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ABSTRACT 

Selected components of the water and energy balances at 

the surface of a bare clay loam were measured at 57 locations 

in a 1 ha field. Spatial and temporal variability of these 

components were alao atudied. Components included-

evaporation, irrigation, moisture storage, sensible heat flux 

and long wave radiation. Sub-studies were conducted on 

irrigation uniformity under low pressure sprinklers; and, on 

steel versus plastic microlysimeters (ML) of various lengths. 

An energy balance model of evaporation, requiring minimal 

inputs, was developed and validated giving an r2 value of 

0.78. Model improvements included an easy method of 

accurately estimating 80il surface temperature at many points 

in a field, and an empirically fitted transfer coefficient 

function for the senaible heat flux from the reference dry 

soil. The omission of aoil heat flux and reflected shortwave 

radiation terma was ahown to reduce .odel accuracy. 

Steel ML undereatiaated cuaulative evaporation compared 

to plastic M~ at 20 and 30 ca lenqths. CUmulative evaporation 

increased with ML length. The 10 and 20 em ML were too short 

for use over .ultiple daya but 30 em ML may not be long enough 

for extended perioda. Daily net aoil heat flux for ateel ML 

averaged 44' higher than that for both plastic ML and 

undisturbed field aoil. 
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Christiansen's uniformity c06tficient (UCC) was close to 

0.83 for each of 3 irrigations when measured by both catch 

cans and by profile water contents. But UCC tor the change 

in storage due to irrigation averaged only 0.43 indicating 

than the high uniformity of profile water contents was more 

due to surface and subsurface redistribution than to the 

uniformity of application. 

Profile water contents and catch can depths were time 

invariant across at least 3 irrigations. Midday soil surface 

temperatures and daily evaporation were somewhat less time 

invariant. Variogram plots for evaporation and surface 

temperature showed mostly random behavior. Relative 

variograms represented well the spatial variability of both 

catch can depths and profile water contents. A strong link 

was demonstrated between the time invariance of a variable and 

the usefulness of kriging on that variable. 
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With the search for enerc)y and water efficient irrigation 

methods, it has become increasingly important to understand 

the spatial variability of irrigation and the evolution of 

evaporation and soil water content both during and after 

irrigation. Such knowledge is essential in the effort to 

maintain high crop yields while using less water and enerc)y, 

and smaller quantities of chemical amendments. 

The present study examined the spatial and temporal 

variability of some components of the water balance in a field 

of bare silty clay loam soil under low pressure sprinkler 

irrigation and developed tools for measuring the irrigation 

anu evaporation components of the water balance. The water 

balance integrated over a given time period was described by: 

I + P + Q - D - E - T + S - 0 [1-1] 

where I is water applied by irrigation, P is precipitation, 

Q i. runon (or runoff, if negative), D is drainage out of the 

profile of intereat, E i. evaporation, T ia tranapiration, and 

S i. the change in .torage of .oi.ture in the soil. All terms 

are in unit. of depth of water ba.ed on a specified profile 

depth and ti.e period. Both precipitation and depth of 

irrigation are ea.ily .ea.ured even though .ubsequent overland 



25 

flow may redistribute waters from both sources. In a bare 

soil field the transpiration component is zero. 

Sprinkler Uniformity. 

Spatial variability and uniformity of soil moisture under 

sprinkler irrigation are often assumed to be adequately 

described on the basis of applied depths measured in catch 

cans. This assumption is made despite the fact that the 

processes of evapotranspiration, deep percolation and 

subsurface redistribution, plus spatial variability of these 

processes, may all act to change the uniformity and spatial 

variability of soil water even if no surface redistribution 

by overland flow takes place during irrigation. Additionally, 

the geometry and wall material of the cans may adversely 

affect measurement accuracy (Kohl 1972). 

Sprinkler applied water arrives at the soil surface in 

pulses so that the instantaneous application rate may be much 

higher than the average rate. OVerland flow, causing surface 

redistribution, ~ill occur if the instantaneous application 

rate is higher than the infiltration rate. This problem is 

particularly severe under low pressure sprinklers and 

consequently the application unifor.ity, as measured by catch 

cans under these syst .. s, aay be misleading. 
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Clothier and Heiler (1983) found siqnificant surface 

redistribution occurrinq even at an averaqe application rate 

of 4.1 _/h for a pa.ture .oil for which the averaqe saturated 

conductivity was 10.9 _/~".- They showed that transient 

pondinq and overland flow may occur even under sprinkler 

systems set up to apply an averaqe rate less than the steady 

infiltration rate. 

