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OBJECTIVES AND GENERAL PROCEDURE 

This report constitutes the f ina I report on Remote SensIng for 

Irrigated Crop Water Use-Phase 1 under the revised Joint Research Inter

change project I nvo I vi ng Ames Research Center and the UniversIty of 

Idaho. 

The goal of this research is to Identify specific evapotranspira

tion models and model input parameters which have potential for estima-

tlon using remote sensing data. Also, a goal is to determine if 

regional ET estimates can be made directly from a remote sensing based 

measure of vegetatl on, such as crop type or group, biomass, or I eaf 

area. The effort includes Input and data from NASA/ARC, Idaho 

Department of Water Resources, and the University of Idaho. 

In recent years, several models have been proposed as methods of 

eva I uatf ng reg i ona I ET utll I zIng remote I y-sensed crop canopy tempera

tures. Results have indicated that such ET estimates are feasible If 

functional relationships can be found providing reasonable estimates of 

ET based on Indirect measurements of factors which control ET. The test 

of remote sensing capability along these lines is now needed to provide 

guidance for further research efforts. 

Methodology to estimate crop ET from ground-sensed meteorological 

data has progressed In recent years. Several methods are now aval lable 

with the degree of accuracy depending primarily on the degree of data 

ava i I ab i II ty. 



Methods for estt matt ng crop water use are needed because of the 

dtfftculty tn obtatnfng accurate fteld measurements. To obtatn accurate 

estimates of ET for a spectftc crop, the major crop and environmental 

condtttons need to be considered. One approach whtch has been success

ful provides estimates of crop water use on a fteld basts uttltzing a 

reference crop ET and an ET crop coefficient. Meteorological conditions 

estab I tsh the evaporatt ve demand wh fIe ext sting crop canopy and sol I 

moisture conditions determine the extent to which that demand is met. 

The reference crop ET CETR> characterizes general evaporative 

conditions, while the crop coefficient CKC) provides a means of relating 

actual crop ET CETC> to that reference. 

There has been extensive research on reference ET methods and crop 

coefficients because of their application In Irrigation scheduling and 

water resources a I location, management and pI ann f ng. The present I y 

aval lable methods permit estimates of crop ET which are within the 

accuracy of most f f e I d f rr f gatf on sys terns to de I f ver water (Jensen et 

al., 1971; Jensen, 1975; Jensen and Wright, 1978; Wright and Jensen, 

1978). Various experimental crop coefficients and procedures for deter

mining reference ET data have been reported (Jensen, 1974; Doorenbos and 

Pruitt, 1977; Burman et al., 1980; Wright, 1979, 1981, and 1982). 

The data used for this task were col I ected In I ong-term fie I d 

experiments at Kimberly, Idaho, to determine the relationship between 

crop water requl rements and crop, sol I, and climatic conditions. The 

crop factors studied Included the crop type, stage of growth, and amount 

of plant material or dry matter yield. Sol I factors Included surface 
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sot I wetness, the sot I water holding capacity, and rooting depth. 

Meteorological conditions Included the parameters usually measured at 

establ tshed, major weather stations such as temperature, humidity, wind

speed, and solar radiation. Results were previously used In development 

of the procedures for estimating a dally reference crop ET using meteo

rological data, and a unified set of ET crop coefficients {Wright, 1981, 

1982). 

The effort by the University of Idaho focused on three specific 

tasks: 

EVAPOTRANSPIRATION CET) MODEL SENSITIVITY ANALYSIS 

An evaluation of the sensitivity of existing evapotranspiration 

models to cl tmattc Input parameters which had potential for estimation 

by remote sensing was conducted. Four site specific ET models were used 

and sensitivity of crop coefficients and estimated reference ET to 

temperature, solar radiation, dewpotnt and wind speed were evaluated. A 

complimentary approach, which has been used to estimate regional evapo

transpiration based on the Interaction between evaporating surfaces and 

the ambient air was also evaluated. This procedure Is not wei I docu

mented and accepted by the scientific community and because of the low 

anticipated potential for success, a ful I evaluation was not performed. 

No effort was made by the University of Idaho to develop informa

tion on sensor resolution, data availability or the feasibility of cal

culation of input variables from different types of remote sensing data. 
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CROP TYPE VERSUS CROP GROUP ET ESTIMATES 

Recognizing that Landsat data can be used to identify major crops 

and/or crop groups, the similarity of ET among groups was evaluated. 

Crop groupings and mean Individual pixel accuracy for a group using 

mu It i date Landsat MSS data were turn I shed by the Idaho Department of 

Water Resources and crop coefficients for each group determined from 

Individual crop coefficients. Each group crop coefficient was determined 

assuming equal percentages of each crop within a group and potential 

monthly and seasonal crop coefficient and ET errors were determined 

using a 1 4 year weather data base for Kimber I y, Idaho. Max l mum errors 

were assumed to occur when the one crop wIthin the group w f th the 

highest or lowest ET was the only crop actually present in the group. 

RELATIONSHIP BETWEEN CROP BIOMASS/LEAF AREA AND CONSUMPTIVE WATER USE 

Using data collected on lysfmeters and field experiments at 

Kimberly, Idaho, the relationships between leaf area Index and dry 

matter or biomass were evaluated for various crops. Attempts were made 

to define the linear responses of leaf area index and biomass to crop ET 

and develop empirical relationships including time of planting and 

maturIty dates. 
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SENSITIVITY OF ' ET ESTIMATION METHODS 

Reference ET is the evapotranspiration from a specifically defined 

wei I watered crop, usually grass or alfalfa. Reference ET serves as a 

standard for calculation of actual ET from other crops. Actual crop ET 

is determined as the product of reference ET times an empirically deter

mined crop coefficIent. Reference ET Is Intended to Incorporate a I I 

climate and sol I effects, and crop coefficients account for physiologi

cal differences between crops. Numerous methods have evolved for esti

mation of reference ET. Methods differ in definition of reference crop, 

their complexity, and in their data requirements. The appropriate 

method for any given application or location depends upon data avail

ability and the desired accuracy of results. 

Reference ET estimation methods are usually limited by avai labi I tty 

of necessary weather data. Weather stations often do not col I ect a II 

the data required and represent c I i matt c condItions on I y at discrete, 

sparsely located points within an area. Remote sensing may provide 

additional information which wi I I supplement that collected at weather 

stations, or assist in extrapolation of station data. This provides an 

opportunity for improved estimation of regional evapotranspiration. The 

applicability of remote sensing to ET estimation is dependent upon the 

accuracy attainable fn sensing individual parameters and the sensitivity 

of esti matt on methods to errors in input parameters. This sect I on 

describes the sensitivity of four commonly used estimation methods to 

errors in climatic parameters. 
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PURPOSE AND OBJECTIVES 

Remote sens r ng r s best app Ired to ET estt matt on methods in wh r ch 

the primary dependence Is on parameters which can be sensed with a high 

degree of confidence. Methods which demonstrate a strong dependence on 

parameters which cannot be sensed, or sensed only with a relatively 

large error are less compatible with remotely sensed data. The purpose 

of this task was to describe the sensitivity of ET estimation methods to 

errors In climatic Input data. The objectives were: 

1. To evaluate sensitivity of several methods to errors In 
Individual cl lmatic parameters, 

2. to compare sensitivity of the various methods, and 

3. to descrIbe how sens t tt v tty var t es w t th chang t ng base 
conditions. 

PROCEDURE 

Four ET estImation methods were se I ected for sens itt v tty eva I ua-

tton. The methods were FAO Blaney Criddle, FAO Radiation, Jensen-Hatse, 

and Wrlght-1982. The FAO (Food and Agriculture Organization) procedures 

were originally described by Doorenbos and Pruitt (1977). Descriptions 

of all procedures Included In Allen and Brockway (1983). Calculations 

for alI methods were performed by the FAO 24 computer program described 

by AI len and Brockway (1983). 

Monthly means of unpublished dally climatic data from the National 

Oceanic and Atmospheric Administration (NOAA), Twtn Fal Is Weather 

Service Office (WSO) for the 14 year period of 1965 through 1978 were 

used as base data for the sens Itt vI ty ana I ys Is. Data Inc I uded In the 
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analysts were maximum and minimum temperatures, dew point, global solar 

rad ration, and wInd speed. Sensitivity was tested by individually 

adjusting values of one parameter while holding other parameters at the 

month I y mean va I ues. Mean month I y data were used rather than dar I y 

va I ues to avoId da i I y extremes where adjusted va I ues may exceed some 

physical I Jmlts such as solar radiation exceeding clear day solar. 

Parameter adjustments were usually restricted to the physical limits of 

the parameter. Average month I y ET was summed to determIne cumu I at I ve 

effects over the grow r ng season. Errors are presented r n percent of 

base condition ET to avoid confusion over comparison of different 

reference crops. 

RESULTS 

Results of sensitivity analysts were determined for each month and 

cumu I atf ve va I ues averaged for the grow r ng season. Month I y means for 

each parameter are g r ven r n Tab I e 1. Changes r n base cond r tr ons are 

responsible for differences In sensitivity between months. 

Table 1. Mean monthly c I I mati c data, Twin Falls wso, 1965-1978. 

Mean Da f I y Dew Pol nt Solar Wind 
Temperature (8 A.M.) Radiation Speed 

Month (Of) (Of) .Uangleys/day> JJtuuU 

Apr I I 45 29 475 229 
May 54 37 583 195 
June 62 44 627 167 
July 69 50 644 131 
August 67 47 551 131 
Sept 57 38 445 146 
Oct 47 30 314 154 
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Evapotranspiration ca I cuI a ted by the four methods d J f fers due to 

dIfferent procedures and use of d J f ferent reference crops. A I I en and 

Brockway (1983) cal lbrated monthly correction coefficients which compen-

sate for both dIfferences. Estimates generated by the Wrfght-1982 

method are probably most accurate, partially due to the local callbra-

tlon of the equation. Estimates for each month and equation are given 

in table 2. 

Table 2. Mean monthly reference evapotranspiration, Twin Fal Is 
WSO, 1965-1978. 

FAO FAO Jensen- Wright 
Month Blaney-Crlddle1 Radiation1 ~2 .12.823 

Apr I I 3.50 4.09 2.94 4.20 
May 5.46 5.80 4.84 6.21 
June 6.99 6.78 6.28 7.54 
July 7.93 7.36 7.38 7.99 
August 6.81 6.19 6.05 6.84 
September 4.76 4.48 4.01 5.12 
October 2.67 2.64 2.15 3.19 

1grass reference 
2unspecified reference crop 
3alfalfa reference 

Temperature Sensitivity 

The sensitivity of all four ET estimation methods to changes In 

monthly mean maximum and minimum daily temperatures was determined 

within + a range of -16°F. Temperature data is used directly in the 

estimation equations, and may also affect other parameters. 

Temperature affects net radIation, so i I heat f I ux, and vapor pressure 

deficit calculations in the Wright-1982 method. It also affects rela-

8 



tive humidity calculations with the FAO-Bianey Criddle and FAD-Radiation 

methods. 

