthly Mean of
Daily Consumptive Water Use (Y, mm/day) in
Relation to Monthly Mean of Daily Potential
Evapotranspiration Estimated by Different
Methods During the Full Canopy of the Second
Ratoon of H 50-7209 Grown in the Hydraulic
Lysimeter.

Coefficient of
Method Regression Equation Determination b

Class A Pan
Pan Factor = 0.85 Y = 0.06 +.0.96_XPANa 0.79**
Pan Factor = 1.00 Y= 0.06 + 0.81 PANa 0.79**

Ekern Method Y = 0.81 + 0.90 RPETa 0.74**

Hargreaves Method Y =-0.84 + 1.16 ETpa 0.81**

Priestley-Taylor
Method

ex = 0.85 Y =-0.62 + 1. 27 EOa 0.74**
ex = 1.28 Y =-0.65 + 0.85 EO 0.72**

a XPAN, -PAN, RP-ET, ETP, and EO are daily potential evapo-
transpiration in mm/day estimated by four methods.

b** . ·f· 1% 1 1S1gn1 1cant at 0 eve.

111
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The intercepts, regression coefficients of the esti

mated daily potential evapotranspiration, and residual

variances of the regression equations of daily consumptive

water use with daily potential evapotranspiration estimated

with each method were not significantly different during

the full canopy of the plant crop and the first ratoon.

The four methods of estimating daily potential evapotran

spiration were equally effective in explaining the

variation in daily consumptive water use during the full

canopy of these two crops (Table 32). The regression equa

tion of daily consumptive water use with estimated daily.

potential evapotranspiration by each method at full canopy

of the second ratoon significantly differed either with

that during the plant crop or with that during the first

ratoon crop. This may be attributed to the high daily:wind

speed and the occurrence of strong positive advection dur

ing the full canopy of the second ratoon (Table 33). The

mean daily incident solar radiation at full canopy was even

higher during the plant crop than during the second ratoon

crop. The mean daily consumptive water use was higher in

the second ratoon than in the plant and first ratoon crops.

During the full canopy of three crops, Class A pan

method was better than the Ekern, Hargreaves, or Priestley

Taylor method in estimating the monthly mean of daily

potential evapotranspiration. It explained 84 percent of

the variation in monthly mean of daily consumptive water
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Table 32. Regression Equations of the Daily Consumptive
Water Use (Y, mm/day) with Potential Evapotran
spiration Estimated by Different Methods During
the Full Canopy of the Plant Crop and First Ra
toon of H 50-7209 Grown in a Hydraulic Lysimeter.

Method Regression Equation
Coefficient of
Determinationb

Class A Pan

0.55**

y = 0.89 + 0.67 XPANa 0.55**
y = 0.89 + 0.57 PANa 0.55**

y = 1.49 + 0.50 RPETa 0.53**

Y = 0.31 + 0.71 ETp a 0.55**

Ekern Method

Pan Factor = 0.85
Pan Factor = 1.28

Hargreaves Method

Priestley-Taylor
Method

a = 1.28 Y = 0.28 + 0.55 EO a

a XPAN, PAN, RPET, ETP, and EO .are daily potential evapo
transpiration in mm/day estimated by four methods.
b** significant at 1% level.



Table 33. Mean Daily Wind Speed, Incident Solar Radiation, and Consumptive Water Use
During the Full Canopy of Three Crops of H 50-7209 Grown in the Hydraulic
Lysimeter.

Crop

Plant Crop

First Ratoon

Second Ratoon

Incident Solar Consumptive Water
Wind Speed Radiation Use

km/day cal/cm2/day mm/day

258.0 463.1 3.33

204.8 380.0 2.96

293.7 455.7 4.17

~

~

-I:'-
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use during the three crops (Table 34). Hargreaves method

was better than the Ekern or Priestley-Taylor method in

estimating the monthly mean of daily potential evapotran

spiration. The Priestley-Taylor method at either a was the

least effective. The coefficient of determination of the

regression of monthly mean of daily consumptive water use

with monthly mean of daily potential evapotranspiration

estimated by Priestley-Taylor method did not differ among

the values of a. Only the regression coefficient of EO

changed. The monthly mean of daily values improved the

coefficient of determination of the regression of consump

tive water use with estimated potential evapotranspiration

by Class A pan, Ekern, and Hargreaves methods in compari.son

to the daily values at full canopy. The daily values of .

estimated potential evapotranspiration with Priestley

Taylor methods explained more of the variation in

consumptive water use than the monthly mean of daily.yalues

at full canopy.

The regression equation of the monthly mean of daily

consumptive water use with monthly mean of daily potential

evapotranspiration estimated with Class A pan, Ekern, or

Hargreaves methods during the full canopy of the plant crop

and the first ratoon were homogenous. Monthly mean of

daily RPET and ETP explained more of the variation in

monthly mean of daily consumptive water use than the Class

A pan method at full canopy (Table 35). Only the regression
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Table 34. Regression Equations of the Monthly Mean of
Daily Consumptive Water Use (Y, mm/day) with
Monthly Mean of Daily Potential Evapotranspira
tion Estimated by Different Methods During the
Full Canopy of the Three Crops of H 50-7209
Grown in the Hydraulic Lysimeter.

Method

Class A Pan
Pan Factor = 0.85
Pan Factor = 1.00

Ekern Method

Hargreaves Method

Priestley-Taylor
Method

ex = 0.85
ex = 1. 28

Regression Equation

Y = 0.18 + 0.91 XPANa

Y = 0.18 + 0.77 PANa

Y = 1.06 + 0.73 RPETa

Y =-0.52 + 1.00 ETpa

Y = 1.14 + 0.66 EOa

Y = 1.14 + 0.44 EO

Coefficient of
Determinationb

0.84**
0.84**

0.65**

0.71**

0.42**
0.42**

a XPAN, PAN, RPET, ETP, and EO are daily potential evapo
transpiration in rom/day estimated by four methods.
b** significant at 1% level.



Table 35. Regression Equations of the Monthly Mean of
Daily Consumptive Water Use (Y, mm/day) with
-Monthly Mean of Potential Evapotranspiration
Estimated by Different Methods During the Full
Canopy of the Selected Crops of H 50-7209
Grown in the Hydraulic Lysimeter.
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Method Regression Equation
Coefficient of
Determinationb

Plant Crop and First Ratoon

Class A Pan
Pan Factor = 0.85 Y = 0.72 + 0.85 XPANa 0.84**
Pan Factor = 1.00 Y = 0.72 + 0.73 PANa 0.84**

Ekern Method Y = 1. 42 + 0.52 RPETa 0.92**

Hargreaves-Allan
ETpaMethod Y = 0.26 + 0.72 0.94**

Plant Crop and Second Ratoon

Class A Pan
Pan Factor = 0.85
Pan Factor = 1.00

Y = 0.34 + 0.88 XPAN
Y = 0.34 + 0.75 PAN

0.82**
0.82**

a XPAN, PAN, RPET, ET2, and EO are daily potential evapo
transpiration in mm/day estimated by four methods.
b** significant at 1% level.
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equations of monthly mean of daily Class A pan evaporation

at either pan factor with monthly mean of daily consumptive

water use at full canopy of the plant crop and the second

ratoon were homogenous. The coefficients of determination

of the regression equations of monthly mean of daily con

sumptive water with monthly mean of daily potential

evapotranspiration estimated with Class A pan method at

either pan factor were comparable during the plant and

first ratoon crops, the plant crop and second ratoon, and

the three crops (Tables 34 and 35).

Evaluation of the Applicability of the Ritchie's Daily.
Water Balance Model in Sugarcane

The distribution of incident solar radiation above and

below the sugarcane canopy is dependent on light transmi.s

sion ratio (LTR). The ratio of solar radiation below to

the that above the canopy decreased with leaf area in-

dex (Figure 7). The light transmission ratio of sugarcane

canopy generally agreed with the estimated fraction of net

radiation below the canopy with Ritchie's (1972) empirical

equation using leaf area index. This suggests that Ritchie

empirical equation for fraction of net solar radiation be

low the canopy can be used in sugarcane to estimate the

potential evapotranspiration below the canopy.

When Class A pan evaporation with a pan factor of

J.O was used as the potential evapotranspiration with

Ritchie's daily water balance model, the weekly estimated
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evapotranspiration generally exceeded the weekly consump

tive water use of the second ratoon of H 50-7209 grown in

the hydraulic lysimeter (Figure 8). The estimated weekly

evapotranspiration was markedly higher than weekly consump

tive water use in the 10th and 11th week and in the 15th

to 18th week because of the strong positive advection which

resulted in high potential evapotranspiration (Ekern, 1977).

The pan factor of 1.0 overestimated potential evapotran

spiration of sugarcane.

Changing the Class A pan factor to 0.85, generally

improved the agreement between weekly consumptive water use

and estimated evapotranspiration (Figure 9). The strong

positive advection during the summer months of 1972 in

creased the difference between weekly consumptive water use

and the estimated evapotranspiration.

Figure 10 shows accumulative amount of estimated'week

ly evapotranspiration and its components namely the leaf.

and mulch interception evaporation, soil evaporation,. and'

transpiration. Soil evaporation was the predominant com

ponent during the first five weeks. Mulch interception

evaporation was the least throughout the growing period and

constituted 1.8 percent of the estimated evapotranspiration

(Table 36). Transpiration constituted most of the estimat

ed evapotranspiration as the canopy developed. At harvest,

soil evaporation and transpiration were 6.9 and 86.7 per

cent of the total estimated evapotranspiration, respectively.
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Table 36.

Component

124

Components of the Total Estimated Evapotranspi
ration with Ritchie's Daily Water Balance Model
During the Second Ratoon of H 50-7209 Grown in
the Hydraulic Lysimeter.

Amount
(mm)

Soil Evaporation

Transpiration

Leaf Interception Evaporation

Mulch Interception Evaporation

Total Estimated Evapotranspiration

135.13

1689.61

88.94

34.12

1947.80
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Leaf interception evaporation constituted 4.8 percent of

the total estimated evapotranspiration.

The total consumptive water use of the second ratoon

was 1896.87 mm with the hydraulic 1ysimeter method (Ekern,

1977). This method partly accounted for leaf and mulch

interception evaporation in addition to soil evaporation

and transpiration. The consumptive water use was 97.4 per

cent of the total estimated evapotranspiration. This

strongly suggests the validity of the Class A pan evaporation

with a pan factor of 0.85 as potential evapotranspiration

of sugarcane and the applicability of the Ritchie's daily

water balance model in sugarcane.

The estimated weekly evapotranspiration with Ekern

method of estimating potential evapotranspiration was

generally less than the weekly consumptive water use with

the hydraulic lysimeter method (Figure 11). The very.low

estimated weekly evapotranspiration in the 17th and 60th

week was due to some missing incident solar radiation data.

The positive advection in summer of 1972 resulted in higher

weekly consumptive water use than the estimated weekly'

evapotranspiration. This was remarkable in the 15th to

35th week. In July and November 1972, daily wind speed

explained as much as 15 percent of the variation in daily.

consumptive water use (Table 19).
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Figure 11. Weekly Consumptive Water Use (USE) and Estimated
Evapotranspiration (EET) with Ritchie's Daily
Water Balance Model with Daily Potential Evapo
transpiration Computed by Ekern Method During
the Second Ratoon of H 50-7209 Grown in the
Hydraulic Lysimeter.
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Use of Ritchie's Daily Water Balance Model on FT-5 and
FT-7 Sugarcane Variety Trials

Table 37 shows the mean cane yield of H 50-7209 and

H 59-3775 sugarcane varieties in the FT-5 and FT-7 sugar

cane variety trails on six soils in the Oahu Sugar Company.

The number of trials differed among soils. A ltmited num

ber of trials on furrow irrigated H 59-3775 was used

because the irrigation schedules of the other sugarcane

varity trials were missing. The mean cane yield of H 50

7209 either in tons per acre or in tons per acre per month

on different soils was in the decreasing order of Ewa >

Honouliuli > Wahiawa> Kunia > Molokai > Lahaina soil. The

mean cane yield of H 59-3775 was in the decreasing order of

Ewa > Molokai > Honouliuli > Kunia> Wahiawa> Lahaina soil.

The order of the mean cane yield of the combination of the

two sugarcane varieties on these soils was similar to H 50-

7209.

The mean monthly estimated evapotranspiration did not

differ markedly among sugarcane varieties on each soil at

each root zone depth (Table 38). The mean monthly estimat

ed evapotranspiration at 90-cm was about 20 mm per month

more than that at 45-cm root zone depth on Wahiawa, Lahai

na, Kunia, and Molokai soils. It only increased by about

28 mm per month when the root zone depth was changed from

45 cm to 90 cm on Honouliuli and Ewa soils.