Hart (1972) .tudied a simplified 2-dimensiona1 case of 

redistribution in the .oi1 when application depth at the 

surface was invariant in one horizontal but varied 

periodically in the orthoqona1 horizontal (x) direction. 

Defininq the lenqth modulus a. the x-di.tance over which 

application depth varied from maximum to minimum, he applied 

a finite diff.rence .01ution to the moi.ture flow equation and 

found that redistribution over .hort di.tances could greatly 

increa.e uniformity of .oi1 moisture content if the 1enqth 

modu1u. was about 1 • or 1.... Incr.a.ing the length modulus 

from 1 to 3 m cau.ed the incr.a.e in uniformity due to 

r.di.tribution to becoa .... ll.r. U.ing actual di.tributions 

of application depth, Hart found the increa.e in uniformity 

due to redi.tribution to be ... 11 but noted that the length 

moduli were difficult to .valuat. although th.y appear.d to 

exc •• d 3 a. H. found that the .aall .cal. variation in 

application depth wa. difficult to analyze .ince data were 
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usually taken on a grid spacing of 3 by 3 m and variations at 

a smaller scale could not be deduced. In accordance with his 

2-dimensional solution, variations at these smaller scales 

could have important effects on the degree of redistribution 

and the consequent changes in the uniformity of soil moisture. 

The existence and importance of small scale variations 

in applied depth were shown by Davis (1966) whose results 

indicated a decrease in calculated uniformity of sprinkler 

applied depths as grid spacing of catch cans was reduced from 

3 to 0.6 m (maximum decrease in Christiansen's Uniformity 

Coefficient of 2 percentage points). From these stUdies it 

appears that a catch can spacing of no more than 1 m is 

preferable. 

Eyaporation Measur.m.nt. 

Estimation of evaporation from bare soil surfaces in the 

field is a difficult probl.. which has recently been 

approached in two conc.ptually different ways: 1) models based 

on the energy balanc. at the soil surface, and 2) direct 

measure.ents by aicrolysia.try. Bln-Asher.t all (1983, 1984) 

building on work by Fox (1968), d.v.lop.d a m.thod which used 

the diff.r.nc. betw •• n aid-day maximum soil surface 

t •• peratur.s of a r.f.r.nce dry soil and a drying soil to 

estimate .vaporation froa the drying soil. The calculations 
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were based on energy balance considerations and soil surface 

temperatures were measured with an infrared thermometer. The 

estimation equation also included wind speed as an independent 

variable since aerodynamic resistance and thus evaporation 

rate are dependent on wind speed. In simplified form the 

equation was: 

[1-2] 

where Ed was the daily evaporative loss; T
01

max and Tdlmax were 

the maximum mid-day temperatures of the dry and drying soils, 

respectively; and s was a positive function of average daytime 

wind speed and of average daily soil surface temperature. 

Ben-Asher et al. (1983) tested the equation against actual 

evaporation from lysimeters but the r 2 value was only 0.61. 

In addition the equation appeared to underpredict evaporation 

when (T
0 

max - Td max> was high (soon after irrigation) and to 
I I 

overpredict evaporation when (T
01

max - Tdlmax> was low (several 

days after irrigation) (Ben-Asher et al. 1983, Fig. 1). 

Evaporation from the soil surface can also be estimated 

using microlysimeters (Boast and Robertson 1982; Salehi 1984) . 

Microlysimeters are tubes inserted into the soil, removed with 

the soil inside intact, and then stoppered at their bottoms. 

They are replaced in holes in the soil such that the surface 
I 

of the soil in the tube, the top of the tube, and the 
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surrounding soil surface are all at the same elevation. They 

are periodically removed and weighed in order to estimate 

evaporation. 