The average seasonal sensitivity on a relative basis C% ET change) 

is shown In figure 1. The FAO-Bianey Criddle methods exhibits the 

greatest sensitivity since It Is primarily a temperature dependent 

method. The FAD-Radiation method Is least sensitive. Most methods show 

a nearly linear response to temperature change; however, the response of 

the FAO-Radlation method is inflected at a temperature change of about 

-4°F. The inflection results from minimum dally temperature affects on 

relative humidity. This method does not permit dew point to exceed min

Imum dally temperature. 

Base climatic conditions have a stgnlftcant effect upon sensitiv

Ity. That ts, sensitivity at one set of temperatures, dew point, solar, 

and wtnd data ts different than for a second set. Sensitivity plots of 

each method for each month are presented tn the appendix. Monthly vari

ations, caused by changing base conditions, are summarized by figures 2 

and 3 which show relative and absolute sensittvtttes to an +8°F change 

In temperature. The absolute change is greatest during midsummer, 

however, the relative sensitivity Is least during this period due to the 

elevated ET rate. The absolute change plotted in Figure 3 incorporates 

effects of different reference crops used with the different methods, 

complicating comparisons between methods. Figures 2 and 3 show that an 

error In sensing or measuring average monthly July temperature of +8°F 

would result In a 17% error In estimated reference ET, or an absolute 

9 
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error of +1.5 mm/day using the Wright 1982 procedure. Differences tn ET 

rates by method, Including reference crop effects, are gtven tn Table 2. 

Dew Potnt Sensitivity 

Dew potnt senstttvtty was evaluated for the FAO-Bianey Criddle, 

FAO-Rad t ati on, and Wr t ght-1982 methods. The Jensen-Ha I se method does 

not Include dew point or vapor pressure parameters and consequently was 

not Included in the analysis. 

The average seasonal response of calculated ET to dew potnt change 

Is plotted In Figure 4. AI I 3 methods exhtbtt non-linear relationships. 

The response to I ower dew pot nt ( negatt ve changes) t s s t m t I ar for a I I 

methods, resulting In probably neg I tgtble differences tn sensitivity 

within that range. The Wrtght-1982 and FAO-Bianey Criddle methods dis

play an Increased sensttlvlty to Increases In dew potnt resulting from 

the non-linearity of the temperature-saturation vapor pressure relation

ship. Dew point temperature Increases greater than minimum daily tem

perature are unrealistic and sensitivity beyond minimum dally tempera

ture is of no concern. The FAD-Radiation method shows a discontinuity 

in slope at a change of +4°F. This Is the point where dew point temper

ature usua I I y exceeds m tnt mum da II y temperature. Dew point remains 

about 5°F below mtntmum dally temperature (at Kimberly) throughout the 

year as ts apparent from the monthly dew point sensitivity graphs shown 

In the appendix. 

Dew point sensitivity (relative % ET) is not greatly affected by 

base cond Itt ons wIth any of the se I ected methods (fIgure 5) • The 
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relative percentage of ET change due to a -12°F dew point change is +12 

to 15% with the least change occurring during late summer. The absolute 

change (figure 6), however, shows an increased significance during July 

and August, corresponding to a higher ET rate during this period. 

Differences between methods in Figure 6 are partially due to the use of 

different reference crops. Sensitivity in each month for a range of dew 

point temperatures is shown by figures in the appendix. 

Solar Radiation Sensitiyit¥ 

The sensitivity of alI four ET estimation methods was evaluated 

within + a range of -90 langleys/day of the monthly mean solar radiation 

values. The seasonal average of the calculated ET response is shown in 

Figure 7. The seasona I average response of most methods is near I y 

linear. The Wright-1982 method, however, shows an irregularity result-

ing from decreases in solar radiation. The irregularity is caused by an 

incrementa I change in a coefficient used in ca I cuI ati on of emitted 

thermal radiation. The coefficient changes when the ratio of solar 

radiation to clear day radiation becomes less than 0.7. The irregular-

tty t s dampened In the seasona I average and is more apparent t n the 

monthly graphs in the appendix. 

The FAO-Radiation and Jensen-Haise methods are primarily radiation 

based, and consequent I y show the greatest sens t t i vi ty to changes in 

radiation. The Wright-1982 method exhibits the least sensitivity. The 

ratios of ET change to changes in solar radiation are given In table 3. 

Ratios were prepared by approximating alI relationships as linear within 

the range of interest. 
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Table 3. 

Method 

FAO - Radiation 

Jensen-Halse 

FAO-Bianey Criddle 

Wright- 1982 

Solar radiation sensitivity ratios. 

~ETC%)/ ~Solar(langleys/day) 

20.0 X 10-2 

18.7 X 10-2 

11.6 X 10-2 

8.9 X 10-2 

Changes In solar rad l ati on sens I tl vI ty throughout the year are 

shown In figure 8 on a relative scale and figure 9 on an absolute scale. 

Absolute sensitivity is consistently greatest during peak ET months of 

July and August. Relative to monthly ET, however, sensitivity is 

generally least during this period. In the fall, when radiation is 

lowest (during the growing season) an absolute change of 80 langleys/day 

represents a larger percentage of incident radiation and of the total 

energy available, resulting in a magnification of the relative effects. 

The Wright-1982 method emphasizes the aerodynamic term more during tal I, 

resulting in less of a relative increase than is apparent with other 

methods. 

Wind Speed Sensitivity 

The Jensen-Hal se method does not l ncorporate wl nd speed and was, 

therefore, not included In the analysts. Average seasonal sensitivity 

of the remaining three methods is plotted ln figure 10. The Wrlght-1982 

method Is most sensitive and the sensitivity is linear. On a seasonal 

average, the Wrlght-1982 method has a 2.1% change In calculated ET for 

each 10 mph change In wind speed, assuming alI other conditions remain 

constant. The FAO-Bianey Criddle and FAO-Radlation methods are non-

linear and slightly more sensitive to negative changes In wind speed. 
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Changes in relative and absolute sensitivities throughout the 

season are shown in figures 11 and 12 for a 100 mi/day wind increase. 

The Wrlght-1982 method shows the greatest change, increasing through the 

year on a rei ati ve bas Is. The I ncr ease Is due to I ower average wInd 

speeds in the summer and fal I and an increasing dependence on the aero-

dynamIc term I ater In the year. WInd l s a secondary parameter in the 

FAO methods and is used to calculate a multiplier. Wind significance in 

the calculations is only slightly affected by changes In the other 

parameters as evidenced by the relatively flat appearance of the graphs. 

Sensitivity Summary 

Different ET estimation methods are sensitive to changes In 

different cl tmatic parameters. The average seasonal sensitivity of each 

of the methods to each parameter t s It sted In tab I e 4 for a specIfIc 

magnitude of change. 

Table 4. Seasonal Sensitivity Summary. 

Change SeasQoal EI Qbaoge <i> 
Parameter Increment FAO-BC FAO-Rad Wright J-H 

Temperature +8°F 27 .o 17.8 20.0 18.9 
Dew Pot nt -12°F 10.8 12. 1 12.6 o.o 
Solar Radiation +80 1/d 9.3 16.0 7. 1 15.9 
Wind Speed +100 mt/d 10.8 5.0 21.7 o.o 

Selection of a method for use with remote sensing must consider the 

accuracy of the estimating method, and the potential for using long term 

averaged data instead of measured values of secondary parameters. AI len 

and Brockway (1983) found the FAO Blaney Criddle to perform reasonably 
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wei I using long term average solar radiation, dew point, and wind speed. 

Avat lab I I tty of crop coefficients compatible with the selected method 

must also be considered. 

Sensitivity changes with the base conditions under which It Is 

evaluated. Sensitivity for one set of temperature, dew point, radiation, 

and wind wll I differ from sensitivity at a second set. The conditions 

of the application must, therefore, be known in order to establish the 

exact sensitivity of the methods. Sensitivity of estimated monthly ET 

at Kimberly, Idaho to changes in temperature, dew point, solar radia

tion, and wind are shown in figures A-1 through A-28 in Appendix A. 
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CROP COEFFICIENT GROUPING 

Crop coeffIcIents are the ratIo of actua I ET for the part I cuI ar 

crop to reference ET. Actual ET for a crop Is estimated as the product 

of the crop coefficient times the reference ET. Crop coefficients vary 

wtth ttme and crop development. The distribution of coefficients over 

the season ts called the crop curve. Crop curves, determined by 

Wright (1982), are shown In figure 13. Crop coefficients are empiri

cally determined for a specific reference crop, and should only be used 

with the appropriate reference ET. 

Crop coefficients may represent basal or mean conditions. Basal 

crop coefficients are determined for a dry sot I surface which con

tributes I tttle to total evapotranspiration. Evaporation from the soil 

surface must be calculated separately when using basal coefficients. 

Basal coefficients are best suited for estimating dally ET from a 

specific field where evaporation is highly variable, depending on 

moisture conditions. Mean crop coefficients temporally distribute the 

average effects of soli evaporation. Mean coefficients are applicable 

to estimating average ET for long pertods or large areas, and are used 

In this project. 

Remote sensing may be used to determine relative areas of crops or 

crop groups wtthln a defined area. Crops may be classified Into groups 

based upon similarities in spectral response. 

Two forms of error may occur In estImating crop coef f I c J ents by 

remote sensing, recognition error and grouping error. Recognition error 

23 
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is error resulting from difficulties In discrimination between the 

spectral response of crop groups. Grouping error is caused by repre 

sentlng multiple crops with a single crop curve. As broader crop groups 

are used, recognition error tends to decrease and grouping error 

increases. 

This project was designed to estimate maximum potential crop 

grouping error. The crops evaluated are limited to those grown in 

southern Idaho, having comparable and published crop curve information. 

PROCEDURE 

Crop grouping errors were estimated usIng mean crop coeffIcIents 

(alfalfa reference) for crops of southern Idaho. Dally coefficients 

were determined for specific crops using average crop development data 

for Kimberly, Idaho CAllen and Brockway; 1983) In conjunction with 

norma It zed crop curves deve I oped by WrIght ( 1981 ) • That Is, average 

pI anti ng cover and harvest dates were used to Interpol ate da II y crop 

coefficients from published tables. 

Maximum grouping errors were estimated for each selected crop 

group. It was necessary to express maximum potential error since actual 

errors are dependent on the rei ati ve percentage of each crop present 

within the study area. For example, If a crop group includes peas, 

beans, and potatoes, and the study area contains an equal percentage of 

each crop, then no error Is introduced by representing the group by the 

average crop curve. If, however, the study area consists entirely of 

peas, substantial error results from using the average crop group curve. 
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An unlimited number of areal percentages are possible depending upon the 

study area. It was therefore de term t ned to present on I y the error 

limits. That is, the maximum differences in crop coefficients that can 

occur in each crop group. Maximum error at any time is the difference 

between the average curve (crop group) and the maximum or minimum 

extremes. The results are plotted on a seasonal basis since the rela

tionships are time dependent. 