Table 37. Mean Cane Yield of the Two Sugarcane Varieties
Grown on Six Soils in Oahu Sugar Company, Ltd.

Variety

Soil H 50...,7209 H 59-3775 Mean

Tons J Acre

Wahiawa 137.13(14)* 126.18( 5) 134.25

Lahaina 125.56( 8) 116.94( 5) 122.25

Mo1okai 126.62(31) 132.93(14) 128.54

Kunia 136.15(11) 127.54( 5) 133.45

Ewa l47.86( 5) 137.67( 6) 142.30

Honouliuli 142.64(20) 128.53(12) 137.35

Ton J Acre J Month

Wahiawa 5~'83 5.20 5.67

Lahaina 5.30 5.05 5.21

Mo1okai 5.40 5.62 5.47

Kunia 5.72 5.32 5.59

Ewa 6.44 5.79 6.09

Honouliuli 6.10 5.61 5.92

* Number enclosed in the parenthesis was the sample size.
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Table 38. Mean Monthly Evapotranspiration Estimated by
Ritchie's Daily Water Balance Model of Two
Sugarcane Varieties at Two Root Zone Depths
on Six Soils.

Variety
Root Zone

Soil Depth H 50-7209 H 59-3775 Mean

cm mm/ month

Wahiawa 45 76.58 72.91 75.62

90 94.98 93.53 94.57

Lahaina 45 64.93 63.47 64.37

90 84.99 84.68 84.87

Molokai 45 67.47 67.24 67.38

90 86.56 89.30 87.41

Kunia 45 74.07 68.16 72.22

90 93.57 90.19 92.51

Ewa 45 71.73 63.68 67.31

90 98.13 92.71 95.16

Honou1iuli 45 73.32 76.86 77.14

90 103.16 108.51 105.17
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The mean cane yield of H 50-7209 on six soils either

in tons per acre or tons per acre per month had only sig

nificant linear relationship with mean monthly estimated

evapotranspiration (MEET) at 90-cm root zone depth (Figure

12). Mean monthly estimated evapotranspiration explained,

respectively, 83 and 77 percent of the variation in cane

yields in tons per acre and in tons per acre per month.

The regression coefficient of MEET suggests that the con

sumptive water use efficiency of H 50-7209 was 1.15 tons

cane per acre per mm or 0.054 ton cane per acre per mm of

mean monthly estimated evapotranspiratiol\. The significant

linear relationship between mean cane yield and MEET sug

gests that cane yield and crop evapotranspiration

relationship are similar among soils.

The total daily estimated evapotranspiration (EET) of

H 50-7209 was linearly related with cane yield on six soils

(Table 39). The EET of H 59-3775 was linearly related with

the cane yield only on Molokai and Honouliuli soils. The

amount of variation in cane yield explained by EET differed

among sugarcane varieties, root zone depths, and soils.

The EET explained more variation in cane yield of H

50-7209 at 45-cm than at 90-cm root zone depth on Molokai

soil (Table 39). Figure 13 shows the relationship between

cane yield of H 50-7209 and EET at 45-cm root zone depth

on Molokai soil. The regression coefficient of EET was

relatively low, 2.94 tons per 100 mm of EET. The coefficient
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Table 39. Regression Equations of Cane Yield (Y, tons/

acre) with Total Estimated Evapotranspiration
(EET, mm) of Two Sugarcane Varieties at Two
Root Zone Depths on Six Soils.

Root Zone
Depth Coefficient of

Variety (em) Regression Equation Determinationa

Molokai Soil

H 50-7209 45 Y = 79.88252 + 0.02940 EET 0.26**
90 Y = 74.12320 + 0.02582 EET 0.23**

H 59-3775 45 Y = 26.90407 + 0.06663 EET 0.51**
90 Y = -0.79951 + 0.06767 EET 0.60**

H 50-7229 45 Y = 64.72642 + 0.04015 EET 0.32**
and

H 59-3775 90 Y = 48.46492 + 0.03895 EET 0.35**

Honou1iu1i Soil

H 50-7209 45 Y = 74.78756 + 0.03763 EET 0.21*
90 ns

H 59-3775 45 Y = 33.16539 + 0.05426 EET 0.44*
90 Y = -1.36429 + 0.05251 EET 0.39*

Wahiawa Soil

H 50-7209 45 Y = 3.28983 + 0.07462 EET 0.58**
90 Y = 11.00741 + 0.05679 EET 0.43**

H 59-3775 45 ns
90 ns

Ewa Soil---
H 50-7209 45 Y = 24.62268 + 0.07595 EET 0.83*

90 ns
H 59-3775 45 ns

90 ns

Lahaina Soil

H 50-7209 45 ns
90 Y =-12.66117 + 0.06887 EET 0.60*



Table 39. (Continued) Regression Equations of Cane Yield
(Y, tons/acre) with Total Estimated Evapotran
spiration (EET, mm) of Two Sugarcane Varieties
at Two Root Zone Depths on Six Soils.

Root Zone
Depth Coefficient of

Variety (em) Regression Equation Determinationa

H 59-3775 45 ns
90 ns

Kunia Soil

H 50-7209 45 ns
90 Y= 6.01481 + 0.05846 EET 0.50*

H 59-3775 45 ns
90 ns

an s not significant, * significant at 5% level, ** signi
ficant at 1% level.
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of determination of the regression of cane yield of H 59

3775 with EET was higher at 90-cm than at 45-cm root zone

depth on this soil (Table 39 and Figure 14). The inter

cepts, regression coefficients of EET, and residual

variances of the regression equations of cane yield with

EET of the two varieties at a root zone depth were not sig

nificantly different. The two sugarcane varieties behaved

similarly on Molokai soil. Figure 15 shows the relation

ship between cane yield of the two varieties and EET at

90-cm root zone depth wherein the coefficient of determina

tion of the regression of cane yield with EET was higher

than at 45-cm root zone depth.

On Honouliuli soil, determination coefficient of the

regression of cane yield of either H 50-7209 or H 50-3775

with EET was higher at 45-cm than at 90-cm root zone depth

(Table 39). Figures 16 and 17 show, respectively, the re

lationship of cane yield of H 50-7209 and H 59-3775 with

EET at 45-cm root zone depth. The regression coefficient

of EET and the intercept of the regression equation of cane

yield with EET were lower with H 59-3775 than with H 50

7209. However, the intercepts of the regression equations

of cane yield with EET of the two sugarcane varieties at

45-cm root zone depth were significantly different, but not

the residual variances and the regression coefficients.

This suggests that the two sugarcane varieties respond dif

ferently to the level of water use on Honouliuli soil
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particularly at low amount of EET.

The EET explained 58 and 83 percent of the variation

in cane yield of H 50-7209 on Wahiawa and Ewa soils, re

spectively, at 45-cm root zone depth (Table 39 and Figures

18 and 19). The regression coefficients of EET on these

two soils were comparable, but the ranges of EET were dif~

ferent. The EET was also linearly related with cane yield

of H 50-7209 at 90-cm root zone depth, and it explained 60

and 50 percent of the variation in cane yield on Lahaina

and Kunia soils, respectively (Table 39). Figures 20 and

21 show, respectively, the relationship between cane yield

of H 50-7209 with EET at 90-cm root zone depth on Lahaina

and Kunia soils.

The tons cane per acre per month (TCAM) and EET of the

two sugarcane varieties were linearly related on some soils

(Table 40). The determination coefficient of the regres

sion of EET with TCAM was not better than that of the

regression of EET with TCA on most soils. The root zone

depth in each soil wherein significant EET-TCAM relation

ship of each sugarcane variety occurred was consistent with

EET-TCA relationship. TCAM of H 50-7209 was significantly·

related with EET on Wahiawa, Honouliuli, Kunia, and Ewa

soils. H 59-3775 has significant linear EET-TCAM relation

ship only on Molokai soil.
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Table 40. Regression Equations of Cane Yield (Y, tons/
acre/month) with Total Estimated Evapotranspira
tion (EET, mm) with Ritchie's Daily Water
Balance Model of Two Sugarcane Varieties at Two
Root Zone Depths on Six Soils.

Root Zone
Depth Coefficient of

Variety (em) Regression Equation Determinationa

Molokai Soil

H 50-7209 45 ns
90 ns

H 59-3775 45 ns
90 Y = 2.42883 + 0.00151 EET 0.32*

Honouliuli Soil

H 50-7209 45 Y = 3.60504 + 0.00139 EET 0.21*
90 ns

H 59-3775 45 ns
90 ns

Wahiawa Soil

H 50-7209 45 Y = 2.10993 + 0.00208 EET o. 47'~*

90 Y = 2.18283 + 0.00164 EET 0.38*
H 59-3775 45 ns

90 ns

Ewa Soil---
H 50-7209 45 Y = 1.26152 + 0.00319 EET 0.90*

90 ns
H 59-3775 45 ns

90 ns

Lahaina Soil-
H 50-7209 45 ns

90 ns
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Table 40. (Continued) Regression Equations of Cane Yield
(Y, tons/acre/month) with Total Estimated Evap
otranspiration (EET, mm) with Ritchie's Daily
Water Balance Model of Two Sugarcane Varieties
at Two Root Zone Depths on Six Soils.

Root Zone
Depth Coefficient of

Variety (em) Regression Equation Determinationa

H 59-3775 45 ns
90 ns

Kunia Soil

H 50-7209 45 ns
90 Y = 1.68425 + 0.00181 EET 0.37*

an s not significant, * significant at 5% level.
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Influence of Different Elevated Pan Factors and Root Zone
Depths on the Relationshi~ Between Cane Yield and Estimated
Evapotranspiration of H 5 -3775 on Mo10kai Soil

The amount of the variation in cane yield of H 59-3775

on Molokai soil explained by EET at 0.70 elevated pan fac

tor increased with root zone depth until 90-cm and then

decreased (Figures 22, 23, and 24). The intercept of the

regression equation also decreased with root zone depth.

At 75-cm root zone depth, it approached zero and the coef

ficient of determination of the regression of EET with

cane yield was only 1 percent less than the maximum coeffi

cient of determination which was obtained at 90-cm root

zone depth. The regression coefficient of EET did not

change markedly with root zone depth greater than 30~cm.

At elevated pan factor of 0.85, maximum coefficient

of determination was obtained at 105-cm root zone depth

(Figure 25). EET at 105-cm root zone depth accounted more

of the variation in cane yield than at shallower root zone

depth. The intercept of the regression equation was closer

to zero and the regression coefficient of EET was its maxi

mum at this root zone depth. In comparison with 0.70

elevated pan factor, EET estimated with 0.85 elevated pan

factor explained less variation in cane yield at any given

root zone depth. The ranges of EET with elevated pan fac

tor of 0.85 at 45-cm and 75-cm root zone depths were

comparable to that of 0.70 pan factor at 45-cm and 90~cm

root zone depths, respectively.
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EET estimated with elevated pan factor of 1.0 ex

plained the highest variation in cane yield at IDS-em root

zone depth like the elevated pan factor of 0.85 (Figure

26). The intercept of the regression equation also de

creased with root zone depth. In comparison with 0.70 and

0.85 elevated pan factors, the coefficient of determination

of the regression of EET with cane yield was the least with

elevated pan factor of 1.00 at any root depth shallower

than 105-cm. The ranges of EET estimated with 1.00 elevat

ed pan factor at 45-cm and 75-cm were comparable to 0.70

elevated pan factor at 60-cm and 105-cm root zone depths,

respectively.

TeAM was linearly related with EET at 75- to 105~cm

root zone depths with elevated pan factor of 0.70 (Table

41). The coefficient of determination of the significant

linear relationship was almost the same. From 75- to 105

cm root zone depths, the intercept of the regression

equation decreased and the coefficient of EET increased

slightly. No significant relationship between cane yield

and EET was obtained with 0.85 and 1.00 elevated pan fac

tors.

The mean "severe stress days" decreased with root zone

depth but increased with elevated pan factor (Figure 27).

The "severe stress days" did not decrease markedly .at root

zone depth greater than 75-cm when the elevated pan factor

of O. 70 was used. With elevated pan factors of 0 .. 85 and
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Table 41. Regression Equations of Cane Yield (Y, tons/
acre/month) with Total Estimated Evapotranspi
ration (EET) of H 59-3775 on Molokai Soil at
Different Root Zone Depths Using a Pan Factor
of 0.70 in Estimating the Potential Evapotran
spiration with Elevated Evaporation Pan.

Root Zone
Depth Coefficient of

(em) Regression Equation Determinationa

30 ns

45 ns

60 ns

75 Y = 2.68850 + 0.00149 EET 0.31*

90 Y = 2.42883 + 0.00151 EET 0.32*

105 Y = 2.14955 + 0.00161 EET 0.32*

an s not significant, * significant at 5% level.
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1.00, the "severe stress days" seemingly decreased slowly

with root zone depth greater than 90 cm.

An elevated pan factor of 0.70 approximates the poten

tial evapotranspiration of sugarcane at the Oahu Sugar

Company, Ltd. The total estimated evapotranspiration at

this pan factor explained more of the variation in cane

yield than at 0.85 or 1.00 elevated pan factor with any

root zone depth. Furthermore, the number of "severe stress

days" was less with 0.70 elevated pan factor than with the

higher pan factor. A significant linear relationship be

tween EET and TCAM was obtained only with 0.70 elevated pan

factor.

Assessment of Water Needs

The monthly rainfall at 75 percent exceedence prob

ability was generally high at Field 525, Field 220, and

Field 155 than at other weather stations of the Oahu Sugar

Company, Ltd. (Figures 28a and 28b). Monthly rainfall at

75 percent exceedence probability was low in April to Sep

tember than in other months. Field 525 weather station had

the highest monthly rainfall at 75 percent exceedence prob

ability among the eight weather stations. The monthly

rainfall at 75 percent exceedence probability at this

weather station was less than 40 mm in April to October and

it was its highest value in January. Field 200 and Field

155 weather stations had almost the same monthly rainfall
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at 75 percent exceedence probability in January. The

former had more rain than the latter in other months.

Monthly rainfall at 75 percent exceedence probability at

Field 155 and Kunia weather stations did not greatly differ

in February to December. The monthly rainfall at 75 per

cent exceedence probability at Reservoir 6, Reservoir 9,

Pump 10, and Ewa Mill weather stations was less than 25 mm

in most months except at Ewa Mill weather station in Decem

ber.

The mean weekly "Class A pan evaporation" at Reservoir

9 was the highest among the seven weather stations (Figure

29a and b). The mean weekly "Class A pan evaporation" at

different weather stations was in the order of Reservoir 9

> Reservoir 10 > Reservoir 6 > Ewa Mill > Field 155 > Field

540 > Field 200. The maximum evaporative demand in summer

at Reservoir 9 was 72 mm per week. The minimum weekly.

"Class A pan evaporation" at this station was about 50 per

cent of the maximum in summer. The other weather stations

had minimum "Class A pan evaporation" of about 20 to 27 mm

per week in winter weeks. The evaporative demand differed

markedly among the weather stations.

The ratio of weekly estimated evapotranspiration (ET)

to "Class A pan evaporation" (CAPE) is an index of the

adequacy of rainfall to meet the evaporative demand for

sugarcane growth. The distribution of the ratio of weekly

ET to CAPE fitted generally to the Beta distribution
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function at 15 percent level of significance using the

parametric Ko1mogorov-Smirnov test. When most of the ra

tios of weekly ET to CAPE were closed to 1.0 or 0.0, the

frequency distribution did not fit to the Beta distribution

function. The former occurred mostly in the earlier and

later part of the year when rain was fairly sufficient to

meet the evaporative demand. The latter occurred mostly

in summer when soil moisture was inadequate to meet the

evaporative demand even by increasing the root zone depth

to 90 cm.

The ET-CAPE ratio at 80 percent exceedence probability

of Wahiawa soil (Tropeptic Eutrustox) and Lahaina soil

(Tropeptic Haplustox) behaved similarly either at 45-cm or

at 90-cm root zone depth (Figures 30 a and b). It was less

than 0.55 at either root zone depth. It was generally be

low 0.25 except in the first few weeks at 45-cm root zone

depth. Increasing the root zone depth barely increased ET

CAPE ratio at 80 percent exceedence probability in most

weeks.

The ET-CAPE ratio at 80 percent exceedence probability.

on Molokai soil, a Typic Torrox, was lower than on Wahiawa

and Lahaina soils except in the first seven weeks (Figure

30c). It attained a maximum value of 0.36 at 45-cm root

zone depth in the first seven weeks. It was less than 0.05

in most weeks of the year. The inadequacy of rainfall in

the 19th to 47th week almost did not change the ET-CAPE
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ratio at 80 percent exceedence probability when the root

zone depth was increased to 90 cm. The increase in ET-CAPE

ratio in other weeks was not sufficient to meet 50 percent

of the evaporative demand.

The ET-CAPE ratio at 80 percent exceedence probability

on Kunia soil, an Ustoxic Humitropepts, was lower than on

Molokai soil at both root zone depths (Figure 38d). It was

equal to or less than 0.10 in most parts of the year either

at 45-cm or at 90-cm root zone depth. It increased from

about 0.30 to 0.40 by increasing the root zone depth to 90

cm during the first few weeks.

The ET-CAPE ratio at 80 percent exceedence probability

of Honouliuli soil, a Typic Chromustersts, was greater than

that of Ewa soil, a Torric Haplusto1ls, at either root zone

depth (Figure 30e). However, the former was less. than

that of Kunia soil. The ET-CAPE ratio at 80 percent ex

ceedence probability at 45- and 90-cm root zone depths did

not differ markedly and it was less than 0.10 in most weeks

of the year. The ET-CAPE ratio at 80 percent exceedence

probability at 45-cm or 90-cm root zone depth was equal to

or less than 0.05 in the 10th to 47th week.

Using 0.85 ET-CAPE as the optimum evapotranspiration

for sugarcane at full canopy during its vegetative stage,

the sugarcane crop would have a long period of water stress

in 4 out of 5 years on all these soils without irrigation.

At the same probability, Wahiawa soil could meet at least
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41 to 52 percent of the optimum evapotranspiration at full

canopy for only 3 weeks when the root zone depth is 45 cm.

However, at 90-cm root zone depth at least 60 percent of

this optimum ET could be met only for 2 weeks. Similar

conditions would prevail on Lahaina soil except that 90~cm

root zone depth could provide at least 35 to 60 .percent of

the optimum ET for 14 weeks. Molokai soil at 45-cm and

90-cm root zone depths could provide at least 35 to 44 per

cent of the optimum ET for only 3 weeks and 35 to 55

percent of the optimum ET for 10 weeks in 4 out of 5 y~ars,

respectively. Kunia soil at 90-cm root zone depth could

provide at least 40 percent of the optimum ET only for 5

weeks in the earlier part of the year. Honouliuli and Ewa

soils at 90-cm root zone depth could provide at least 35

percent of the optimum ET for only few weeks in January in

4 out of 5 years.

The water adequacy on these six soils grown to sugar

cane under furrow irrigation system was relatively low to

meet the crop water requirement (Table 42). At 45-cm root

zone depth, the ratios of the mean monthly estimatedevapo

transpiration (MEET) to mean monthly "Class A pan evaporation"

(MCAP) on Kunia, Honouliuli, and Ewa soils were low. At

the same root zone depth on Lahaina and Molokai soils, the

ratio of MEET to MCAP was about 0.50. The ratio of MEET

to MCAP on Wahiawa soil was the highest. If the sugarcane

root could utilize available soil moisture down to 90-cm
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Table 42. Ratio of Mean Monthly Estimated Evapotranspira-
tion of Two Sugarcane Varieties to Mean Monthly
Estimated "Class A Pan Evaporation" at Two Root
Zone Depths on Six Soils.

Sugarcane Variety
Root Zone Depth

Soil (em) H 50-7209 H 59-3775

Wahiawa 45 0.58 0.55

90 0.71 0.70

Lahaina 45 0.49 0.48

90 0.64 0.64

Molokai 45 0.51 0.51

90 0.66 0.68

Kunia 45 0.42 0.38

90 0.53 0.51

Ewa 45 0.46 0.42

90 0".64 0.60

Honouliuli 45 0.43 0.45

90 0.60 0.63
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root zone depth for evapotranspiration, the water adequacy

would increase by 10 to 15 percent of the mean monthly

"Class A pan evaporation." The cane yield and estimated

crop evapotranspiration relationship on Ewa, Honouliuli,

and Wahiawa soils suggests that the available soil moisture

at 45-cm root zone depth contributed largely to evapotran

spiration and cane yield. However, in Lahaina, Molokai,

and Kunia soils the root system could utilize soil moisture

below 45-cm root zone depth for cane production.

The annual variation in mean monthly estimated evapo

transpiration at 45-cm root zone depth was reflected on

cane yield either in tons per acre of in tons per acre per

month (Figures 31 and 32) of the two varieties. The mean

monthly estimated evapotranspiration decreased markedly.

from 1964 to 1970 crop year. This was shown clearly in the

decrease of tons cane per acre per month within the same

crop years. The reduction in cane yield was associated

with the reduction in mean monthly estimated evapotranspi

ration in 1970, 1973, and 1976 crop years.

The annual incident solar radiation decreased from·

1959 to 1963 at Ewa Mill Weather Station and from 1970 to

1974 in all weather stations (Figure 32). The mean annual

incident solar radiation and tons cane per acre decreased

from 1961 to 1963 crop year. Even though the incident

solar radiation was high in 1959 to 1960, the occurrence

of drought due to labor strike in 1958 resulted in low cane
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yield in 1960. The decrease in incident solar radiation

from 1970 to 1974 was reflected on mean monthly evapotran

spiration of 1972 to 1974 crop year. The variation in

annual cane yield in other crop years was more associated

with mean monthly evapotranspiration than with mean inci

dent solar radiation.

Table 43 shows the regression equations of cane yield

and total incident solar radiation one week after planting

to harvest (SOLAR) of two sugarcane varieties in Oahu Sugar

Company. SOLAR explained 11 and 16 percent of the varia

tion in cane yield of H 50-7209 and H 59-3775, respectively,

in the whole plantation. The cane yield of H 50-7209 was

not significantly related to SOLAR only in Ewa division of

the Oahu Sugar Company. The total incident solar radiation

from 9 months after planting to harvest (TSOLAR) improved

the coefficient of determination of the regression between

incident solar radiation and cane yield of H 59-3775 (Table

44).
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Table 43. Regression Equations Between Total Incident
Solar Radition a Week After Planting to Harvest
(SOLAR, kca1/cm2 ) and Cane Yield (Y, tons/acre)
of Two Sugarcane Varieties in Two Divisions of
the Oahu Sugar Company, Ltd.

Coefficient of
Division Regression Equation Determinationa

Ewa

H 50-7209 ns

H 59-3775 Y= 9.245 + 0.370 SOLAR 0.22*

Waipahu

H 50-7209 Y = 46.006 + 0.298 SOLAR 0.16**

H 59-3775 Y = 35.560 + 0.314 SOLAR 0.14**

Ewa and Waipahu

H 50-7209 Y = 75.330 + 0.194 SOLAR 0.11**

H 59-3775 Y = 35.560 + 0.314 SOLAR 0.16**

~s not significant, ** significant at 1% level.
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Table 44. Regression Equations Between Total Solar Radia
tion From Nine Months After Planting to Harvest
(TSOLAR, kcal/cm2) and Cane Yield (Y, tons/acre)
of Two Sugarcane Varieties in Two Divisions of
the Oahu Sugar Company, Ltd.

Coefficient of
Division Regression Equation Determinationa

Ewa

H 50-7209 ns

H 59-3775 Y = 37.924 + 0.441 TSOLAR 0.36**

Waipahu

H 50-7209 Y = 82.376 + 0.269 TSOLAR 0.09**

H 59-3775 Y = 59.931 + 0.356 TSOLAR 0.18**

Ewa and Waipahu

H 50-7209 Y = 97.468 + 0.193 TSOLAR 0.06**

H 59-3775 Y = 59.437 + 0.691 TSOLAR 0.25**

~s not significant, ** significant at 1% level.
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DISCUSSION

Comparison between daily and monthly mean of daily

consumptive water use and potential evapotranspiration

estimated by Class A pan, Ekern, Hargreaves, and Priest1ey

Taylor methods at different stages of three crops of H

50-7209 grown in the hydraulic lysimeter evaluated the

utility of each method for sugarcane. The only real evi

dence of the accuracy of any method for estimating potenti~l

evapotranspiration is the extent to which the method can

be used to explain biological processes (Smith, 1975) like

consumptive water use and spindle leaf or cane stalk elon

gation.

The significantly high determination coefficient of

the regression equation betweeIl daily consumptive water use

and Class A pan evaporation at pan factor of 0.85 or 1.00

at full canopy of three crops of H 50-7209 confirms the

utility of Class A pan evaporation as an index of potential

evapotranspiration of sugarcane. At this stage the coef

ficient of determination was low in the winter months,

January and February. In Pango1a, South Africa, Thompson

and Boyce (1972) reported that daily Class A pan evapora

tion explained 85 percent of the variation in daily

consumptive water use measured with weighing 1ysimeter in

208 days. During the second ratoon of H 50-7209, the daily

Class A pan evaporation at either pan factor explained 72
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percent of the variation in daily consumptive water use at

full canopy in 244 days. The 13 percent difference in

explainable variation in daily consumptive water between

this hydraulic lysimeter study and the Thompson and Boyce

(1972) weighing 1ysimeter study suggests that the result

of the hydraulic 1ysimeter study is reliable considering

the sensitivity of the method. The regression equation of

daily consumptive water use with Class A pan evaporation

at full canopy during the second ratoon significantly dif

fered with that at the plant crop and the first ratoon.