Crop grouping error is expressed both in terms of crop coefficients 

and in the effects on calculation of actual ET. Grouping error has a 

more pronounced ef feet during mid-season when reference ET is near a 

maximum. Unpublished weather data (1965-1976) from the Twin Falls WSO 

were used in the Wr f ght-1982 combination equation to estimate average 

weekly alfalfa reference ET. The reference was multfpl ted by weekly 

average crop coefficients to determine effects of grouping error on 

calculated actual ET. 

Crop groups were selected based on spectral simi lartties and the 

availability of crop coefficients of a common reference. The selected 

groups are described in Table 5. 
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Table 5. Crop Group Definition. 

Group Crops 

Green Crops alfalfa hay, seed alfalfa, grass pasture, beans, 
peas, sugar beets, field corn, sweet corn, potatoes 

2 Row Crops I beans, peas, sugar beets, field corn, sweet 
corn, potatoes 

3 Row Crops I I beans, peas, field corn, sweet corn, potatoes 

4 Beans & Peas beans, peas 

5 Corn field corn, sweet corn 

6 Smal I Grains winter wheat, spring wheat and barley 

7 Alfalfa & Grass alfalfa hay, seed alfalfa, grass pasture 

8 Alfalfa alfalfa hay, seed alfalfa 

RESULTS 

Maximum crop grouping error Is the difference between the average 

crop coefficient and the coefficient for the crops with highest or 

lowest coefficient of crops within the group. The coefficients of each 

crop are time variable and the crop having the highest or lowest coeffl-

clents may change during the season. For examp I e, In a crop group 

Inc I udlng peas and beans, peas wi II have the highest coefficient in 

early season, but beans will become higher during mid-summer (figure 

13). Maximum, minimum, and average crop coefficient curves for the 

selected crop groups are shown In figures 14 through 21. Abrupt changes 

in maximum or minimum curves occur at transitions between crops. 

Errors in calculated actual ET are the product of the crop grouping 

error times reference ET. The effects of grouping error on ET is there 

fore weighted, depending upon time of year, by the magnitude of 
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Figure 15. Crop coefficient curves for crop group 2. 
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Figure 16. Crop coefficient curves for crop group 3. 

" ~ _ _._..- ____ ..__...,........_ 

SEPT OCT 



1.4 

1.3 
I 

MEAN CROP COEFFICIENT 
1.2 1- ·······MAX CROP COEFFICIENT 

1.1 I 
----MIN CROP COEFFICIENT 

.I 

I ... .... 
z 
UJ 
u 
iL 
LL .7 l&J 

w 0 
u 

.6 t 
... / , ' 

I ' Q. .5 I ' 0 I ' a: \ u 4 
I 

/ \ 

' .3L ~ -------- -- '\ 

' ' .2t ' ' -- _..-- .--. ~·· .................. 
. I 

~....__ ...... ________ 
0 

APRIL MAY JUNE JULY AUGUST SEPT OCT 

Figure 17. Crop coefftctent curves for crop group 4. 
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Figure 18. Crop coefficient curves for crop group 5. 
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Figure 19. Crop coefficient curves for crop group 6. 
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Figure 20. Crop coefficient curves for crop group 7. 
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Flgure 21. Crop coeffrcrent curves for crop group 8. 



reference ET. Grouping errors during mid-summer therefore cause larger 

differences in estimated ET than errors during times of lower reference 

ET. Estimated actual ET, corresponding to the maximum, minimum, and 

average crop curves for each group, are presented in Figures 22 through 

29. 

Total seasonal error is not directly attainable from Figures 22 

through 29. The maximum seasonal error is not necessarily the sum of 

dally errors since the maximum and minimum ET curves may be a composite 

of several crops. Maximum dally error may be due to different crops at 

d r f ferent t r mes of the year, yet reI atr ve percentages of crop areas 

remaIn constant. RepresentIng an area of 100% sugar beets by a crop 

group consisting of alI row crops results in maximum dally errors only 

during late summer when sugar beets have the greatest transpiration of 

any crop l n the group. The tota I seasona I error, therefore, is I ess 

than the sum of the maximum daf ly errors despite the fact that It repre

sents a worst case situation. Summing maximum dally errors throughout 

the season Jmpl ies the area consists of 100% peas during spring, 100% 

beans in mid-summer, and 100% sugar beets In late summer, which Is not 

poss r b I e. Max r mum seasona I ET error r s the dIfference between season 

total ET for the highest or lowest ET crop within a group and the group 

average ET. Total season ET extremes and averages are given for each 

group r n tab I e 6. Tab I e 6 shows that r f the remote sensing technIque 

can only discriminate within broad crop groups (i.e., 1, 2, & 3), the 

maximum possible error in seasonal ET estimation due to grouping may be 

from 13 to 35%. However, if the discrimination wfl I allow more deffnf-
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tlve crop groupings I.e., groups 4 through 8), then maximum probable 

errors In seasonal ET of 4 to· 13% may be achieved. 
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Figure 28. Actual evapotranspiration for crop group 7. 
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~ 
0\ 

Average 
ET 

Crop Group lmml 

1 Green Crops 756 

2 Row Crops I 686 

3 Row Crops I I 670 

4 Beans and Peas 532 

5 Corn 725 

6 Sma I I Gra t ns 760 

7 Alfalfa and grass 897 

8 Alfalfa 870 

1Maximum minus group average. 

2Group average minus minimum. 

Table 6. Maximum seasonal ET differences. 

Mg~Jmum 
D i f:fer:eoce 1 Crop ET Crop 

lmml 1mml .w_ -

Alfalfa Hay 962 206 27 Peas 

Sugar Beets 852 166 24 Peas 

Field Corn 757 87 13 Peas 

Beans 575 43 8 Peas 

Field Corn 757 32 4 Sweet Corn 

Winter Wheat 814 54 7 Spring Barley 

Grass Pasture 962 65 7 Seed A I fa I fa 

AI fa I fa Hay 962 92 11 Seed A I fa I fa 

Minimum 
Dlffer~n~~2 ET 

1mml 1mml .w. 
490 266 35 

490 196 29 

490 180 27 

490 42 8 

693 32 4 

705 55 7 

780 117 13 

780 90 11 
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RELATIONSHIP BETWEEN CROP BIOMASS/LEAF AREA 

AND CONSUMPTIVE WATER USE 

PURPOSE AND OBJECTIVES 

The purpose of thls task was to brlng together existing research 

information to he I p solve the quest I on of whether remote sen sf ng data 

mlght enhance the development of practical, regional evapotranspiration 

models. Data were analyzed on the relationships between crop evapotran

spiration <ET> and the amount of crop material present which might be 

remotely sensed In some way. Base measurements Involving such vegeta

tion parameters as crop type, dry matter yield, and leaf area were 

Investigated. For these purposes, crop ET Is essentially equivalent to 

the term "consumptive water use" (OJ) and dry matter is equivalent to 

"biomass". 

The general concepts of the relationships between crop ET and crop, 

soli, and climatic conditions are next reviewed for general background 

of terminology and concepts. Specific results are presented showing the 

relationship of the amount of crop material to the Intensity of crop ET 

and accumulated seasonal crop ET. 

BACKGROUND INFORMATION 

Dally crop ET data collected wlth welghlng lyslmeters at Kimberly, 

Idaho (Wright, 1981, 1982) and other research sltes, have shown that for 

most crops, relative ET Increases as crop growth increases from the time 

of crop emergence until crop cover reaches a certain threshold level, 

termed effectl ve f u I I cover ( EFC>. ReI ati ve crop ET then stab IIi zes, 
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even though growth of the plants usually continues beyond the point of 

EFC unt I I the crop begIns to mature, Is harvested, or undergoes major 

structural changes, such as caused by lodging. Total crop ET consists 

mostly of transpiration CTP> from leaf surfaces, thus the relative 

amount of leaf area <LA>, frequently represented by the leaf area Index 

CLAI>, Is an Important parameter in considering the relationship of ET 

to crop growth. The rei at I onsh I p of rei ati ve ET to LA I exp I i ct tl y 

Identifies the point of effective ful I cover. 

ET via Remote Sensing 

Hatf I e I d ( 1983) dIsc us sed the state-of-the-art of remote sensing 

methods In estimating ET. His review Indicated that it should be possl

b I e to measure the amount of crop mater I a I present at the earth's 

surface by one or several methods Involving visible and near-Infrared 

reflectances and the ratio of various of the spectral parameters. Some 

results Indicate that remotely-sensed estimates of crop LAI are possible 

and could be used with ET models to estimate crop ET for purposes such 

as Jrrlgatton scheduling. Other work also suggests that Jt Js possible 

to relate remotely-sensed parameters to the accumulated dry matter of a 

crop, durIng certain per I ods of growth. A type of vegetatt ve Index 

could relate sensible crop parameters to the crop dry matter and 

possibly provide a link to usable ET models. Green leaf area and green 

leaf biomass have been correlated to spectral data. Hatfield concluded 

that there Is potential uti llty " ••• in the use of crop spectral 

reflectance data to assess LAI Cor crop cover) which could be directly 

applied to evapotranspiration models." 
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Hatfield also discussed the use of spectral measurements to detect 

crop-water stress, which Is of fundamental Importance Jn being able to 

determIne rei atJ ve evapotranspIration. He showed that J t shou I d be 

possible to relate the ET crop coefficient, at least for some crops, to 

a relative vegetative Index. He felt that if such relationships could 

be developed for a number of crops, then it might be possible to uti ltze 

remote I y sens I b I e parameters to estimate crop coef ftc I ents over I arge 

regIons. Parameters of most Importance wou I d be those concerning the 

degree of plant cover and the variation of growth within a region. 

Measurements of Crop Growth 

The term, leaf area Index CLAI), has been used since first proposed 

in about 1947 by Watson (1952) to describe the leaf area (LA) of a crop 

on the same basts as yield; that Is, as the area of leaf surface per 

unit area of land surface. <The leaf surface applies to one side only 

of the leaves.) The term has been especially useful In comparing the 

growth of d l fferent spec l es of crops. Severa I such comparisons have 

been reported for various crops and LAI has been related to crop type, 

plant spacJng, and management practJces (Watson, 1952; Donald, 1963; 

Wallace, et al ., 1972; Evans and Wardlaw, 1976; to name a few). 

The change in the LAI of developing plants can generally be catego

rized Into four phases of crop growth. In the Initial phase, the young 

pI ant foil owIng emergence typ i ca II y has I ow and s I owly increasing I eaf 

area as it becomes estab II shed. Our l ng the second phase, the I eaf 

expansion per plant is rapid, nearly exponential with time, so that the 

tota I LA I ( l nc I ud l ng the ground area between pI ants) r ncr eases near I y 
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linearly with time unti I the third phase, or maximum LAI, is achieved. 

The third phase may be relatively short or long In nature depending on 

the pI ant type. It Is short for the sma I I graIns, and I ong for crops 

like sugar beets. During the third phase, older leaves may senesce due 

to shading, Insect damage, or disease, to be replaced by newer leaves. 