The second ratoon had longer full canopy period than ·the

plant and first ratoon crops.

Similar varying relationships between daily Class A

pan evaporation and daily consumptive water use of sprink

ler irrigated plant and first ratoon crops of H 50-7209

were obtained on the same hydraulic lysimeter at HSPA Kunia

Substation (Prasad, 1971). However, the coefficients of

determination were higher with this drip irrigated H 50

7209 at either pan factor than with sprinkler irrigated

H 50-2709. Ekern (1972) reported that the correlation be

tween daily consumptive water use and Class A pan

evaporation was similar to that of the long term percolate

lysimeter ( r = 0.39 ) in the Hawaiian Commercial and Sugar

Company on Maui (Ewart, 1965).

Frequent rain in January 1971 contributed to the lack

of statistically significant relationship between daily
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consumptive water use and Class A pan evaporation. This

corraborates the observation of Prasad (1971) that the leaf

intercepted water from the sprinkler system lowered the

measured consumptive water use in the lysimeter by 20 to

50 percent. Open evaporation pan like the Class A pan is

not suited for measuring evaporative capacity during rain

(Bloemen, 1978). Easy transport of stored heat in the pan

water to the surface when cooled by rain temporarily main

tains 'evaporation, even when solar radiation is low.

The generally low or lack of significant coefficient

of determination of the regression between daily consump

tive water use and Class A pan evaporation with either pan

factor at partial canopy and in different months at this

growth stage of three crops corraborates the findings of

Kingston and Ham (1975). They observed no significant cor

relation between mean daily evapotranspiration and grourid

level Class A.pan evaporation at incomplete canopy « 75

percent canopy) of the plant crop grown in a drainage lysi

meter.

Kingston and Ham (1975) observed significant correla

tion between mean daily evapotranspiration and ground level

Class A pan evaporation at full canopy. This agrees with

the relationship between monthly mean of daily consumptive

water use and Class A pan evaporation at full canopy of

three crops. The monthly mean of daily consumptive water

use generally did not exceed monthly mean of daily Class' A
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pan evaporation with a pan factor of 1.0 at full canopy.

It exceeded the monthly mean of daily Class A pan evapora

tion at a pan factor of 0.85 when strong positive advection

occurred in the summer months of the second ratoon and in

January 1972 of the first ratoon. In the Philippines,

Early and Gregorio (1974) observed that the monthly ratio

of actual evapotranspiration to Class A pan evaporation of

CAC 57-11 grown in a drainage lysimeter was generally less

than 1.0. In their 1969 and 1970 crops, the maximum ratio

of actual evapotranspiration to Class A pan evaporation was

1.04 and 0.86, respectively. On a soil belonging to the

Great Ortho Dark Red Latosol in Araras, Sao Paulo, the

monthly ratio of evapotranspiration to Class A pan evapora

tion of furrow irrigated plant and ratoon CB 41-76 sugarcane

variety did not exceed 1.0 (Sousa and Scardua, 1974).

Thompson and Boyce (1971) reported that the mean ratios of

consumptive water use to Class A pan evaporation at full

canopy of sprinkler irrigated plant, first and second ra

toon crops grown in plastic-lined non-weighing lysimeter

were 1.01, 0.89, and 0.80, respectively.

During the windy period with strong advection at full

canopy, the monthly mean of daily consumptive water use

exceeded monthly mean of daily XPAN but it was less than

the monthly mean of daily PAN. The regression equations

of monthly mean of daily consumptive water use either with

monthly mean of daily XPAN or with monthly mean of daily



181

PAN during windy period were different from that during

less windy period. This agrees with the observation of

Takasaki and Valencio (1969). They reported that the es

timated median annual evapotranspiration was higher during

windy period than during less windy year at any level of

median annual rainfall. Doorenbos and Pruitt (1977) sug

gested high pan factor or crop coefficient in estimating

potential evapotranspiration during windy days.

The pan factor of 0.85 was sufficient for estimating

potential evapotranspiration with Class A pan method if no

strong positive advection occurs and the wind speed was not

too high like during the second ratoon crop. Ekern (1972)

reported that the monthly ratio of consumptive water use to

Class A pan evaporation was equal to 1.0 when positive ad

vection occurred.

Class A pan, Ekern, Hargreaves, and Priestley-Taylor

methods were equally effective in explaining the variation

in daily consumptive water use at full canopy when low pos

itive advection occurred and mean daily wind speed was 231

km/day. Hargreaves and Priestley-Taylor methods were

equally effective and slightly better than the Class A pan

and Ekern methods in accounting for the variation in daily

consumptive water use at full canopy when strong positive

advection occurred and mean daily wind speed was equal to

294 km/day. Class A pan was as good as Ekern method in

predicting daily consumptive water use.
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Prasad (1971) reported a similar varying relationship

between daily RPET and consumptive water use of sprinkler

irrigated plant and first ratoon of H 50-7209 in the same

hydraulic 1ysimeter at HSPA Kunia Substation. He obtained

generally low R2 of the regression between daily consump

tive water use and daily RPET. Under conditions where

appreciable amounts of advected energy are received, the

radiation method like Ekern method does not give results

in agreement with real potential evapotranspiration (Asy-

lYng, 1974). Ekern (1972) also reported that the monthly

RPET was lesser than the consumptive water use when posi

tive advection occurred. Prasad (1971) suggested that

advection factor must be considered in estimating potential

evapotranspiration using energy budget concept. The effect

of aerodYnamic factor on evapotranspiration is also under

estimated by Ekern method. Hence, the regression equations

between monthly mean of daily consumptive water use and

RPET during the plant and first ratoon crops and during the

second ratoon crops were not similar. Strong positive ad

vection and high wind speed occurred in the second ratoon

crop.

The difference between monthly mean of daily ETP and

consumptive water use was less than that between monthly

mean of daily RPET and consumptive water use when strong

advection with high wind speed occurred during the few

months of the second ratoon. This suggests that the mean
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air temperature component of the Hargreaves method

can partly account for the advected energy. The higher

coefficient of determination of the regression of monthly

mean of daily consumptive water use with monthly mean of

daily ETP than with monthly mean of daily RPET in the se

cond ratoon when positive advection and high wind speed

occurred supports the advantage of Hargreaves method

over the Ekern method. However, the monthly mean of daily

ETP was greater than the consumptive water use when no

strong positive advection occurred. There is a need to

evaluate the crop coefficient in using the Hargreaves

method in estimating potential evapotranspiration of sugar

cane.

The utility of Priestley-Taylor method to estimate

potential evapotranspiration needs further evaluation in

the sugarcane areas. The Priestley-Taylor parameter, a,

of 1.28 consistently overestimated the daily potential

evapotranspiration of sugarcane and it was more than the

Class A pan evaporation at a pan factor of 1.0. At full

canopy, the monthly mean of daily EO with a = 0.85 was

higher than the monthly mean of daily consumptive water use

in the plant and first ratoon crops. In most months during

the second ratoon crop, it was generally lower than the

monthly mean of daily consumptive water use. The constant

a in the values of 1.2-1.3 were established for large scale

evaporation of water surfaces or well watered vegetation
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under non-advection and saturated soil conditions (Priest

ley-Taylor, 1972). Stewart and Rouse (1977) suggested that

the Priestley-Taylor parameter of 1.26 is generally appli

cable to saturated surfaces in the high latitude. In a

short term energy balance data from unsaturated meadows,

clear cut, and forest in White Mountain of Arizona, Thomp

son (1975) seems to verify the constant value of

Priestley-Taylor parameter (1.26) exists for saturated

conditions. Bryne et al. (1976) recalculated the values

of a as reported by Thompson (1975) and suggested that the

value of a at potential evapotranspiration is significantly

less than 1.26 and my be as low as 0.85-0.90 for the mea

dows. The values of a varied with season (De Bruin and

Keijman, 1979), and Jury and Tanner (1975) suggested to

include a saturation deficit term in the Priestley-Taylor

equation to account for the high local advection.

The success of the Ritchie's daily water balance model

in predicting water balance of sugarcane aided in assessing

the relationship between total estimated evapotranspiration

and cane yield of H 50-7209 and H 59-3775 on six soils be

longing to different soil families. The use of 0.70

elevated pan factor in assessing the potential evapotran

spiration of sugarcane at full canopy agrees with the

result obtained from the relationship of cumulative weekly

elevated pan evaporation with consumptive water use of 6
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1to 10 months old sugarcane. It also agrees with the

recent water balance study on sod grass and sugarcane in

Mililani, Oahu, Hawaii. 2 Santo and Bosshart (1979) re

ported that the stalk length and diameter of drip irrigated.

H 59-3775 sugarcane variety at 0.72 elevated pan factor was

not significantly different with that at 0.90 elevated pan

factor. The use of elevated pan factor of 1.0 at full

canopy in assessing consumptive water use of sugarcane

(Chang et al., 1963) resulted in overestimation of consump

tive water use. Ewart (1965) reported that cane yield at

irrigation level equivalent to 0.70 of the elevated pan

evaporation did not significantly differ with that at 1.00

of the elevated pan evaporation.

The evapotranspiration rates of sugarcane were esti

mated by Ritchie's daily water balance model for the period

before soil water extraction caused cane internode elonga

tion to cease. Evapotranspiration rates after soil moisture

extraction stops cane stalk elongation has not been deter

mined. Sugarcane continues to transpire even after the

cane stalk elongation ceases (HSPA, unpublished data).

This agrees with the observations of Hudson (1969) and Shaw

and Swezey (1937). The soil moisture storage values used

1 Dr. Charles A. Jones, Personal Communication.
2 Dr. Paul Ekern Personal Communication.
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by the Hawaiian sugar industry represent the amount of soil

water that is extracted before significant reduction in

cane stalk elongation takes place.

The linear relationship between cane yield and total

estimated evapotranspiration agreed with the results of the

experiment of the HSPA Experiment Station. Cane yield and

total effective water use of sprinkler and surface irrigat-

.ed sugarcane had apparent linear relationship (AnonYmous,

1963a). Regardless of the amount of seasonal water deficit

(33.02 to 127.00 cm less than the total potential evapo

transpiration) or time of water deficit (3 to 8 months old

or 11 to 19 months old), cane yield was directly related to

the amount of effective water use. Jones (1980) reported

linear relationship between relative cane yield (actual/

maximum yield) and relative water use (effective water use/

Class A pan evaporation).

The cane yield (149.6 tons/acre) of the second ratoon

H 50-7209 grown in the hydraulic lysimeter (Ekern, 1977)

differed slightly from the estimated cane yield using the

regression equation of total estimated evapotranspiration

(EET) at 45-cm root zone depth with cane field of H 50-7209

or with cane yield of H 50-7209 and H 59-3775 on Molokai

soil (Table 39). The total estimated evapotranspiration of

the second ratoon of H 50-7209 (Table 34) was adjusted to

0.70 of elevated pan. The estimated cane yields with the

two regression equations were 147.2 and 156.7 tons/acre,
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respectively. This supports the validity of the relation

ship of cane yield with total estimated evapotranspiration

using the 0.7 pan factor of the elevated pan evaporation.

The difference in intercepts of the regression equa

tions of cane yield with total estimated evapotranspiration

of H 50-7209 and H 59-3775 at 45-cm root zone depth on

Honouliuli soil suggests the difference in drought toler

ant of the two sugarcane varieties. H 50-7209 is more

drought tolerant than H 59-3775. The intercept of the re

gression equation of H 50-7209 was significantly higher

than that of H 59-3775.

The relationship between cane yield and total estimat

ed evapotranspiration differed among soils. The positive

Y-intercept of the plot of cane yield with total estimated

evapotranspiration suggests that not all of the daily evap

otranspiration was taken into account (Arkley, 1963; Shal

hevet and Bie1orai, 1978). In the recent study at Kehaha

Sugar Company in Kauai, the sugarcane roots were able to

extract soil moisture down to 1.5 m depth. 1 Clements et

al. (1952) observed that cane stalk elongation did not stop

even though the 91-cm soil profile was at wilting point and

they suggested that fewer roots below 91 cm depth contri

buted to water uptake for sugarcane growth. The negative

Y-intercept indicates a substantial evapotranspiration is

1 Dr. Charles A. Jones, Personal Communication.
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needed for dry matter production before harvestable yield

is produced (Shalhevet and Bielorai, 1978).

The root zone depth of each soil at which the regres

sion of cane yield with total estimated evapotranspiration

had the highest coefficient of determination generally con

firms the soil depth where most of the roots are present

as indicated by profile characteristics of the typifying

pedon of each soil series (Foote et al., 1972; USDA-SCS,

1976). However, root development extents beyond this soil

depth.

The weekly ET-CAPE ratio at 80 percent exceedence

probability provides an index of dependable available soil

water from rainfall in the root zone to meet the evapotran

spiration. It is the ET-CAPE ratio which is equal to or

exceeds 80 percent of the time. Using Yao's (1~74) criter

ion that soil with 0.60 ratio of estimated evapotranspiration

to potential evapotranspiration requires irrigation for

crop growth, the fields with these soils require a depend

able irrigation throughout the year to grow sugarcane. The

Soil Taxonomy moisture regime uses a dependability level of

6 out of 10 years (Soil Survey Staff, 1975) and this is

too low for crop production planning. Among the soils be

longing to soil order Oxisol, the weekly ET-CAPE ratio at

80 percent exceedence probability follows the relative

moisture adequacy of the soil moisture regime. Lahaina and

Wahiawa soils (Ustox) had generally higher weekly ET-CAPE
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ratio at 80 percent exceedence probability than the Mo1okai

soil (Torrox) at either root zone depth. Soils having the

same soil moisture regime but in different soil orders do

not have similar weekly ET-CAPE ratio at 80 percent exceed

ence probability. Nevertheless, the soil moisture regime

serves as a guide in assessing the soil moisture availabil

ity if no detailed climatological data are available for

weekly water balance study.

The monthly rainfall at 75 percent exceedence prob

ability is considered as the dependable rainfall (Hargreaves,

1975a). This is based on the consideration that moisture

deficiency in a given month which occurred one in four

years should not be seriously limiting the economic produc

tivity. Chang (1961) reported that most of the fields in

the upland areas of the Oahu Sugar Company, Ltd. had ade

quate rainfall only during the months of November to

February. These fields are adjacent to Field 525, Field

220, and Field 155 weather stations.

The mean weekly "Class A pan evaporation" at Reservoir

9 was exceptionally high. The mean annual incident solar

radiation at this weather station did not differ markedly

with Ewa and Reservoir 10 weather stations (Ekern and

Yoshihara, 1977; How, 1978b). Solar radiation measurement

with an Epp1y sensor in the Central Oahu shows that monthly

incident solar radiation at Ewa plain and at Wahiawa pla

teau did not differ more than 10 percent. This suggests
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that strong positive advection was persistently occuring

at weather station Reservoir 9 or the elevated pan at this

station was located on bare ground near the road.

Ekern and Yoshihara (1977) reported that the HSPA

Makiki annual incident solar radiation values were consis

tently high and averaged 522 cal/cm2/day in 1956 to 1965,

but declined in 1966 to 1975, and average 469 cal/cm2/day

in 1972 to 1975. The trend agrees with annual incident

solar radiation at HSPA Kunia Substation. Epp1y sensor was

used in these stations. The decrease in cane yield from

1964 to 1975 crop year was associated with a decrease in

incident solar radiation and inadequacy of water for sugar

cane production in some crop years. Oldeman (1971) reported

that the regression between sugar yield in ton/acre/month

and solar radiation had very low coefficient of determina

tion (0.08), and solar radiation had negative regression

coefficient over the period of 1962 to 1968 when the solar

radiation was high at Waialua Sugar Company on Oahu, Hawaii.
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SUMMARY AND CONCLUSION

The daily consumptive water use of three crops of

H 50-7209 measured by the hydraulic lysimeter method on a

Molokai soil was compared with daily potential evapotran

spiration estimated by four methods. The methods were

ground level Class A pan method with two pan factors (0.85

and 1.00), Ekern method, Hargreaves method, and Priestley

Taylor method with parameter a equal to 1.28. The monthly

mean of daily consumptive water use was also compared with

monthly mean of daily potential evapotranspiration estimat

ed by the four methods at full canopy. Two values of the

Priestley-Taylor parameter, a, (0.85 and 1.28) were used.

The coefficients of determination of the regression

of daily consumptive water use with Class A pan evaporation

at either pan factor were higher at full canopy than at

partial canopy. At full canopy, the coefficient of deter

mination was generally low in the winter months (January

and February). Only the slope of the relationship between

daily Class A pan evaporation with two pan factors and

daily consumptive water use differed. With pan factor of

0.85, the slope was 1.18 of the slope with pan factor of

1.00. The monthly mean of daily consumptive water use

generally did not exceed monthly mean of daily Class A pan

evaporation with a pan factor of 1.00 at full canopy. It

exceeded the monthly mean of daily Class A pan evaporation
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at a pan factor of 0.85 when strong positive advection oc

curred in summer months of the second ratoon and in January

1973 of the first ratoon. The monthly mean of daily values

explained more of the variation in consumptive water use

than the daily values of Class A pan evaporation at either

pan factor during the full canopy. Class A pan evaporation

with a pan factor of 0.85 is sufficient for determining the

potential evapotranspiration of sugarcane if no strong pos

itive advection and strong wind occur. Otherwise, a pan

factor of about 1.00 is adequate.

Class A pan, Ekern, Hargreaves, and Priestley-Taylor

methods were equally efficient in explaining the variation

in daily consumptive water use at full canopy when low pos

itive advection occurred and the mean daily wind speed was

231 km/day. On the other hand, when strong positive advec

tion occurred and mean daily wind speed was 294 km/day,

Hargreaves and Priestley-Taylor ~ethods were equally effi

cient and better than Class A pan and Ekern methods in

accounting for the variation in daily consumptive water use

at full canopy. In the winter months, the coefficient of

determination of the regression of daily consumptive water

use at full canopy and estimated potential evapotranspira

tion was low.

The Ekern, Hargreaves, and Priestley-Taylor methods

were equally efficient and better than Class A pan in ex

plaining the variation in monthly mean of daily consumptive
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water use at full canopy of the plant crop and the first

ratoon. In the second ratoon, Class A pan and Hargreaves

methods were better than Ekern and Priestley-Taylor methods

in accounting for the variation in monthly mean of daily

consumptive water use at full canopy. The regression equa

tions of monthly mean of daily consumptive water use with

potential evapotranspiraton estimated by Class A pan, Ekern,

and Hargreaves methods at the plant and first ratoon crops

were homogenous. The relationship between monthly mean of

daily consumptive water use with Class A pan evaporation

in the second ratoon significantly differed with that at

the first ratoon. The occurrence of strong positive advec

tion in some months and windy days in the second ratoon may

have caused the significant difference in the regression

equations between monthly mean of daily consumptive water

use and potential evapotranspiration estimated by Ekern,

Hargreaves, and Priestley-Taylor methods in the second ra

toon and in the plant and first ratoon crops.

Ekern method underestimated the potential evapotran

spiration of sugarcane in the first and second ratoon crops.

Occurrence of strong wind and positive advection in the

second ratoon contributed to the underestimation of the

potential evapotranspiration.

The monthly mean of daily potential evapotranspiration

estimated by Hargreaves method was generally comparable to

Class A pan evaporation with pan factor of 1.00 when low
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positive advection occurred. It was better than Ekern

method when strong positive advection and strong wind oc

curred. Under this condition, the difference between

monthly mean of daily consumptive water use and estimated

potential evapotranspiration was less with Hargreaves-Allan

than with Ekern method.

The Priestley-Taylor method with a = 1.28 consistently

overestimated potential evapotranspiration of sugarcane and

it was more than the Class A pan evaporation at a pan fac

tor of 1.00 at full canopy. Only in the second ratoon when

the monthly mean of daily potential evapotranspiration es

timated with Priestley-Taylor method at a = 0.85 was less

than the monthly mean of daily consumptive water use at

full canopy.

In general, the Hargreaves method is better than the

Ekern method or the Priestley-Taylor method with a = 1.28

in estimating the potential evapotranspiration of sugar

cane. The value of the Priestley-Taylor parameter, a,

needs to be evaluated for estimating the potential evapo

transpiration of sugarcane. The effect of advective energy

and wind on evapotranspiration needs to be evaluated and

included in the Ekern, Hargreaves, and Priestley-Taylor

methods.

The weekly consumptive water use of the second ratoon

of H 50-7209 sugarcane variety grown in the hydraulic lysi

meter closely agreed with the weekly estimated
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evapotranspiration using Ritchie's daily water balance

model with Class A pan evaporation at a pan factor of 0.85.

The evapotranspiration rates were estimated by Ritchie's

model for the period before soil water extraction caused

cane internode elongation to cease. The Class A pan method

with a pan factor of 1.00 and Ekern method, respectively,

overestimated and underestimated the weekly evapotranspira

tion of the second ratoon of H 50-7209 when soil moisture

was not limiting.

The total estimated evapotranspiration was linearly

related to cane yield of H 50-7209 and H 59-3775 sugarcane

varieties in the FT-5 and FT-7 sugarcane variety trials in

Oahu Sugar Company, Ltd. from 1962 to 1978. The total

evapotranspiration was estimated by Ritchie's daily water

balance model using 0.70 of elevated pan evaporation as the

potential evapotranspiration. The relationship between

cane yield and total estimated evapotranspiration differed

among soils, root zone depths, and sugarcane varieties.

The total estimated evapotranspiration explained 21 to 83

percent and 44 to 60 percent of the variation in cane yield

of H 50-7209 and H 59-3775 sugarcane varieties, respective

ly, on six soils with torric and ustic soil moisture regimes.

The cane yield in tons per acre per month and total esti

mated evapotranspiration were also linearly related, but the

relationship was not better than that of the tons cane per

acre with total estimated evapotranspiration.
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Elevated pan evaporation with a pan factor of 0.70

approximates the potential evapotranspiration of sugarcane.

At any given root zone depth, the total estimated evapo

transpiration with an elevated pan factor of 0.70 explained

more of the variation in cane yield of H 59-3775 on Molokai

soil than with elevated pan factor of 0.85 or 1.00. Cane

yield in tons per acre per month of H 59-3775 was linearly

related to the total estimated evapotranspiration only at

a pan factor of 0.70 of the elevated pan evaporation.

The soil and climatic index of moisture availability

of the six soil was assessed. McAlpine's (1970) weekly

water balance model was used to estimate the weekly ratio

of evapotranspiration to potential evapotranspiration. The

ratio of the weekly estimated evapotranspiration to poten

tial evapotranspiration was fitted to the Beta distribution

function at a 15 percent level of significance using the

Kolmogorov-Smirnov test. The dependable moisture avail

ability index was defined as the ratio of weekly estimated

evapotranspiration to potential evapotranspiration at the

80 percent exceedence probability. The dependable water

availability index of the six soils at two root zone depths

was generally low. Among the Oxisols, the dependable mois

ture availability index was higher with the Ustox than with

the Torrox. However, soils with the same moisture regime

from different soil orders did not have similar dependable

moisture availability index. Increasing the root zone
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depth from 45 cm to 90 cm did not improve the dependable

moisture availability index in most weeks of the year.

The decrease in cane yield form 1960 to 1975 crop year

in Oahu Sugar Company, Ltd. was associated with the de

crease in incident solar radiation and inadequacy of water.
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Figure 33. Leaf Area Index (LAI) of
H 50-7209 and H 59-3775
Sugarcane Varieties as a
Function of Age.
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Table 45. Monthly Rainfall Records of the Oahu Sugar
Company, Ltd. Weather Stations.