This phase Is usually associated with the physiologically reproductive 

stage of growth when much of the plant energy is going into reproductive 

organs or other storage tissue. The fourth, and final phase, is one of 

dec I In i ng I eaf area and Is usua I I y as soc I a ted wIth maturatl on of the 

crop, but also may be climatically Induced such as by a frost. 

Genetic factors control the main differences between crops, their 

growth habit and leaf area development. The LAI of a crop can be highly 

variable, even for a given variety, within a region on any given year. 

Year I y dIfferences may a I so be pronounced. ThIs Is so because the 

development of leaves by a plant is strongly influenced by physiological 

growth conditions, or what might be cal led external factors, as wei I as 

the Internal genetic factors. Soil fertl llty, water availability, light 

IntensIty, temperature and other c I I mati c factors, and dIseases, and 

insects alI have some influence on leaf area development. 

In the early stages of growth, the transpiration component of ET Is 

largely a function of the extent of leaf area. As the leaf area 

increases so does the transpiration, unti I energy exchange and diffusion 

processes become the limiting factors, which normally occurs at the time 

of canopy closing, or the point at which the ground surface Is mostly 

shaded within and between rows of a crop. Once the canopy is closed, 
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further I ncr eases In LA I have I i ttl e ef feet on transpiration rates. 

However, the structure of the crop at canopy c I os i ng does have some 

influence on crop ET. This Is partly because of the effects of leaf 

orientation on light Interception, and the effects of crop morphology on 

the aerodynamic exchange of heat and water vapor between the crop canopy 

and the atmospheric-surface-air-layer. 

The net growth of a crop t s typ t ca II y measured t n terms of the 

yield of plant material at a given stage of growth. Since water Is the 

major portion of I i v t ng pI ant mater I a I , and s i nee water contents are 

highly variable depending on genetic and environmental factors, · yield Is 

usually expressed on a dry weight basts. This may be an oven dry weight 

or an air dry weight, depending on the method and purpose of analysis. 

Accounting for the variation in yield between different species of 

crops, and even between crops of the same species, Is very complex. The 

net growth of the plant, particularly the net accumulation of plant dry 

matter with time, involves many of the same factors which affect the 

development of leaf area, such as genetic factors and alI of the 

external factors which affect the physiological processes of the plant. 

Photosynthesis provides most of the increase In crop dry weight, as 

wei I as the energy to drive the metabolic processes of growth. Factors 

favoring optimum photosynthesis are often those which favor relatively 

high plant transpiration, such as ample sunlight, warm temperatures, 

rapid diffusion and turbulent gaseous exchange within the plant environ

ment, readily available water within the soil root zone, and adequate 

nutrient availability, alI promoting rapid expansion of leaf and other 
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plant organs. Consequently, agronomic practices favoring highly produc

tive crop growth also lead to relatively high ET rates. Crop water use 

is related to plant growth but in a very complex manner. 

For purposes of this study, the plant growth factors of greatest 

importance are those which affect the spectral reflectance and/or 

emission of thermal and radiant energy from the composite crop canopy. 

The crop leaf area has a major impact on this as does also the total 

plant dry matter accounted for in the leaves, stems, fruiting organs and 

other above-ground portions of the pI ant. In ear I y growth phases a 

large portion of the plant dry matter is in the leaves whereas in latter 

phases only a smal I portion may be. Important morphological character

istics of the crop, as to remote sensing, are leaf size and number, the 

position, angle, and vertical and horizontal distribution of the leaves, 

tota I pI ant height, the withIn and between row coverage of the sol I 

surface, and the presence of reproductive organs such as tassels, ears, 

pods, heads of grain, etc. 

Plants, and particularly those of common agronomic crops, more or 

less continuously fncrease fn slze and develop new organs, at least 

Intermittently, throughout their life history. While the simplest 

connotation of growth Is that of an Increase In plant size, it is, of 

course, only one feature of the growth process. Nonetheless, although 

plant physiologists frequently use growth in specific senses, the term 

growth can be used to include the increase in size as wei I as the forma

tion and development of new organs. 
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The development of the plant-root-system closely paral leis the 

growth of the above-ground portions of the plant. The dry matter in the 

pI ant root system may be of the same order of magnItude as the above

ground plant material. With some crops, such as potatoes, sugar beets, 

carrots, etc., once the above-ground I eaf area t s estab It shed, the 

be I ow-ground dry matter accumu I att on exceeds that of the above-ground 

portions. Nonetheless, even these plants must maintain relatively high 

leaf areas for optimum photosynthesis. Of course, only the above-ground 

portions of the pI ant w t I I have an ef feet on remote sensIng measure

ments. Root crops usually have relatively less stem and other vegeta

tive material above-ground than do crops with above-ground fruiting 

bodies. 

Estimating Crop Evapotranspiration Using ET Crop Coefficients 

The use of crop coefficients to estimate crop ET was briefly 

discussed tn an earlier section of this report. An expanded discussion 

is presented here as a background for the manner tn which crop ET was 

determined for comparison with crop growth. 

The derivation and use of the general ET crop coefficient are given 

by two equations: 

KC = ETC/ETR 

ETC = KC*ETR 

( 1 ) 

(2) 

where KC is the dimensionless ET crop coefficient for a particular crop 

at a given growth stage and for given sot I moisture conditions, ETC is 

dat ly crop ET Cmm/day), ETR is dat ly reference ET Cmm/day), and * 
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sfgnfffes multiplication. Crop ET Js dependent on the extent to which 

the crop canopy shades the sol I, on the degree to which available sol I 

moisture supports transpiration, and on the rate of evaporation directly 

from the sol I, whIch Is I arge I y dependent upon surface wetness. The 

crop coefficient can be factored as: 

KC = KCB*KA + KS (3) 

where KCB is a basal crop coefficient (Wright, 1982), and KA and KS are 

coefficients related to available sol I water and surface sol I wetness, 

respectIve I y. VarIous a Igor I thms may be used to represent KA and KS. 

Only limited data are yet avaf lable on these relationships. 

A form of Eq. (3) which combines the effects represented by KS is: 

KC = KA*KCM (4) 

where KM ts a mean crop coefficient including effects of a wet soli 

surface. Values of KCM are derived when KA = 1 so that KC = KCM. 

Crop coefficients are empirically derived from experimental data 

using Eq. (1) while Eq. (2) Is used to estimate crop ET when previously 

derIved crop coef f J c J ents are ava J I ab I e. The d J str I butf on of KC w J th 

time throughout the season forms an "ET crop coefficient curve." 

Relations between KC, KCM, KCB, KS, and KA are shown diagramatical ly Jn 

figure 30. The basal crop coefficient curve, KCB, represents conditions 

when the sol I surface Js visually dry, so that sot I evaporation Is 

minimal, but soil water is sufficiently available to support maximum 

pI ant growth and transpiration. Some basal coefficients have been 
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Genera It zatl on of the bas a I ( Kcb) and mean (Kern) ET crop 
coefficient curves In relation To stage of crop growth and 
showing the effects of Irrigation, precipitation, and limiting 
sol I water (after Wright, 1982). · 
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developed uti llzlng ET data obtained with weighing lystmeters tn 

southern Idaho and central California (Burman et al. 1980; Wright, 

1982). The mean ET crop curve, KCM, includes the effects of rain or 

irrigation on surface soli wetness and may be more useful than a KCB 

curve for estimating dally crop ET when it is Impractical to assess wet 

sot I effects, or it is necessary to estimate total seasonal water 

requirements for a general area from historical climatic data and dates 

of rain or irrigation are not known. The KCM curve lies above the basal 

curve to various extents, depend l ng on the l rr l gati on and ra i nf a I I 

pattern and soli drying properties. When KCM is used to estimate ETC, 

adjustment may be made for the effects of limiting soli moisture, 

Eq. (4), If appropriate KA relationships are available. Mean daily crop 

coef f i c l ents, deve I oped from the same I ys l meter ET data as used to 

derive the basal coefficients, were reported by Wright (1981). 

Methods available for estimating ETR for use with Eqs. (1) and (2) 

depend on data avat lability and local circumstances (Jensen 1974; Burman 

et al. 1980, 1983; Doorenbos and Pruitt 1977) and were discussed under 

"Sensltlvlty of ET Estimating Methods". The Penman combination approach 

Is recommended where s uf f l c i ent data are ava l I ab I e. Methods based 

solely on temperature are generally inadequate for arid or semiarid 

regions. It is important when estimating ETC by Eq. (2) to use the same 

type of ETR as was used in the derivation of the crop curve. 

Alfalfa reference ET, ETR, has been used for arid climates (Jensen 

et al. 1971; Wright and Jensen 1972, 1978; Wright 1981, 1982) and is 

defined as the dally ET of an actively growing alfalfa crop covering an 
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extensive area, at least 30 em tal I and standing erect, and wei I watered 

so that soil water availability does not limit ET. Wright and Jensen 

(1972) used lyslmeter data and a modified Penman combination equation to 

develop procedures for estimating alfalfa ETR from meteorological data. 

Wright (1982) later modified these procedures to further account for 

seasonal variabt I tty. 

Grass reference ET, frequently denoted as ETO, has also been used 

and is defined as the ET of wei !-watered, actively growing, green grass 

which is clipped to a uniform height of 8-15 em, completely shading the 

sol I, not short of water, and covering an extensive area (Doorenbos and 

Pruitt 1977). Short grass ET is less than alfalfa ET. Thus, when ETO 

is used in place of ETR in Eq. (1), the crop coefficients derived for a 

given crop are larger than when ETR is used. 

Because of its interactions with the energy exchange and mass 

transfer processes operating within the atmosphere over a field, ETR ts 

affected by the nature of the crop canopy and general topographical and 

climatic conditions. Consequently, specific wind functions representing 

local condtttons should be used wfth the combtnatton equation for the 

most satisfactory results CSiatyer and Mcilroy 1961). The same proce

dures shou I d be used t n computing the vapor pressure deficit for use 

with the various wind functions as were used in their derivation (Cuenca 

and Nicholson 1982). 

A project aimed at developing methodology for estimating consump

tive irrigation requirements for crops in Idaho on a state-wide basis 

<AI len and Brockway, 1983) compared four methods of estimating ET from 
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climatic data. The FAO-modtfted Blaney-Criddle method was selected as 

the most useful method because of the minimal data requirements and lack 

of data for some of the other methods. The selected method was used 

with an adjustment of estimates based on correlations developed at the 

Kimberly location where lysfmeter derived ET and associated meteorologi

cal data were avaf lable. Monthly statistics were computed for consump

tive use estimates for 98 weather sites In Idaho. 

Grow·f ng Degree- Day Computatf ons 

The relationship of plant growth to general air temperature 

conditions Is frequently quantified with a growing degree day (GOD) 

term. Research has shown that different plant species have different 

threshold temperatures below which, under most conditions, growth does 

not occur. Some a I so have upper thresho I d I eve Is. When temperatures 

exceed this level, net growth rates are reduced or plant material may 

even diminish. Detailed data are not avat lable for the upper and lower 

temperature limits for alI crops. 