Number of Years Inclusive Years of
Weather Station of Record Rainfall Record

Reservoir 6 76 1905 - 1975

Reservoir 9 48 1925 - 1973

Pump 10 83 1892 - 1975

Kunia 28 1948 - 1875

Field 155 28 1948 - 1975

Field 220 28 1948 - 1975

Field 525 28 1948 - 1975

199
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APPENDIX C

RITCHIE'S DAILY WATER BALANCE COMPUTER PROGRAM IN WATFIV
USED IN ESTIMATING DAILY EVAPOTRANSPIRATION OF SUGARCANE

C LIST OF INPUT VARIABLES

C SS - SEEDLING STATION NUMBER OF EACH EXPERIMENT
C FLD - FIELD NUMBER
C RI - INITIAL DAY OF IRRIGATION AND FIRST DAY OF THE
C CROPPING PERIOD IN JULIAN CALENDAR
C RE - HARVESTING DAY IN JULIAN CALENDAR
C IR & IE - INITIAL AND LAST DAY IN JULIAN CALENDAR IN
C EACH YEAR DURING THE CROPPING PERIOD,
C RESPECTIVELY
C IS - COLUMN NUMBER OF THE INITIAL YEAR OF EACH CROP
CRAIN - DAILY RAINFALL, INCH
C IRR - IRRIGATION SCHEDULE OF EACH CROP
C N - NUMBER OF EXPERIMENTS USING THE SAME WEATHER
C DATA
C NN - DURATION OF THE CROPPING PERIOD IN EACH YEAR
C OF THE SET OF EXPERIMENTS

C LIST OF OUTPUT VARIABLES

C AMONTH - MONTH OF EACH DAILY WATER BALANCE COMPUTATION
C ADAY - DAY OF EACH DAILY WATER BALANCE COMPUTATION
C AYEAR - YEAR OF EACH DAILY WATER BALANCE COMPUTATION
C XEO - COMPUTED DAILY POTENTIAL EVAPOTRANSPIRATION,
C MM
CRAIN - DAILY RAINFALL, MM
C IRRIG - IRRIGATION SCHEDULE
C EO - DAILY POTENTIAL EVAPOTRANSPIRATION, MM
C MtIT..CH - CUMULATIVE DAILY MULCH PRODUCTION, KG/HA
C LAIN - DAILY LEAF AREA INDEX
C RUNOF - DAILY RUNOFF, MM
C ES - DAILY SOIL EVAPORATION, MM
C EM - DAILY MULCH INTERCEPTION EVAPORATION, MM
C EP - DAILY TRANSPIRATION, MM
C ET - DAILY ESTIMATED EVAPOTRANSPIRATION, MM
C DR - DAILY DRAINAGE, MM
C SW - DAILY AVAILABLE SOIL WATER, MM
C PX - DAILY LEAF INTERCEPTION EVAPORATION, MM

INTEGER SS(20), FLED(20), MONTH(366), DAY(366),
-YEAR(19), AMONTH(850), ADAY(850), AYEAR(850), RI(20,
-3), RE(20,3), IR(20,3), IE(20,3), LEN(20), IS(20)

REAL RAIN(366,15), PAN(15,53), XEO(366,15), IRR(366,
-3,20), UL(20,2), RAI(850), IRRIG(850), EO(850), LAIN



201

-(850), ES(850), EM(850), ET(850), DR(850), SW(850),
-LAI, LLX, PX(850), LLEO

C A SET OF 4 SUGARCANE TRIALS 't-IAS USED AS EXAMPLE IN
C THIS PROGRAM. THIS SET OF EXPERIMENTS HAD 7 YEARS OF
C CROPPING PERIOD. THE AVAILABLE WATER STORAGE CAPACITY
C IN EACH ROOT ZONE DEPTH IS IN TABLE 3. THE ESTIMATED
C UPPER LIMIT OF CUMULATIVE EVAPORATION AT STAGE I OF
C SOIL EVAPORATION ( TJ ) AND SOIL EVAPORATION PARAMETER
C ( a ) ARE IN TABLE 3.

N = 4
NN = 7
DATA «UL(I,J),J = 1,2), K = 1,4 )/ 49.53, 99.06,

-49.53, 99.06, 49.53, 99.06, 49.53, 99.06 /
DATA U, CONA I 5.0, 2.5 /
DO 1 K =1, N
READ2, SS(K), FLD(K),(RI(K,J),J = 1,3),(RE(K,J),J =

-1,3), (IR(K,J),J =1,3), (IE(K,J), J =1,3), IS(K)
2 FORMAT ( 13,14, 1214, 7X, 13 )

PRINT 3, SS(K)
3 FORMAT (15)
1 CONTINUE

DO 4 J = 1, NN
READ 6, YEAR(J), (PAN(J,I), I = 1, 10 )

6 FORMAT (3X, 12, 2X, F4.2, 9(3X,F4.2»
READ 7, ( PAN(J,I), I =11,20)
READ 7, ( PAN(J,I), I = 21,30)
READ 7, ( PAN(J,I), 1=31,40)
READ 7, (PAN(J, I), I = 41, 50)
READ 7, ( PAN(J,I), I = 51, 53)

7 FORMAT ( 7X, F4.2, 9(3X, .F4.2), 6X )
PRINT 8, YEAR(J)

8 FORMAT ( 16 )
DO 9 I = 1,53

C WEEKLY ELEVATED PAN EVAPORATION AT PAN FACTOR OF 0.70
PAN(I,J) = PAN(I,J)* 25.4* 0.70

9 CONTINUE
4 CONTINUE

DO 10 I = 1,366
READ 11, MONTH(I), DAY(I), (RAIN(I,J),J =1,7),«

-(IRR(I,J,K), J = 1,3), K = 1,4 )
11 FORMAT ( 212, 7F5.2, 3X, 4(3F1.0, IX»
10 CONTINUE

C WEEKLY ELEVATED PAN EVAPORATION AT PAN FACTOR OF 0.70
C DURING THE CROPPING PERIOD OF EACH VARIETY TRIAL WAS
C CHANGED TO DAILY POTENTIAL EVAPOTRANSPIRATION

DO 967 LL=1,2
XEO(LL,l) = PAN(1,1)/7.

967 CONTINUE
LL = 2
DO 867 IX = 2,52



DO 867 L = 1,7
LL = LL + 1
XEO(LL,I) = PAN(I,IX)/7.

867 CONTINUE
DO 767 LL = 360,365
XEO(LL,I) = PAN(2,1)/7.

767 CONTINUE
XEO(1,2) = PAN(2,1)/7.
LL = 1
DO 968 IX =2,53
DO 968 I = 1,7
LL = LL + 1
XEO(LL,2) = PAN(2,IX)/7.

968 CONTINUE
XEO(366,2) =PAN(3,1)/7.
LL =0
DO 969 IX =1,52
DO 969 L = 1,7
LL = LL + 1
XEO(LL,3) = PAN(3,IX)/7.

969 CONTINUE
XEO(365,3) = PAN(4,1)/7.
DO 971 LL = 1,4
XEO(LL,4) = PAN(4,1)/7.

971 CONTINUE
LL = 4
DO 871 IX = 2,52
DO 871 L = 1,7
LL = LL + 1
XEO(LL,4) = PAN(4,IX)/7.

871 CONTINUE
DO 671 LL = 362,365
XEO(LL,4) = PAN(5,1)/7.

671 CONTINUE
DO 972 LL = 1,3
XEO(LL,5) =PAN(5,1)/7.

972 CONTINUE
LL = 3
DO 872 IX =2,52
DO 872 L = 1,7
LL = LL + 1
XEO(LL,5) = PAN(5,IX)/7.

872 CONTINUE
DO 772 LL = 361,366
XEO(LL,5) = PAN(6,1)/7.

772 CONTINUE
XEO(I,6) = PAN(6,1)/7.
LL = 1
DO 973 IX = 2,53
DO 973 L = 1,7
LL = LL + 1
XEO(LL,6) = PAN(6,IX)/7.
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973 CONTINUE
LL = 0
DO 974 IX = 1,52
DO 974 L = 1,7
LL = LL + 1
XEO(LL,7) = PAN(7,IX)/7.

974 CONTINUE
XEO(365,7) = PAN(7,52)/7.

C COMPUTE LAI AS A FUNCTION OF TIME ( DAY )
C THE EMPIRICAL EQUATIONS OF DAILY LAI AS A FUNCTION OF
C TIME (DAY) WAS BASED ON LEAF AREA INDEX MEASUREMENT AT
C DIFFERENT AGES OF H 59-3775 AND H 50-7209
C LAIN - DAILY LEAF AREA INDEX

DO 700 I = 1,20
LAIN(I) = 0.0

700 CONTINUE
XI = O.
DO 701 I = 21,37
XI = XI + 0.01
LAIN (I) = XI

701 CONTINUE
BL = 37.
DO 702 I = 38,120
BL = BL + 1.0
LAIN(I) = ~ 10.45 + 2.91*ALOG(BL)

702 CONTINUE
XB = O.
DO 703 I = 121~ 134
XB = XB + 0.07
LAIN(I) = XB + 3.48

703 CONTINUE
BX = 134.
DO 704 I = 135,268
BX = BX + 1.
LAIN(I) = -2.03 + 1.34*ALOG(BX)

704 CONTINUE
DO 705 I = 269,850
LAIN(I) = 5.5

705 CONTINUE
C MULCH PRODUCTION AS A FUNCTION OF TIME (KG/HAjDAY)
C THE EMPIRICAL EQUATIONS OF DAILY MULCH PRODUCTION WAS
C BASED ON FIELD MEASUREMENT OF DRY LEAVES PRODUCTION AT
C DIFFERENT AGES OF H 59-3775 AND HSPA UNPUBLISHED DATA
C MULCH - CUMULATIVE DAILY MULCH PRODUCTION

DO 300 I =1,30
MULCH(I) =0.

300 CONTINUE

XM = o.
DO 301 I = 31,75
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XM = 5.02 + XM
MULCH(I) = XM

301 CONTINUE
C = 226.

XM = O.
DO 302 I = 76, 105

XM = 13.96 + XM
MUtCH(I) = C + CM

302 CONTINUE
C = 644.8
XM =0.
DO 303 I = 106,180

XM = 20.18 + XM
MUtCH(I) = C + XM

303 CONTINUE
C = 2158.

XM = O.
DO 304 I = 181, 850

XM = XM = 9.71
MULCH(I) = Xl-I + C

304 CONTINUE
C COMPUTATION OF DAILY WATER BALANCE OF EACH EXPERIMENT

DO 500 K = 1, N
JA = IS(K)
JE = JA + 2
PRINT, ,JA" JA, ,JE', JE
JJ = 0
LV = 0
JM = 0
DO 501 J =JA,JE
JM=JM+1
JJ + JJ + 1
LI + RI(K,JJ)
LE + RE(K,JJ)
PRINT, 'LI', LI, 'LE', LE
DO 502 I = LI,LE
IF ( YEAR (J) .EQ. 64 ) GO TO 7000
IF ( YEAR (J) .EQ. 68 ) GO TO 7000
IF ( YEAR (J) .EQ. 72 ) GO TO 7000
IF ( YEAR (J) .EQ. 76 ) GO TO 7000
IF ( MONTH(I) .EQ. 2 .AND. DAY(I) .EQ. 29)GO TO 502

7000 LV = LV + 1
LEN(K) = LV
IRRIG(LV) =IRR(I,LM,K)
RAI(LV) = RAIN(I,J)*25.4
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AMONTH(LV) = MONTH(I)
ADAY(LV) = DAY (I)
AYEAR(LV) = YEAR(J)

502 CONTINUE
501 CONTINUE

LV = 0
JJ = 0
DO 503 J = JA, JE
JJ = JJ + 1
LI = IR(K,JJ)
LE = IE(K,JJ)
DO 5031 I = LI,LE
LV = LV + 1
LEN(K) = LV
EO(LV) = XEO(I,J)

5031 CONTINUE
503 CONTINUE

LV = LEN(K)
C COMPUTATION OF THE DAILY WATER BALANCE OF EACH ROOT
C ZONE DEPTH

DO 1099 KK = 1,2
C AWC - AVAILABLE WATER STORAGE CAPACITY

PRINT, 'EXPERIMENT NUMBER', SS (K), 'FIELD NUMBER' ,
/FLD(K)
PRINT, 'AVAILABLE WATER STORAGE CAPACITY',AWC
SUMEI = 000
SUMEII = 000

C SUMEI = CUMULATIVE DAILY EVAPORATION AT STAGE I OF
C SOIL EVAPORATION -FROM THE RIDGE
C SUMEII = CUMULATIVE DAILY EVAPORATION AT STAGE II OF
C THE SOIL EVAPORATION FROM THE. RIDGE
C SUMA = CUMULATIVE DAILY EVAPORATION AT STAGE I OF
C SOIL EVAPORATION FROM THE FURROW
C SUMB = CUMULATIVE DAILY ETTAPORATION AT STAGE II OF
C SOIL EVAPORATION FROM THE FuRROW
C XMS = RESIDUAL MULCH INTERCEPTED RAINFALL
C LLEO = ~ OF THE AVAILABLE WATER STORAGE CAPACITY
C LK = NUMBER OF DAYS FROM FIRST ROUND OF IRRIGATION
C TO HARVEST
C TR = LIGHT TRANSMISSION RATIO USING RITCHIE'S
C (1972) EMPIRICAL EQUATION FOR FRACTION OF NET
C RADIATION BELOW THE CANOPY
C PPT = DAILY RAINFALL, MM/DAY
C XMR = CUMULATIVE DAILY MULCH PRODUCTION

SUMA = 00
SUMB =00
W= 00
XMS = 00
LLEO - 0025*AWC
LK = LEN(K)
KC = 0



DO 401 I = 1,LK
KC = KC + 1
LAI = LAIN (KC)
TR = EXP( - 0.389*LAI )
PPT = RAI(I)
XMR = MULCH(I)

C SUBROUTINE INTCEP COMPUTES DAILY LEAF AND MULCH
C INTERCEPTION, MM/DAY

CALL INTCEP ( LAI,TR,PPT,PI,XMR,XMS,TI,XMSI )
PX(I) = PI
P = RAI(I) - TI
IF (PPT .LE. 101.6 ) THEN DO
RUN = O.t>
ELSE DO
RUN = 0.05*PPT
ENDIF
RUNOF(I) = RUN
R = P - RUN

C RUNOFF EQUATION WAS BASED ON THE STUDY OF THE U. S.
C ENVIRONMENTAL PROCTECTION AGENCY (1971)
C RUN = DAILY RUNOFF, MM./DAY
C W = DAILY AMOUNT OF SOIL WATER, MM
C 80% OF THE AVAILABLE SOIL WATER STORAGE CAPACITY WAS
C -FILLED EVERY ROUND OF IRRIGATION

IF ( IRRIG(I) .GT. O. ) THEN DO
ADD = 0.8*UL(K,KK) -
W= 0.8*UL(K,KK) + 0.2*W
ELSE DO
ADD = O.
ENDIF
W=W+R

C EOP - DAILY POTENTIAL EVAPOTRANSPIRATION BELOW THE
C CANOPY
C EOS .. DAILY POTENTIAL SOIL EVAPORATION, MM

EOP = EO(I)*EXP(- 0.4*LAI )
EOS = EOP*( 1. - O.105*XMR** 0.2 0 )

C SOIL EVAPORATION FROM THE RIDGE OF THE FURROW
C STAGE I OF SOIL EVAPORATION
C IF RAINFALL AT DAY 1 IS LESS THAN OR EQUAL TO UPPER
C LIMIT OF SOIL EVAPORATION AT STAGE I, SUMEI = U.