A growing degree day system for Idaho was presented by Everson et 

al. (1976). They compared new and old ways of computing growing degree 

days for several locations In the state. With the old method, the grow

Ing degree day Is computed as the dally mean air temperature minus the 

base or threshold temperature. With the new method, a dally mean tem

perature is similarly computed except that the daf ly minimum and maximum 

temperatures are set equal to the lower or upper threshold temperatures 

If they are less than or greater than those levels, respectively. Then 
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the appropriate temperatures are averaged and the base temperature is 

subtracted. 

Daily growing degree day units are normally accumulated for periods 

of concern to provide accumulative growing degree days. These are then 

sometimes compared with various measures of crop growth during those 

periods. 

Modeling Crop Growth 

In recent years, considerable effort has gone into the development 

of crop yield models to permit computing crop yield from climatic and 

other data. One such recent effort by HII I et al. (1985) attempted to 

adapt crop yield models to irrigation scheduling programs so that the ET 

crop curve could be related to crop growth rather than a strictly time 

dependent base. These models used the same input data as normally used 

to estimate crop ET. Submodels were developed for several of the crops 

grown In southern Idaho. These were then ca I I brated, verIfIed, and 

tested with data obtained in field experiments at Kaysvfl le and Logan, 

Utah, and Kimberly, Idaho. The agreement between model and field rela

tive yield was good to excel lent for calibrated conditions at a given 

site; however, the match between model and field results deteriorated 

considerably when the model was tested at locations other than where It 

was calibrated. It was concluded that the model was not sufficiently 

Inclusive to account for alI growth and location factors, limiting Its 

transferab i II ty. 
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The complex growth processes may not yet be sufficiently understood 

to permit quantifying them for model Jng efforts. If this is so, then 

perhaps there are rea I I sti ca I I y a I so some I I m its as to the poss I b i I I ty 

of usIng remote I y-sensed crop parameters to mode I reg I on a I ET. Wh I I e 

the remote sensing technique holds some promise, there are yet many 

major problems to be overcome and much basic information is needed on 

the relationship of crop growth, not only to consumptive water use, but 

also alI other climatic factors. 

PROCEDURES 

Data were obtained for this analysis in studies of the major crops 

of southern Idaho during the period 1973 through 1983. The crops were 

grown on research plots of the USDA, Snake River Conservation Research 

Center (USDA, SRCRC) about 1 Km east of Kimber I y, Idaho, In the south

central portion of the state. Agronomic practices were aimed at obtain

ing maximum yields for local conditions. 

Leaf area CLA> and dry matter yields CDMY) were obtained periodi

cally (about twice monthly) throughout the growing season. During the 

first years of the study, LA data were obtained by photocopying proce

dures whereby the I eaf samp I es were copied, the I eaf t mages cut out, 

the paper was weighed and the LA was ca I cuI a ted usIng measurements of 

the surface density of the paper. Our I ng the I atter port I on of the 

study, an automatIc photometric I eaf area machIne was used for these 

measurements. The dry matter yields were obtained from samples of alI 

of the above-ground portions of the crop for a given area, drying the 

samples in large crop-drying ovens at about 60°C, until further water 
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loss was negligible, and then weighing of the dried samples. Thus the 

DMY's were on an oven-dry-basis. 

Dally crop ET (ETC) values for the Individual crops were computed 

using Eq.(2). The appropriate mean ET crop coefficients <KCM) and the 

mean reference ET (ETR>, were used for the several years of the study. 

The mean ET crop coefficients, KCM, selected were based on the previ

ously reported results of Wright (1982) and were similar to those shown 

In figure 13, but were extended to cover the entire 7-month period. The 

selected mean ET crop curves are shown In figure 31, at 5-day Intervals 

throughout the season from 3/31, day 90, through 10/28, day 300. A bare 

soli KCM of 0.2 was used for April and May to represent average condi

tions of surface sot I wetness prior to the establ tshment or emergence of 

the crop. Spring barley and wheat were considered to have stmtlar crop 

coefficients. For purposes of this study, tt was assumed that new 

alfalfa was seeded wtth spring grains or that it was seeded immediately 

after the pea or grain harvest In August. This Is frequently the manner 

In which new alfalfa Is seeded In southern Idaho. The KCM values for 

new alfalfa following peas and spring grain are estimates based on expe

rt ence and genera I observations of the growth and deve I opment of such 

crops. Expert menta I I y derived data are not yet ava I I ab I e for these 

situations. Actual lyslmeter measurements of crop ET had been used by 

Wright In the derivations of the mean ET crop coefficients for several 

of these crops. Thus the calculated ETC values were not far removed 

from actual field measurements. 
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Daily alfalfa ETR was computed from meteorological data for each of 

the years of the study for the growing season, Apr i I through October 

using the specific procedures of Wright (1982) for the modified Penman 

equation. These computations were similar to, but Independent of those 

mentioned In earl fer sections of this report and referred to as 

Wright 82. The required meteorological data consisted of maximum and 

minimum air temperatures, 0800-hour dewpoint-temperature, 24-hour wind 

trave I and solar radiatIon. These data were obtaI ned at the NOAA, 

National Weather Service CNWS) Station located at the USDA, SRCRC. A 

mean curve of dally ETR for the period 1973 through 1983 was developed 

from the computed daily values for the Individual years. The mean curve 

was then used In the computation of dally ETC for the Individual crops 

providing smoothed average crop ET for comparison with the smoothed crop 

growth data. 

Res-ul-Ts and PlscussJon 

The crops selected for the presentation of LAI, and DMY, are LISTED 

in Tab I e 7 a I ong wIth I nformatl on on the year the crop was grown, 

observed planting dates, and dates of crop emergence and harvest. The 

estab I I shed (est. ) a I fa I fa was seeded In 1 980, thus the stand was 4 

years old at the time of the measurements In 1983. The alfalfa began 

growth about 04/01, after wInter dormancy, and returned to dormancy 

about 11/01. The winter wheat crops were seeded in the fal I of one year 

and harvested during the summer of the following year. The young winter 

wheat seedlings were generally dormant from mid-November through the end 
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of February. Beans and peas refer to crops raised to maturity for seed 

production, as is common in southern Idaho. 

Tab I e 7. Tabu I ati on of crops and years for whIch I eat area Index and dry 
matter yields were obtained, Kimberly, Idaho. 

Crop 
No. 

2 
2 
2 

3 

4 

5 

6 

7 

8 

Crop 

Alfalfa, 
Est. 1st cutting 

2nd cutting 
3rd cutting 
Dormancy 

Sprtng Gratn 
Barley 
Wheat 

Beans 

Corn, field 

Peas 

Potatoes 

Sugar beets 

WInter wheat 

Year 

1983 

1978 
1979 

1973 

1977 
1980 

1977 

1982 

1975 

1977-78 
1982-83 

Date of 
Planting 

4/01 1 

4/01 
4/05 

5/24 

5/05 
5/01 

4/10 

4/25 

4/15 

10/15 
10/25 

Date of 
Emergence 

4/15 
4/23 

6/05 

5/25 
5/15 

4/25 

5/25 

5/10 

10/25 
11/10 

1Date of beginning of spring growth of established alfalfa. 

Alfalfa Reference ET 

Date of 
Harvest 

6/16 
8/02 
9/22 

11/01 

8/10 
8/15 

8/28 

9/20 
9/29 

7/25 

10/10 

10/15 

8/10 
8/15 

DatI y a I fa I fa ETR was computed for each of the 7 years I I sted In 

Table 7. The 3 years, 1974, 1976, and 1981, were excluded from the 11 

year period, 1 97 3 through 1 983, because crop growth data were not 

included for those years. The dally mean ETR calculated for the 7-year 

pert od was used to construct an accumu I ati ve mean ETR curve for the 
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season as shown In figure 32. The standard deviation of daily ETC is 

a I so shown at 1 0-day I nterva Is, representIng the varIation wIthIn the 

10-day period as wei I as between years. As expected the standard devia

tion Increased during the season. 

The cubic equation fitted to the accumu I ati ve mean ETR curve of 

figure 32 was: 

where: 

Y = 313.0 - 10.889*X + 9.77340E-02*X**2 

- 1.72139E-04*X**3; R**2 = 0.9999 

Y = estimated accumulative ETR 

X = day of year, 90 through 305 

[5] 

The first derivative of Eq. (5), calculated to provide a smoothed 

daily ETR curve was: 

dY/dX 

dY/dX =- 10.89 + 0.19547*X- 5.16417E-04*X**2 [6] 

where 

dY I dX t s eq u iva I ent to an estimated da I I y 'ETR 

Eq. [6] was then used to generate the ETR data for the computation 

of the t nd tv i dua I crop ET va I ues at 5-day i nterva Is throughout the 

season. 
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Individual Crop ETC. LAI. and DMY 

The basic crop-water use and crop growth results are summarized In 

figures 33 through 40 for the 8 crops of this study, In the same order 

as I I sted t n tab I e 7. Va I ues of ETC, LA I, and DMY are pI otted as 

smoothed data at 5-day Intervals throughout the season, (the DMY data 

are plotted as 2* DMY for purposes of scale). Results for non-cropped 

areas are shown In figure 41 and were based on estimates of conditions 

for such areas. Non-cropped areas Include Irrigation canals, laterals, 

ditches, roadways, farmsteads. smal I towns, etc. The mid-season dip in 

ETC t n figure 41 was based on the supposItion that vegetatt on a I ong 

roadways and fence I I nes becomes dormant dur t ng I ate spr t ng after the 

depletion of available sot I water. This condition Is eventually offset 

by growth a I ong water ways and the trees and shrubs surround t ng farm

steads or a I ong fence I t nes so that the net ETC of such areas aga t n 

Increases. The corresponding LAI and DMY data of figure 41 were esti

mated from results obtained for the other crops. 

Com par I son of the deve I opment of I eaf area t ndex and dry matter 

yield throughout the season as a function of actual crop ET provides a 

means of considering how remotely-sensed crop material might correspond 

to crop ET. Visual analysis of figures 33 through 40 indicates that ETC 

usually approac~ed a maximum level after the LAI reached values of 3 to 

4, depending on the crop type, and began decreasing whenever LAI 

decreased to about the same levels. There Is a considerable difference 

In the general relationship of ETC to LAI and DMY for the various crops 

because of the differences In growth characteristics. For example, the 
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three curves for establ lshed alfalfa show a close correspondence between 

the three variables; whereas in the case of spring grain, dally ETC con-

ti nued to increase after LA I reached a max t mum and DMY continued to 

increase even after ETC had begun to decrease. In the case of dry 

beans, the decrease in LAI closely corresponded to the decrease In ETC 

and the cessation of increase in DMY corresponded to the dec I ine In LA~. 