IF ( KC .EQ, 1 .AND. P .LE. U ) THEN DO
SUMEI = 11
ENDIF
IF ( SOMEI - U ) 21, 22, 22

21 IF ( P ~ SUMEI ) 23, 24, 24
23 SOMEI = SOMEI .. P

GO TO 25
24 SUMEI = O.
25 SOMEI = SOMEI + EOS

IF (SUMEI ~- U ) 26, 26, 27
26 ES(I) = EOS

GO TO 34
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C ES - DAILY SOIL EVAPORATION FROM THE RIDGE, MM
27 ES(I) = EOS - 0.4*(SUMEI - U )

SUMEII = 0.6*(SUMEI - U)
T = (SUMEII!CONA)**2
GO TO 34

C STAGE II OF SOIL EVAPORATION
22 IF(P- SUMEII) 29,28,28
28 P = P - SUMEII

SUMEI = U - P
T = O.
IF ( P - U ) 25,25,24

29 T = T + 0.
ES(I) = CONA*T**0.5 - SUMEII
IF( P .GT. 0.) THEN DO
GO TO 30
ELSE DO
IF ( ES(I) .GT. EOS ) THEN DO
ES(I) = EOS
ENDIF
ENDIF
GO TO 31

30 ESX = 0.8*P
IF ( ESX .LE. ES(I) ) THEN DO
ESX = ES(I) + P
ENDIF
IF ( ESX .GT. EOS ) THEN DO
ESX = EOS
ENDIF
ES(I) = ESX

31 SUMEII = SUMEII + ES(I) - P
T = ( SUMEII!CONA)**2

34 IF ( ES(I) .LT. 0. ) THEN DO
ES(I) = 0.
ENDIF
ES(I) = 0.5*ES(I)

C SOIL EVAPORATION FROM THE BOTTOM OF THE FURROW
ADD = ADD + R
IF ( SUMA - U ) 221,222,222

221 IF ( ADD - SUMA ) 223,224,224
223 SUMA = SUMA -ADD

GO TO 225
224 SUMA =0.
225 SUMA = SUMA + EOS

IF ( SUMA - U ) 226,226,227
226 AES = EOS

C AES - DAILY SOIL EVAPORATION FROM THE BOTTOM OF THE
C FURROW

GO TO 334
227 AES = EOS - 0.4*( SUMA - U)

SUMB = 0.6*(SUMA - u )
TA = ( SUMB! CONA)**2
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GO TO 334
TA - TIME, DAY .
STAGE II OF SOIL EVAPORATION FROM THE BOTTOM OF THE

FURROW
IF ( R- SUB )229,228,228
R = R - SUMB
SUMB = U- R
TA = O.
IF ( R - U ) 225,225,224

229 TA = TA + l.
AES = CONA**TA**0.5 - SUMB
IF (R .GT O.)THEN DO
GO TO 330
ELSE DO
IF ( AES .GT. EOS ) THEN DO
AES = EOS
ENDIF
ENDIF
GO TO 331

330 ESY = 0.8*P
IF ( ESY .LE. AES ) THEN DO
ESY = AES + R
ENDIF
IF ( ESY .GT. EOS ) THEN DO
ESY = EOS
ENDIF
AES = ESY

331 SUMB = SUMB + AES -R
TA = ( SUMB/CONA) **2.

334 IF ( AES .LT. 0.) THEN DO
AES = O.
ENDIF

DAILY SOIL EVAPORATION=%FROM THE RIDGE + % FROM THE
BOTTOM OF THE FURROW

ES(I) = ES(I) + .5 * AES
W= W -ES(I)
IF ( W .LE. 0.) THEN DO
ES(I) = 0.
W = 0.
ENDIF

COMPUTE MULCH EVAPORATION
EM - MULCH INTERCEPTION EVAPORATION, MM/DAY

EM(I) = EOP-EOS
IF( EM(I) .GT. XMSI ) THEN DO
EM(I) = XMSI
ENDIF
IF ( EM(I) .LT. O.O)THEN DO
EM(I) = O.
ENDIF
XMS = XMSI -EM(I)

XMS = RESIDUAL MULCH INTERCEPTED RAINFALL

C
C
C

222
228

C
C

C
C

C
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46 IF ( LAI .LT. 0.1) THEN DO
EP(I) = O.
GO TO 45
ENDIF

C THE LOWER LIMIT OF SOIL WATER CONTENT FOR STAGE I OF
C PLANT TRANSPIRATION WHEN LAI .LE. 1.0 WAS OBTAINED
C FROM RITCHIE'S DAILY WATER BALANCE PROGRAM AT HSPA

IF ( LAI .LT. 2.7) THEN DO
IF ( LAI .LE. 1.0) THEN DO
ALLEO = 0.8*UL(K,KK) - 0.05*LAI*UL(K,KK)
ELSE DO
ALLEO =0.59*LLEO*LAI -0.44*LAI*UL(K,KK) + 1.19*UL(K,

/KK) -0.59*LLEO
ENDIF
ELSE DO
ALLEO =LLEO
ENDIF
IF ( W -ALLEO ) 42,42,43

C STAGE I OF PLANT TRANSPIRATION
43 IF ( LAI .LE. 2.7 ) THEN DO

EP(I) = EO(I)*(-0.21 + 0.70*(LAI**0.5 » -PI
ELSE DO
EP(I) = EOCI) -PI -ESCI) - EMCI)
ENDIF
IF ( EPCI) .LT. 0.0) THEN DO
EPCI) = 0.0
ENDIF
GO TO 45

C STAGE II OF PLANT TRANSPIRATION
42 WE = W

IF C LAI .LE. 2.7) THEN DO
EPCI) = C EOCI)*C -0.21 + 0.70*CLAI** 0.5» -PI)*(WE/

/ALLEO )
ELSE DO
EPCI) - C WE/ALLEO)*CEOCI»
ENDIF
IF CEPCI) .LT. 0.0) THEN DO
EPCI) = 0.0
ENDIF

C COMPUTE TOTAL ESTIMATED EVAPOTRANSPIRATION
45 ETCI) = EPCI) + ESCI) +EMCI) +PI

IF C EOCI) .LT. THEN DO
ET(I) =EOCI)
IF CEPCI) .LT. 0.0) THEN DO
EPCI) = 0.0
ENDIF
ENDIF

C CALCULATE SOIL WATER AND PERCOLATION/DRAINAGE, MM
W= W -EP(I)
IF C W .LE. 0.) THEN DO
W = o.
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ENDIF
IF ( W .GT. UL(K,KK) THEN DO
DR(I) = W - UL(K,KK)
W= UL(K,KK)
ELSE DO
DR(I) =0.
ENDIF
SW(I) = W

401 CONTINUE
C TPI TOTAL PLANT INTERCEPTION EVAPORATION
C TRAIN TOTAL RAINFALL
C TWO TOTAL POTENTIAL EVAPOTRANSPIRATION
C TES TOTAL SOIL EVAPORATION
C TEM TOTAL MULCH INTERCEPTION EVAPORATION
C TRUNOF TOTAL RUNOFF
C TEP TOTAL PLANT TRANSPIRATION
C TIRR TOTAL IRRIGATION
C TDR TOTAL DRAINAGE
C TET TOTAL ESTIMATED EVAPOTRANSPIRATION

TPI = 0.0
TDR =0.0
TRAIN = 0.0
TEO = 0.0
TES = 0.0
TEM = 0.0
TET = 0.0
TRUNOF = 0.0
TEP = 0.0
TIRR =0.0
LW = 0
PRINT 91

91 FORMAT (6X, 'MON DAY YR LAI MULCH RAIN IRRIG
- RUNOFF DRAINAGE SW SOIL EVAP MULCH EVAP
- PLANT EVAP TOTAL EVAP POT EVAP',I/)
LF = LEN(K)
DO 85 I = 1, LF
LW = LW + 1
PRINT 92, LW, AMONTH(LW) ,ADAY(LW) ,AYEAR(LW) ,LAIN (LW) ,

-MULCH(LW),RAI(LW),IRRIG(LW),RUNOF(LW),DR(LW),SW(LW),
-ES(LW),EM(LW),EP(LW),ET(LW),EO(LW)

92 FORMAT( 14, 214, 14, F6.2,F8.2,F8.2,F7.1,F8.2,F9.2,
-F9.2, F9.3,F12.2,FI3.3,FI2.3,FI0.3)
TPI = TPI + PX(I)
TRAIN = RAI (I) + TRAIN
TEO = EO(I) + TEO
TES = ES(I) + TES
TEM = EM(I) + TEM
TRUNOF = RUNOF(I) + TRUNOF
TEP = EP(I) + TEP
TIRR = IRRIG(I) + TIRR
TDR = DR(I) + TDR
TET = ET(I) + TET
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85 CONTINUE
81 PRINT 93, TRAIN, TIRR, TRUNOF, TDR, TES, TEM, TEP,

- TET, TEO
93 FORMAT (5X, 'TOTAL', 21X, F8.2,F7.1,F8.2,F9.2, 9X,

-F9.3,F12.2, F13.3, F12.3, F10.3 )
1099 CONTINUE
500 CONTINUE

STOP
END
SUBROUTINE INTCEP (ALAI, TRR,RAINN, PPI ,XMRR,XMII, XMSS,

-TIl, XMSIR )
C INTCEP COMPUTES LEAF AND MULCH INTERCEPTION
C ALAI LEAF AREA INDEX
C TRR LIGHT TRANSMISSION RATIO
C RAINN DAILY RAINFALL
C PPI INTERCEPTED RAINFALL BY PLANT LEAVES
C XMRR CUMULATIVE DAILY MULCH PRODUCTION
C XMII RAINFALL INTERCEPTED BY THE MULCH
C XMSS RESIDUAL INTERCEPTED RAINFALL BY THE MULCH
C TIl TOTAL PLANT AND MULCH INTERCEPTION
C XMSIR SUM OF RESIDUAL INTERCEPTED RAINFALL AT DAY(T-1)
C & INTERCEPTED RAINFALL AT DAY ( T), XMSIR .LE.
C 1.27
C COMPUTE PLANT LEAF INTERCEPTION

IF ( ALAI .EQ. 0.) THEN DO
PPI = O.
ELSE DO
SIP = 0.4*ALAI
RAINP = RAINN* ( 1 - TRR)
PPI = RAINP
IF ( PPI .GT. SIP) THEN DO
PPI = SIP
ENDIF
ENDIF
IF(PPI..GT. 1.27 ) THEN DO
PPI = 1.27
ENDIF

C COMPUTE MULCH INTERCEPTION
IF ( XMRR •EQ . O. 0) THEN DO
XMII =0.0
ELSE DO

C SIM - MULCH INTERCEPTING CAPACITY FROM RICHIE'S MODEL
SIM = 0.0008*XMRR
RAINN = RAINN -PPI

C XMII - UNFILLED MULCH INTERCEPTING CAPACITY
XMII =SIM -XMSS
IF (XMII .GT. RAINN) THEN DO
XMII = RAINN
ENDIF
ENDIF
XMSIR = XMSS + XMII