Sugar beets had the highest LA I, wh I I e wInter wheat and corn had the 

highest DMY. 
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The results of figures 33 through 40 do show some common features 

among the sever a I crops. In a I I cases, most of the t ncr ease t n ETC, 

LAI, and DMY during growth phase 2 was nearly linear with ttme, tndtcat

tng that, during thts phase, crop growth was closely correlated with the 

rapid development of leaf area. AI I of the crops achieved LAI's of at 

least 4. The Increase In LAI was nearly linear with ttme In the LAI 

range of 1 to at I east 4. The t ncr ease t n da t I y ETC was a I so near I y 

linear with ttme In the LAI range of 1 to 3. Dally ETC essentially 

peaked for most of the crops Cal I except alfalfa and winter wheat) at an 

LAI of 4, even though the LAI usually continued to increase to values of 

5 or 6 thereafter. Effective ful I cover was achieved In most cases by 

the time LAI reached 3. LAI Increased from 3 to 4 in only 5 to 10 days. 

In the cases of beans, corn, peas, potatoes, and sugar beets, dally ETC 

began to decline from the maximum level after LAI reached 4, even though 

LAI continued to Increase In each case. 

The ETC, LA I, and DMY curves were most simi I ar in shape for 

alfalfa, a forage crop. The crops which have major dry matter accumula

tl on above the ground, r n the form of gra r n or other seeds, such as 

beans, fie I d corn, and w r nter and spring grains, show the greatest 

dissimi lartty between the three curves. In these cases, maximum DMY's 

were reached at about the time ETC dropped to near minimum levels. In 

fact, a large portion of the increase in DMY occurred tor these crops 

after da I I y ETC began to dec It ne. In the case of potatoes and sugar 

beets, the above-ground DMY's reached peak levels fairly early tn the 
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growth eye I e. Most of the dry matter of these crops is accumu I a ted 

below ground In the tubers or roots. 

The decl lne in LAI was associated with maturation processes of the 

crops. This decline usually began before harvest. The rapid decrease 

in DMY was associated with harvest of the crops. 

The seasonal ETC curves of figures 33 through 40 are shown together 

for a II of the eIght crops In fIgure 42 and are grouped Into two 

sections to permit distinguishing the Individual curves. Seasonal LAI 

and DMY curves are similarly shown for each of the crops in figures 43 

and 44, respectively. These figures provide a visual composite of the 

crop response throughout the season. To be parti cuI ar I y noted is the 

nature of each curve tn relation to other curves, the relative rate of 

increase during the rapid growth phase, the maximum level achieved, and 

the nature of the curve during the reproductive and maturation phases of 

growth. The genera I compensatl ng nature of the combined curves Is 

notab I e and w I I I be dIscussed In greater deta I I In a I ater section of 

the report. 
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shown In figures 33-40, Kimberly, Idaho. 

76 



-
ci 
....J 
w 
>-
0: 
w 
..... 
..... 0.8 
<( 

~ 0.6 
>-a:: c 0.4 
J: 
..... 0.2 
~ 
0 
0: 
C) 

a_ 0.8 
0 

100 120 

Kimberly, Idaho 
I 

1973-1983 

I 

I 
I 

Winter Wheat/ 

I 
/// 

./ 
,~ 

I 

? 
/ 

/X 
X 

I 
X 

I 

2.4 

1.8 

1.6 

1.4 

1.2 

1.0 

..... 0.6 0.6 

0.4 0.4 

0.2 0.2 

oL-~~~~~~~~~~~~4-~~~~~~~~~~o 

OCT. 

Flgure 44. Smoothed curves of dry matter yleld CDMY) for alI elght crops 
shown ln flgures 33-40, Kimberly, Idaho. 

77 



- - - ----- -------------------------

Accumu-1 at I ve Grow-l ng· Degree Days 

A growing degree day CGDD) analysis was performed to see If accumu-

lattve GOD's during the season corresponded to general crop growth in a 

manner that would be useful to remote sensing operations. The GDD equa-

tlon used was: 

GDDCXX) = CTMAX + TMIN)/2 - TTHR [8] 

where the (XX) In the GDDCXX) term Is the temperature base, In degrees 

C, for a particular GDD equation. TMAX and TMIN are dally maximum and 

minimum air temperatures, respectively, and TTHR Is the base temperature 

all In degrees C. The eight crops were grouped Into three categories 

corresponding to temperature ranges favorable for growth, with lower and 

upper threshold temperatures respectively, as follows: 

.(;QQl Moderate ~ 
GDDC4.4) GDDC7.2) GDDC10.0) 

4.4C 7.2C 10.0C 
.25.8C 21 .ac 30.0C 

Peas Alfalfa Beans 
Spring grains Potatoes Corn 
Winter wheat Sugar beets 

Results for the three crop groups are shown tn figures 45, 46, and 

47 where the respective accumulative Growing Degree Days are plotted as 

a function of day of year for the growing period appropriate for each 

crop. VIsual Inspection of these results shows that the curves for the 

cool season crops were quite similar to each other. Likewise the moder 

ate season curves were nearly coincident. The warm season crops were 

different but were essentially parallel. Further visual analysts of 
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Figure 45. Accumulative growing degree day curves for cool season 
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crops w t th I ower and upper threshho I d temperatures of 
10.0 C and 30.0 C, respectively. 

these results shows that the Increase in accumulative GOD's was nearly 

linear with time during the middle and major portion of the crop period 

from emergence unti I a short time before harvest in the case of alI the 

crops. This would lead one to conclude that a growing degree day base 

is probably not much better than a time base in accounting for differ-

ences In the development of leaf area or dry matter as remotely-sensible 

parameters throughout the season. 
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There was considerable diversity between the several crops In the 

relationship of crop ET to the development of leaf area and the accumu

lation of dry matter. Because of this diversity, It appears that 

specific functional relationships would need to be developed to charac

terize each of the crops for remotely sensible properties. Also, since 

the size of Irrigated fields planted to the various crops In southern 

Idaho ranges from about 2 ha up to 40 ha, there may be some difficulty 

In accounting for lndlvldual crops In developing a regional composite of 

all crops. 

Dry Matter Yield Versus Crop ET 

Dry matter yield In kg/m2 Is shown as a function of accumulative 

crop ET In mm for each of the cerea I crops; corn, sprIng graIn and 

winter wheat, In figure 48; the leguminous crops, peas, beans, and 

alfalfa, In figure 49; and the below-ground storage crops, potatoes and 

sugar beets, In figure 50. The crops were grouped Into these three cat 

egorles for presentation of results because of the similar nature of the 

curves In each case. The cereals, of course, developed a fairly strong 

plant system early, above ground, and then stored considerable dry 

matter In the form of kernels of grain as wei I as other plant structures 

as soc I a ted wIth the heads or ears. The I egum I no us crops a I so stored 

considerable dry matter In above-ground structures, but this dry matter 

Is generally higher In protein than that of the cereals. The differ 

ences In metabolic processes associated with the higher protein synthe 

sis presumably accounts for the markedly different relationships between 

cumulative dry matter yield and cumulative crop ET. In general, the 
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Figure 48. Above ground dry matter yield, in kg/m2, of cereal 
crops as a function of cumulative crop ET, Kimberly, 
Idaho. 
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Figure 49. Above ground dry matter yield, In kg/m2, of leguminous 
crops as a function of cumulative crop ET, Kimberly, 
Idaho. 
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leguminous crops had a higher crop ET per unit of dry matter accumulated 

than did the cereals. 

The thIrd category of crops, those whIch store dry matter be I ow 

ground, also have responses different from the others. In these cases, 

early in the growth cycle, dry matter is invested in developing a large 

leaf area. Later on, the leaf area Is maintained but above ground dry 

matter remains fairly constant while cumulative ET continues to 

increase. 

The resu Its of f l gures 48, 49, and 50 do consIstent I y show, as 

wou I d be expected from I nspectl on of f l gures 33 through 40, that the 

accumulation of dry matter is nearly linearly related to cumulative crop 

ET during the early phases of the crop's growth cycle. During that 

period plant transpiration is closely related to the development of the 

above ground plant structures. However, the slopes, general shape, and 

maximums of the plant growth parameters are somewhat different for each 

of the Individual crops. Furthermore, there Is considerable difference 

from year to year for the individual crops as can be seen by comparing 

the two curves for winter wheat and the two for field corn with each 

other. It therefore seems that the ability to sense DMY would only pro

vide an estimate of cumulative crop ET within some rather wide I imlts. 

DMY. and LAI versus Crop ET 

Of course, remote-sens t ng devices wou I d genera II y respond to some 

combination of crop LAI and DMY, since It probably would not be possible 

to distinguish between these crop properties. The exact relationship of 

83 



0 
_J 
UJ 
H 
> 
a: 
UJ 
I
I
<( 

~ 

> a: 
0 

>
~ 
0 

* C\J 

+ 
H 
<( 
_J 

3.0r-----------------------------------------------------------~ 

--- POTATO '82 

---- SUGAR BEETS '75 

-----------------..,.,..,.,., .... --

100. 200. 300. 400. 500. BOO. 700. BOO. 900. 1000. 

CUMULATIVE CROP ET (mm) 

Figure 50. Above ground dry matter yield, in kg/m2, of root crops 
as a function of cumulative crop ET, Kimberly, Idaho. 

10.~----------------------------------------------------------~ 

9. 

B. 

7. 

B. 

5. 

4. 

3. 

2. 

1. 

I 

I 
I 

I 

I 
I 

I 

r-- - - -:-:-" . ':----

....... ... .... .... .... 
' ' ' 

............ 

----' '\ 
\ 

---WINTER WHEAT 
----WINTER WHEAT'83 
---FIELD CORN '77 
· · • · · · · · · ·· FIELD CORN 

1
80 

------ SPRING WHEAT '79 

o.~~~L--L--~~--~~--~~--~--~~--~~--~~--~~--~~ 
0. 100. 200. 300. 400. 500. 800. 700. 800. 800. 1000. 

CUMULATIVE CROP ET (mm) 

Figure 51. Curves of CLAI+2*DMY) of cereal crops as a function of 
cumulative crop ET, Kimberly, Idaho. 

84 



these two parameters may not yet be known, but it would be expected to 

be somewhat crop dependent because of the major morpho I og i ca I dIffer 

ences between crops. The reflecting or emitting surface area of leaves 

per unit of dry matter is much greater than that of the surface area of 

other plant parts, such as stems, leaf petioles, heads, pods, ears, etc. 

In an attempt to study the effects of a combination of LAI and DMY, 

a parameter (LAI + 2*DMY) was used, where DMY had units of kg/m2, and 

the factor 2 had inverse units of m2/kg, producing a unities~ product to 

match LAI. Inspection of figures 33 through 40, for the individual 

crops, shows that LAI was at least twice that of DMY, when expressed fn 

kg/m2• For this analysts, it was assumed that the non-leaf portions of 

the crop plants might be equal fn effect to the leaf portions as to 

radlatfon/emfssion properties. Other multfpl iers than 2, such as 1, 

1.5, and 4, were tried but without any marked improvement in the general 

relationships. 

The unitless parameter (LAI + 2*DMY> is shown as a function of 

accumulative crop ET for the three crop groups in figures 51, 52, and 53 

similarly to figures 48, 49, and 50. The shape of these curves is much 

different than that of those using DMY alone. These results indicate 

that the relationship of the combination of LAI and DMY to cumulative 

ETC is much more comp I ex than that of DMY to cumu I ati ve ETC a I one. 

However, realistically, the effects of LAI would need to be included in 

some manner. 

The parameter (LAI + 2*DMY) is nearly linearly related to accumula 

ti ve crop ET during the first approximate I y 50% of the growIng eye I e. 
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After that time, the parameter either becomes nearly constant or eventu 

a I I y dec I I nes, because of dec I In I ng I eaf area, as the crop matures. 

However, during this period crop ET continues to accumulate. 

While these results indicate that tt should be possible to relate 

the DM of the above-ground portt ons of the pI ant to the accumu I ati ve 

crop ET required to produce that amount of crop material, they also show 

that rather specific functions wil I be needed to provide rei table rela

tionships. 

If it would be possible to relate sensible properties to accumula

tive ETC, an average of daily ETC could be computed based on the time 

i nterva I between sens t ngs. For examp I e, t f it were found dur t ng a 

particular run, that the (LAI + 2*DMY) was 2 for a crop of corn, which 

would correspond to an accumulative ET of about 200 mm (see figure 51), 

and a value of 4, which corresponds to an accumulative ET of 250 mm, was 

found on a subsequent run 10 days later, then the 50 mm difference over 

the 10-day period would give a mean daily ETC of 5 mm/day. 

Re·gi ·ona I Mean ETC, LA I, and DMY 

Because of the compensating effects between i nd I v t dua I crops t n 

spite of their Jndtvtdual differences, weighted averages of ETC, LAI, 

and DMY were developed on a regional basts. A mean of alI the crops tn 

an area might be directly compostted in some remote-sensing processes. 

Such an approach m t ght be more practi ca I, depend t ng on the sea I e of 

sensing, than looking at individual crops on a field-by-field basts. 
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To accomplish this analysis, the crop mix of the region, developed 

for ear I I er portIons of thIs report was used. Tab I e 8 1 I sts the 

fractional portion of the land attributed to the eight crop groups, as 

I I sted In tab I e 7, and a non-cropped area as actua I I y used In thIs 

analysis. The sum of the fractional components totals 1.0. The crop 

mix for other regions wl I I probably differ from that of southern Idaho. 

The fractional values listed In table 8 were used to calculate the 

weighted area average of ETC, LAI, and DMY for the nine crop categories 

(Inc I udl ng the noncropped area) usIng the bas I c data for the separate 

crops, as shown In figures 42, 43, and 44. Results of this analysis are 

shown In fIgure 53 where mean da I I y ETC and ETR are pI otted at 5-day 

Intervals along with mean LAI and DMY for the entire 7-month period of 

Apr I I through October. The mean ETR curve Is Inc I uded to show the 

general nature of reference ET conditions. The mean ETC and mean LAI 

curves show some remarkable simi larltles tn shape, and the DMY curve 

follows the same general trend as the other two curves but the 

varIatIons are I ess pronounced. The major dIps t n the ETC and LA I 

curves at about day 165 were due to the harvest of the fIrst crop of 

alfalfa. The second alfalfa harvest produced a smaller dip at about day 

215. The three parameters, ETC, LA I, and DMY, a I I peaked between day 

200 and day 210. 
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Table 8. Fraction of irrigated land in region surrounding Twin Falls, 
Idaho, planted to various crops. 

Fraction of 
Crop No. Crop Total Area 

Est. A I fa I fa 0.23 

2 Spring grain/ 
New alfalfa 0.10 

3 Beans 0.33 

4 Corn 0.06 

5 Peans/New alfalfa 0.03 

6 Potatoes 0.05 

7 Sugar 0.07 

8 WInter wheat 0.14 

. 9 Noncropped area o. 19 

This similarity of curves, as compared with the diversity between 

the same parameters on an individual crop basis, indicates that combin-

ing the crops produced a blending of individual characteristics with 

major compensatl ng effects. These results indicate sane uti I tty In 

relating a mean crop ET for a given region to some combination of LAI 

and DMY, both of which would have direct effects on remotely sensible 

measurements. 
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CONQ US I ON S 

Cons I derab I e success In the use of remote sensIng to detect crop 

material, or crop biomass, at the earth's surface has been achieved. 

Concurrently, there has been considerable success In developing tech

niques for estimating Individual crop ET from daf ly meteorological data 

and appropriate ET crop coefficients. A logical next step Is to merge 

these capabf lfties to determine if remote sensing can be used on a real

time basts to directly obtain regional estimates of crop ET or to 

deliver Information that would enhance existing meteorologically based 

models and facl lttate regional ET estimates. 

There are I imitations In remote sensing techniques to accurate 

estimation of input parameters for current ET estimating methods. The 

sensitivity of ET estimates to sensible Input parameters may dictate the 

estimating procedure used or provide relationships to determine confi

dence limits for estimated ET. 

Sensitivity analyses show that errors in measurement of primary 

input parameters such as temperature, dew pot nt, solar rad t ati on, and 

wind speed cause significant errors in estimated crop reference ET for 

alI methods using the specific parameters. Errors in temperature 

measurement, which Is a primary input parameter for alI methods, result 

in estt mated seasona I ETR errors of 2 to 3 percent per degree F. 

Consistent error In dew point of one degree F may result in an error In 

seasonal ET of one percent. Solar radiation sensitivity analysts shows 

that a cons t stant overestt matt on of 80 I ang I eys/ day cou I d result In 

overestimates of 8 to 10% in seasonal ETR. Sensitivity of monthly ETR 
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to input parameters depends on base conditions for a particular month. 

This analysis provides guidelines to allow determination of appl icabi 1-

lty of specific remote sensing procedure or sensor procedure accuracy. 

Ut II l zatl on of group crop coef f l c l ents to accomodate the I ac k of 

sensor discrimination for specific crop type Is feasible. The larger 

the number of crops in a group, the larger the potential error in actual 

ET estimates. If the actual crop dlstrlbutlon for the pixel contains an 

equal percentage of alI crops represented by the group crop coefficient, 

then no error Is Introduced In the ET estimate. Maximum error In esti

mated ET wIll occur when the group crop coeff I cl ent Is used and the 

actual crop distribution includes only the crop with the maximum or 

minimum crop coefficient for the group for the month or season. This 

condition is not likely to occur and historical crop distributions could 

be used to reduce the potential error. 

Grouping error Is most pronounced during mid-season when reference 

ET Is near maximum. Maximum seasonal error Is not equal to the sum of 

dally errors since the maximum and minimum ET for any day may be due to 

different crops. For Instance, tf an area ts represented by a row crop 

group crop coeff I cl ent and In rea It ty the on I y crop growl ng l s sugar 

beets, maximum dally errors In ET wt II occur during late summer when 

sugar beets have the greatest transpiration rate. If sensor dlscrfmlnl

atlon wll I allow crop grouping of either single crops or groups such as 

smal I grains or alfalfa and grass, then maximum possible errors due to 

grouping of 4 to 13% In seasonal ET may be achieved. However, If only 

broader groups contaInIng, for Instance, a I I row crops, then max I mum 
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poss I b I e errors of 1 3 to 35% may occur. Probab I e errors cons I derab I y 

lower are likely since actual crop distributions are unlikely to contain 

only a single crop. Development of group crop coefficients and compatl

bi lity with sensor type to determine probable errors due to grouping and 

recognition error should be evaluated and field verfled. 

Data presented In this report definitely show that there are defin

able relationships between dally crop ET and the extent of crop growth 

as measured by leaf area index and/or above ground dry matter. These 

reI at I onsh Ips are best defIned durIng the rapid growth phases of crop 

development. They become quite complex during the reproductive and 

maturatl on phases of gra«th. The deve I opment of I eat area and above 

ground dry matter Is nearly I Jnearly related to daily crop ET until the 

time of effective full crop cover when ET approaches maximum levels. 

For given crops and years, the accumulation of dry matter Is also nearly 

I t near I y rei a ted to accumu I att ve crop ET over a I arge portt on of the 

growing season. However, the relationships differ for different crops 

and from year to year for the same crop. 

The results show some promise In adapting remote sensing capabl I tty 

to the estimation of regional ET. However, the results also indicate 

that the Individual crops need to be characterized as to remotely sensi

ble properties and the relationship of these to ET. The variation 

evidenced indicates that there real tsttcally may be rather wide I imits 

to the accuracy of estimating crop ET from measurements related to crop 

biomass. 
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Before further progr ess can be made on the subject of t nd tv t d ua I 

crop behavior, more definite information is needed on the exact capabi 1-

tty of remote sensing techniques to identify crop types on a 

fteld-by-fteld basis. More Information ts needed on the capabt I tty of 

remote sensing to quanti fy the biomass present and the varying response 

throughout the season for each of the growth phases of a crop. The 

effects of crop leaf area and accumulated dry matter are specifically 

needed. 

The results of a compost te crop group response to da I I y crop ET 

tentatively appear more straightforward than working with individual 

crops and then developing regional averages. A composite crop response 

wou I d Inc I ude a I arge enough area to be representative of the major 

crops grown. However, while the approach shows promise, more specific 

information and field verification is needed to determine what physio

logical parameters a remotely sensible crop composite might represent. 

94 



REFERENCES 

AI len, R. G. 1980. Frequency analyses of evapotranspiration and 
precipitation at Kimberly, Idaho. Unpublished research. University 
of Idaho Research and Extension Center, Kimberly, Idaho 83341. 

AI len, R. G. and C. E. Brockway. 1982. Weather and consumptive use in 
the Bear River Basin, Idaho during 1982. Research Technical 
Comp I etl on Report, Idaho Water and Energy Resources Research 
Institute, University of Idaho, Moscow, Idaho. 107 pages. 

Allen, R. G. 1983. Weather and consumptive use for Irrigated and 
rangeland sites In southern Idaho. Partial Technical Completion 
Report. Idaho Water and Energy Resources Research Institute, 
University of Idaho, Moscow, 33p. 

AI len, R. G. and C. E. Brockway. 1983a. Estimating consumptive use on a 
statewide basis. Proceedings of the Irrigation and Drainage 
Specialty Conference of the American Society of Civil Engineers, 
Jackson Hole, Wyoming, July 20-22, 1983, p 79-89. 

AI len, R. G. and C. E. Brockway. 1983b. Estimating Consumptive 
Irrigation Requirements for Crops Jn Idaho. Research Technical 
Completion Repoct, Idaho Water and Energy Resources Institute, 
University of Idaho. 183 pp. 

Allen, R. G. and J. L. Wright. 1983. Variation within measured and 
estt mated con sump ti ve use req u i rements. Proceed l ngs of the 
Irrigation and Drainage Specialty Conference of the American Society 
of CJvi I Engineers, Jackson Hole, Wyoming, July20-22, 1983, p 1-12. 

Allen, R. G., C. E. Brockway and J. L. Wright. 1983. Weather station 
s l ti ng and consumptl ve use estimates. Journa I of Water Resource.s 
Plannlng_and Management, American Society of Civil Engineers, Vol. 
109 (WR2):134-146. 