IF (XMSIR .GT. 1.27 ) THEN DO
XMSIR =.1.27
ENDIF
TIl = PPI + XMSIR
RETURN
END

212



213

APPENDIX D

WEEKLY WATER BALANCE COMPUTER PROGRAM USED TO COMPUTE THE
RATIO OF ESTIMATED EVAPOTRANSPIRATION TO "CLASS A PAN
EVAPORATION"
C PROGRAM WAS WRITTEN IN WATFIV
C LIST OF INPUT VARIABLES
C YEAR - YEAR OF THE WEEKLY ELEVATED PAN EVAPORATION
C AND RAINFALL AT EACH WEATHER STATION
C RAIN - WEEKLY RAINFALL, INCH
C EO - WEEKLY PAN EVAPORATION, INCH
C UL - AVAILABLE SOIL WATER STORAGE CAPACITY IN EACH
C ROOT ZONE DEPTH, MM
C LIST OF OUTPUT VARIABLES
C NC - NUMBER OF EVAPO GE 0 IN EACH WEEK
C EVAPO - .ET-CAPE RATIO
C LLEO - 0.5 UL
C VARIAN- VARIANCE OF WEEKLY EVAPO
C MEAN - MEAN WEEKI..Y EVAPO
C R - P PARAMETER OF BETA DISTRIBUTION FUNCTION
C S - q PARAMETER OF BETA DISTRIBUTION FUNCTION
C F - EXCEEDENCE PROBABILITY OF EACH EVAPO USING
C WEIBULL EQUATION
C BETA - EXCEEDENCE PROBABILITY OF EACH EVAPO USING
C BETA DISTRIBUTION FUNCTION
C D - ABSOLUTE DIFFERENCE BETWEEN BETA AND F OF EACH
C EVPO
C DMAX - MAXIMUM DIFFERENCE BETWEEN BETA AND F IN EACH
C WEEK
C DR - DRAINAGE LOSS IN EACH WEEK, MM
C IIER - ERROR PARAMETER OF MDBETA, AN IMSL SUBROUTINE

INTEGER YEAR (17),NC (52), IIER(17,52)
REAL EO(17,52), RAIN(17,52), EVAPO(17,52),UL(5),LLEO,

-VARIAN(52), MEAN(52),A(52),R(52),S(52),F(17,52),BETA
-(17,52),D(17,52),DMAX(52),DR(17,52)

C HONOULIULI SOIL WAS USED AS EXAMPLE IN THIS PROGRAM
DATA (UL(I), I= 1,2) / 68.58, 137.16 /

C N - NUMBER OF YEARS OF THE CLIMATIC DATA
C N = 17

DO 1 I = 1,17
READ 2, YEAR(I),(RAIN(I,J),J = 1,10 )

2 FORMAT (3X, 12, 2X, F4. 2) 9<3X, F4. 2»
READ 3, (RAIN(I,J), J=11,20 )
READ 3, (RAIN(I,J), J= 21,30 )
READ 3, ( RAIN(I,J), J = 31,40 )
READ 3, ( RAIN(I,J), J = 41, 50 )
READ 3, ( RAIN(I,J), J = 51,52 )
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3 FORMAT (7X,F4.2, 9(3X,F4.2»
1 CONTINUE

C READ WEEKLY ELEVATED PAN EVAPORATION
DO 4 I = 1,N
READ 5, YEAR(I),(EO(I,J),J =1,10)

5 FORMAT (3X,I2,2X,F4.2,9{3X,F4.2 »
READ 6, (EO(I,J), J =11,20 )
READ 6, (EO(I,J), J =21,30 )
READ 6, (EO(I,J), J = 31,40)
READ 6, (EO(I,J), J = 41,50 )
READ 6, (EO(I,J), J = 51,52 )

6 FORMAT(7X,F4.2,9(3X,F4.2)
4 CONTINUE

DO 15 I = 1,17
DO 15 J = 1,52
EO(I,J) =EO(I,J)*25.4 * 0.85
RAIN(I,J) = RAIN(I,J) * 25.4

15 CONTINUE
DO 19 K = 1,2

C SW - SOIL WATER
AWC = UL(K)
LLEO = o. 5*AWC
DO 20 I = 1,17
DO 20 J = 1,52

C WEEK WITHOUT ELEVATED PAN EVAPORATION DATUM WAS EXCLUDED
IF (EO(I,J) .GT. 0.0 .AND. RAIN(I,J) .GE. 0.0) GO TO

- 1000
EVAPO(I,J) = -1.0
GO TO 20

1000 SW = SW + RAIN(I,J)
IF ( SW .GT. AWC ) THEN DO
DR(I,J) = SW - AWC
SW = AWC
ELSE DO
DR(I,J) = O.
ENDIF
IF ( SW .GT. LLEO ) THEN DO
IF ( SW - EO(I,J) .GE. LLEO ) THEN DO
ET = EO(I,J)
SW =SW - ET
ELSE DO
ETB = O.
ETI =0.
AET = O.

C PETDAY - MEAN DAILY POTENTIAL EVAPOTRANSPIRATION, MM
PETDAY = EO(I,J)! 7.
LB = 0
LL = 0
DO 681 II = 1,7
IF ( SW .GT. LLEO ) THEN DO
LL = LL + 1
ETA = PETDAY



C ETI - SUM OF DAILY ET WHEN SW GT LLEO
ETI = ETI + ETA
SW = SE - PETDAY
ENDIF

681 CONTINUE
LB = 7 - LL
IF ( LB .EQ. 0 ) GO TO 999
DO 682 IX = 1, LB
IF ( SW .GT. O. ) THEN DO
ETB = ( SW/LLEO )*PETDAY
SW = SW - ETB
IF ( SW .LT. O. ) THEN DO
ETB = O.
ENDIF

C AET - SUM OF DAILY ET WHEN SW LT LLEO
AET = ETB + AET
ENDIF

682 CONTINUE
999 ET = AET + ETI

ENDIF
ELSE DO
ETB = O.
PETDAY = EO(I,J)/7.
AET = O.
DO 610 IY = 1,7
IF ( SW .GT. 0.0) THEN DO
ETB = (SW/LLEO)*PETDAY
SW = SW- ETB
IF ( SW .LT. 0.) THEN DO
ETB = O.
ENDIF
AET = ETB +AET
ENDIF

610 CONTINUE
ET = AET
ENDIF
IF ( SW .LE. 0.) THEN DO
SW = O.
ENDIF
IF ( ET .LE. 0.) THEN DO
ET = O.
ENDIF
EVAPO(I,J) = ET/EO(I,J)
IF (EVAPO(I,J) .GT. 1.0 ) THEN DO
EVAPO (I,J) = 1.00
ENDIF

20 CONTINUE
5000 CALL SORT(EVAPO,N)

CALL FIND (MEAN, EVAPO,N)
CALL SOLVE ( VARIAN, EVAPO ,N)
DO 73 IN = 1, 52
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A(IN) = (MEAN (IN)*( 1. -MEAN(IN»/VARIAN(IN) - 1.
R(IN) = MEAN(IN)*A(IN)
S(IN) = ( 1. - }~(IN)*A(IN)

73 CONTINUE
CALL SEARCH (EVAPO,NC,N )
DO 96 M = 1,52
ME = 0
DO 96 MM = 1,N
IF ( EVAPO(MM,M) .GE. 0.0 ) THEN DO
ME=ME+1
F(MM,M) = FLOAT(ME)}FLOAT(NC(M) + 1 )
ELSE DO
F(MM,M) = -1. 0
ENDIF

96 CONTINUE
DO 44 JB = 1,52
DO 44 IB = 1,N
IF ( EVAPO (IB,JB) .GE. 0.0) THEN DO
X = EVAPO(IB,JB)
AA = R(JB)
BB = S(JB)

C MDBETA - IMSL. SUBROUTINE NAME. FOR BETA PROBABILITY
C DISTRIBUTION FUNCTION

CALL MDBETA(X,AA,BB,P,IER)
BETA(IB,JB) = 1.- P
IIER(IB,JB) = IER
ELSE DO
BETA(IB,JB) = -1.0
IIER(IB,JB) = -1.0
ENDIF

44 CONTINUE
DO 78 JK = 1,52
DO 79 JK = 1,N
IF ( EVAPO(IK,JK) .GE. 0.0) THEN DO
D(IK,JK) = ABS(F(IK,JK) - BETA(IK,JK »
ENDIF

79 CONTINUE
BIG = D( 1,JK )
DO 210 IB = 2, N
IF ( EVAPO(IB,JK) .GE.O.O) THEN DO
IF ( BIG .LE. D(IB,JK» THEN DO
BIG = D(IB,JK)
ENDIF
ENDIF

210 CONTINUE
DMAX(JK) = BIG

78 CONTINUE
JW = 0
DO 2404 J =1,52
JW=JW+1
PRINT 2400, JW
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2400 FORMAT (45X, 'WEEK =', I3 )
PRINT 2401, DMAX(J), NC(J)

2401 FORMAT ('0', 'THE VALUE OF DMAX IS = " 4X,F8.6, 'THE
-VALUE OF N(EXCLUDING MISSING DATA) IS = ',I2,// )

PRINT 2402
2402 FORMAT (IX, 'EVAPO' ,20X, 'F', 15X, 'BETA' )

NY = NC(J)
DO 2405 I =l,NY
PRINT 2403, EVAPO(I,J),F(I,J)BETA(I,J)

2403 FORMAT (lX,F4.2, 18X,F5.2, 15X,F4.2 )
2405 CONTINUE
2404 CONTINUE

19 CONTINUE
STOP
END

C SORTING EVAPO IN DECENDING ORDER
SUBROUTINE SORT (EEVAPO,NN)
REAL EEVAPO(17,52 )
DO 21 JS = 1,52
MS=NN-1
DO 20 IS =l,MS
DO 20 I = 1,MS
IF (EEVAPO (I,JS) .LT. EEVAPO( I + 1,JS» THEN DO
TEMP = EEVAPO (I,JS)
EEVAPO(I,JS) = EEVAPO(I + 1,JS)
EEVAPO(I + 1,JS) = TEMP
ENDIF

20 CONTINUE
21 CONTINUE

RETURN
END

C AMEAN - MEAN ET-CAPE RATIO IN EACH WEEK
SUBROUTINE FIND (AMEAN ,EEVAPO ,NN )
REAL AMEAN(52) ,EEVAPO(17 ,52.) ,SUM(52) ,NSUM(52), NNSUM
DO 40 JF = 1,52
NNSUM = O.
SUM(JF) =0.0
DO 41 IJ = 1,NN
IF (EEVAPO (IJ,JF ) .GE. 0.0) THEN DO
SUM(JF) =EEVAPO(IJ,JF ) + SUM(JF)
NNSUM = 1. + NNSUM
ENDIF

41 CONTINUE
NSUM(JF) = NNSUM
AMEAN(JF) = SUM(JF)jNSUM(JF)

40 CONTINUE
RETURN
END

C COMPUTE VARIANCE OF THE ET-CAPE RATIO IN EACH WEEK OF
C THE YEAR
C VARIAC - VARIANCE
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SUBROUTINE SOLVE (VARIAC,EEVAPO,NN )
REAL VSUM(S2), SS(S2), EEVAPO(17,S2 ), MSUM(S2),

-MMSUM, RSUM(S2) , DSUM.(S2) ,VARIAC (S2), A
DO SO JV = 1,52
MMSUM = o.
SS(JV) =0.0
VSUM(JV) = o.
DO 51 IV = I,NN
IF ( EEVAPO (IV,JV) .GE. 0.0) THEN DO
VSUM(JV) = EEVAPO(IV,JV) + VSUM(JV)
MMSUM = MMSUM + 1
SS(JV) = EEVAPO(IV,JV)**2 + SS(JV)
EUDIF

51 CONTINUE
MSUM(JV) = MMSUM
RSUM(JV) = VSUM(JV)**2
DSUM(JV) = RSUM(JV)}MSUM(JV)
VARIAC(JV) = (SS(JV) -DSUM(JV»} (MSUM(JV) - 1.)

50 CONTINUE
RETURN
END

C COMPUTE THE NUMBER OF EEVAPO(I,J) .GE. 0.0 IN EACH WEEK
SUBROUTINE SEARCH (EEVAPO,MC,NN )
REAL EEVAPO(17,52 )
INTEGER MC(S2)
DO 70 JR = 1,52
MC(JR) = 0
DO 70 IR = 1,NN
IF (EEVAPO(IR,JR) .GE. 0.0) THEN DO
MC(JR) = MC(JR) + 1
ENDIF

70 CONTINUE
RETURN
END
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