Blaney, H. F. and W. D. Criddle. 1950. Determining water requirements 
Jn Irrigated areas from climatological and Irrigation data. USDA-SCS 
Tech. Paper 96. 

Burman, R. D., P. R. Nixon, J. L. Wright and W. 0. Pruitt. 1980. Water 
requirements Pages 189-232 In M. E. Jensen, ed., Design and 
Operation of Farm Irrigation Systems. American Society of 
Agricultural Engineers Monograph 3. 2950 Niles Road, P. 0. Box 410. 
St. Joseph, Michigan 49085. 

Burman, R. D., R. H. Cuenca, and A. Weiss. 1983. Techniques for 
estimating Irrigation water requirements. Pages 335-394 In Daniel 
Hillel, ed., Advances In lrrlga..t.LQ_n, Vol. 2. Academic Press, New 
York. 

95 



~-----------------------------------

Cuenca, R. H., and M. T. Nicholson. 1982. Appl icatton of Penman equation 
wind function. Journal of Irrigation and Dr~~, American Society 
of Civi I Engineers, Vol. 108 (IR1):13-23. 

Donald, C. M. 1963. Competition among crop and pasture plants. Pages 
1-118 inN. C. Brady, ed., Advances in AgroQQmY, Vol. 15, Academic 
Press, New York. 

Doorenbos, J. and W. 0. Pruitt. 1977. Gut del ines for predicting Crop 
Water Requirements. FAO Irrigation and Drainage paper 24. Food and 
Agriculture Organization of the United Nations. Rome, Italy. 144 p. 

Evans, L. T., and I. F. Ward I aw. 1 976. Aspects of the comparative 
physiology of grain yields In cereals. Pages 301-359 In N. C. 
Brady, ed., Advances In Agronomy, Vol. 28, Academic Press, New York. 

Everson, D. 0., D. E. Amos and K. A. Rice. 1976. Growing degree day 
systems for Idaho. University of Idaho Agricultural Experiment 
Station Bulletin 551. 16 pages. 

Hatfield, J. L. 1983. Evapotranspiration obtained from remote sensing 
methods. Pages 395-429 in Daniel Hi I lei, ed., Advances In 
Irrigation, Vol. 2. Academic Press, New York. 

Hi II, R. W., R. J. Hanks, and J. L. Wright. 1985. Crop yield models 
adapted to irrigation schedul lng programs. Research Report 99, Utah 
Agricultural Experiment Station, Utah State University. 200 pages. 

Jensen, M. C. and W. D. B I aney, 1952. Estt mated I rr I gati on water 
requirements for Idaho. Idaho Agr. Exp. Station, Bul lettn 291. 

Jensen, M. E. 1966. Empirical Methods of estimating or predicting 
evapotranspiratIon using radIation. ProceedIngs of the Conference 
on Evapotranspiration, American Society of Agricultural Engineers, 
ChIcago, II. Dec. 1 966. pp 57-61,64. 

Jensen, M. E. <Ed). 1974. Consumptive use of water and Irrigation water 
reQuirements. Rep. Tech. Com. on lrrlg. Water Requirements, American 
Society of Civl I Engineers, Irrigation and Drainage Div., 227 p. 

Jensen, M. E. 1975. Scientific Irrigation scheduling for salInity 
control of Irrigation return flows. Environmental Protection 
Technology Series, Rpt. No. EPA-6001 2-75-064, U.S. Environmental 
Protection Agency, Office of Research and Development, Ada, Oklahoma 
7 4820, 1 00 p. 

Jensen, M. E. and H. R. Haise. 1963. Estimating evapotranspiration from 
solar radiation. Journal of Irrigation and Drainage, American 
Society of Civi I Engineers, Vol. 89 <IR1):15-41. 

96 



Jensen, M. E., J. L. Wright and B. J. Pratt. 1971. Estimating soil 
moisture depletion from cl Jmate, crop and sol I data. Transactions 
of the American Society of Agricultural Engineers 14 (6):954-959. 

Jensen, M. E. and J. L. Wright. 1978. The role of evapotranspiration 
models In Irrigation schedul fng. Transactions of the American 
Society of Agricultural Engineers 21 (1):82-87. 

National Oceanic and Atmospheric Administration. 1982. Cl imatologtcal 
Data-Idaho. March, 1982. Vol. 85, Number 9. 20 p. 

Pruitt, W. 0. and M. C. Jensen. 1955. Determining when to irrigate. 
Agr. Engr. 36(6):389-393. 

Pruitt, W. 0. 1956. Irrigation schedul fng guide. Agr. Engr. 37(3):180-
181 • 

Pruitt, W. 0. 1960. Relation of consumptive use of water to climate. 
Trans. ASAE 3(1):9-13,17. 

Pruitt, W. 0. 1966. Empirical method of estimating evapotranspiration 
using prfmarl ly evaporation pans. In: Evapotranspiration and Its 
role in water resources management. ASAE, St. Joseph, Michigan. p. 
57-61. 

Slatyer, R. 0., and I. C. Mel lroy. 1961. Practical Cl fmat~, CSIRO, 
Melbourne, UNESCO, Paris, 340 pp. 

So J I Conservation ServIce. 1967a. I rri gat I on gul de for southern and 
southeastern Idaho. USDA-SCS, Boise, Idaho. 

Sol I Conservation Service. 1967b. Irrigation water requirements. USDA 
Tech. Release 21. revised September 1970. 

Sutter, R. J. and G. L. Corey. 
req u t rements for crops J n Idaho. 
Agriculture Bul letln 516. 

1970. Consumptive Irrigation 
Un t vers J ty of Idaho Col lege of 

Wallace, D. H., J. L. Ozbun, and H. M. Munger. 1972. Physiological 
genetics of crop yield. Pages 97-146 InN. C. Brady, ed., ~~ 
In Agronomy, Vol. 24. Academic Press, New York. 

Watson, D. J. 1952. The physiological basis of variation In yield. 
Pages 101-145 in A. G. Norman, ed., Advances in Agronomy, Yo I • IV 
Academic Press, New York. 

Wright, J. L. and M. E. Jensen. 1972. Peak water requirements of crops 
In southern Idaho. Journal of lrrlgati~e, American 
Society of Cfvt I Engineers Vol. 98CIR2):193-201. 

97 



Wright, J. L. 1978. Solar Radiation data for southern Idaho, 1965-1976. 
Technical Memorandum SRCRC 78-1, United States Department of 
Agriculture, Agricultural Research Service, Snake River Conservation 
Research Center, Kimberly, Idaho 83341. 

Wright, J. L. and M. E. Jensen. 1978. Development and evaluation of 
evapotranspiration models for irrigation scheduling. Transactions 
of the American Society of Agricultural Engineers 21(1):88-96. 

Wright, J. L. 1979. Recent developments in determining crop 
coefficients values. Paper presented at the Irrigation and Drainage 
Specialty Conference, American Society of Civil Engineers, 
Albuquerque, N.M. July 17-20. 1979, p. 161-162. (also mimeo. tech. 
report, 13 pages). 

Wright, J. L. 1981a. Crop coefficients for estimates of daily crop 
evapotranspiration. In Irrigation Schegul ing fQr Water and Energy 
Conservation in the 8Q!s. Proceedings of the Irrigation Schedul lng 
O:>nference of American Society of Agricultural Engineers, Chicago, 
II, December 14-15, 1981. pages 18-26. 

Wright, J. L. 1981b. Hourly wind 
Conservation Research Center, 
CommunIcation. 

data at USDA-ARS 
Kimberly, Idaho. 

Snake River 
Personal 

Wright, J. L. 1982a. New Evapotranspiration Crop Coefficients. Journal 
of Irrigation and Prainage, American Society of Civi I Engineers, 
Vol. 108CIR2):57-74. 

Wright, J. L. 1982b. Alflfa reference evapotranspiration calculated 
from meterorologlcal data In arid irrigated areas. Cln review). 

98 



APPENDIX A 

Monthly Sensitivity of ET Estimates 

to Input Parameters 

Kimberly, Idaho 
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Figures 1-7 are plots of monthly sensitivity of ET to temperature 

from Aprt I through October. Figures 8-14 show monthly sensitivity to 

dewpofnt; figures 15-21 show monthly sensitivity to solar radiation; and 

figures 22-29 show monthly wind sensitivity. 
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Figure A-12. Dew point senstttvtty for August, Kimberly, Idaho. 
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Figure A-13. Dew point sensitivity for September, Kimberly, Idaho. 
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Figure A-20. Solar sensitivity for September, Kimberly, Idaho. 
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Figure A-21. Solar sensitivity for October, Kimberly, Idaho. 



.....--
~ -
I-
w 
z 
H 

__. w N 
N (.!) 

z 
<( 
I 
u 

40·----------------------------------------------------------------~ 

30. 

20. L "-

10. 

.. .. 

" .. .. "-.. .. 
""-.. .. 

" .... " .. .. 
" .. . . . . . . . . . . .. . .. . ........ ... . . . . . . . . . . . . . . . . . . . 

.. 

"" .... ·""-.. .. 
~ 

0.1 I I I I I I I I I I I -T···· 
-140. -120. -100. -80. -60. -40. -20. 0. 

" " 

/ 
" 

~ " 

~IND SENSITIVITY 
APRIL 

-- FAO BLANEY-CRIDDLE 
· · · · · · · · FAO RADIATION 
---- WRIGHT -1982 

" " 
/ " 

/ 
" 

" " 
/ 

" " 
/ 

" " 
/ 

/ 
," 

" " 
/ 

" " 

............ ······ .............. . 

20. 40. 60. 80. 100. 120. 

CHANGE IN WIND (miles/day) 

Figure A-22. Wind sensitivity for Aprl I, Kimberly, Idaho. 

140. 



-~ 
.......... 

r-
LlJ 

z 
H 

_.. LlJ 
N 
w (.!) 

z 
<( 

I 
u 

40·----------------------------------------------------------------~ 

30. 

20. 

10. 

"' "' 
/ 

"' "' 
/ "' 

WIND SENSITIVITY 
MAY 

-- FAO BLANEY-CRIDDLE 
· · · · · · · · FAO RADIATION 
---- WRIGHT- 1982 

/ 
"' "' ,/ 

"' 
,,/"' 

/ 
"' "' 

/ 
"' 

/"' 

"' "' 
/ 

,· 
"' 

················· 

0 • I I I I I I I I I I I I I I - • •:N1'(} • 1 I I I I I I I I I I I I I 

-140. -120. -100. -80. -60. -40. -20. 0. 20. 40. 60. 80. 100. 120. 140. 

CHANGE IN WIND (miles/day) 

Figure A-23. Wind sensitivity for May, Kimberly, Idaho. 
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Figure A-24. Wind sensitivity for June, Kimberly, Idaho. 
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Figure A-25. Wind sensitivity for July, Kimberly, Idaho. 
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Figure A-26. Wind sensitivity for August, Kimberly, Idaho. 
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Figure A-27. Wtnd senstttvtty for September, Kimberly, Idaho. 
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Figure A-28. Wind sensitivity for October, Kimberly, Idaho. 
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