Various problema have been associated with the use of 

microlysimeters. Salehi (1984) found that the soil surface 

temperature in steel microlyai.eters was lower than that of 

adjacent soil and hypothesized that the steel walls conducted 

heat downward into the soil. Walker (1983) found no such 

temperature differences using plastic microlysimeters. It has 

not previously been established if wall material has an 

important effect on estimates of evaporation. Experiments 

have shown that length has an important effect on evaporation 

estimates with shorter lengths causing under-estimation of 

evaporation (Boast and Robertson 1982; Shawcroft and Gardner 

1983) • However, when the experiments reported here were 

started apparently no experiments to date had dealt with 

lengths longer than 20 ca. 
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Goals. 

The present study was undertaken in the context of a 

field scale water balance with the following goals: 

Evaluate the performance of microlysimeters and of 

the energy balance method for predicting evaporation, 

seeking limitations of the methods and making 

improvements where possible. 

Evaluate the spatial and temporal variability of 

root zone soil moisture and find to what extent the 

uniformity of soil moisture after irrigation is different 

from that of sprinkler applied depths as measured by 

catch cans. 

Subsidiary questions included: 

How do length and construction material (plastic or 

steel) affect the performance of microlysimeters? 

How do the theraal regimes of plastic and steel 

microlysi.eters co.pare? 

What are the characteristics of the temporal and 

spatial variability of soil surface temperature and of 

evaporation as .. asured by .icrolysimeters? 

Can neutron scattering and the energy balance 

method, which us.s infrared thermometry, be used alone 

to provide an accurate water balance for bare soil? 
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In the experiments reported here both an IR based energy 

balance method due to Ben-Asher et ale (1983) and 

microlysimeters were used to find the evaporation component 

and the accuracy and efficiency of these tools were compared. 

The energy balance model was modified and improved. The 

change in soil moisture due to irrigation was measured by 

neutron scattering, giving not only the storage component of 

the water balance but also a measure of the uniformity of 

irrigation. Irrigation uniformities obtained via neutron 

scattering were contrasted with those obtained using the more 

traditional catch can measurement method. Drainage was 

assumed to equal the sum of the other components. '1he mi.n.i.Dun 

spacing of measurements for the present study was set at 1 m. 

Also, special catch cans were designed and built following 

some of the suggestions of Kohl (1972). 
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Three distinct field experiments were conducted at the 

University of Arizona's Marana Agricultural center (626 m 

elevation above MSL, 32.5 degrees north latitude) about 30 

miles NW of TUcson. A 1 ha area was used in Field E-2 under 

the second span of a lateral move sprinkler with low pressure 

circular spray nozzles. The soil is a Pima clay loam, 

fine-silty, mixed, thermic family of Typic Torrifluvents. A 

uniform clay loam surface layer extends to about 90 cm depth 

and grades into fine sandy loam. Clay lenses occur 

discontinously. The surface clay loam is somewhat thicker in 

the NW corner of the plot than in the SE corner. Particle 

size distribution is 36' sand, 33' silt and 31' clay. The 

soil contains about l' organic .atter (Post et al. 1978) 

Experiments 1 and 2 were conducted concurrently in March 

and April 1985. Experi.ent 1 compared the infra-red 

temperature based .ethod of evaporation estimation from a bare 

soil (energy balance .odel of Ben-Asher et al. 1983) to the 

microlysimeter .ethod on a small scale, while also 

investigating the effects of length and wall material on 

microlysimeter perforaance. Using data from this experiment 

the energy balance aodel was modified and improved in 

preparation for its u.e in experi.ents 2 and 3. 
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Experiment 2 was an attempt to determine the soil water 

balance at 57 locations in the field using the infra-red 

method to estimate evaporation and neutron scattering to 

measure soil water content. Also, the uniformity of 

irrigation as measured with catch cans was compared with that 

measured by neutron scattering at the same locations. 

Experiment 3 was conducted in October and November, 1986 

in the same area with the same irrigation system. comparisons 

of the infra-red method were made with the microlysimeter 

method at the 57 locations used previously. There were two 

experimental runs, the second of which was used to validate 

the energy balance model. 

Experiaent 1. Microlysiaeter Perforaance 

The first experiment compared the temperature-based and 

microlysimeter methods of estimating evaporation from bare 

soil. Sub-experiments compared the performance of steel 

versus plastic microlysi.eters (ML's), the performance of ML' s 

of 3 different length., and the effect of capped vs. uncapped 

ML bottoms. Microlysi.eters were installed in a two factor 

experimental design using 3 replicates and 2 blocks (Figure 

2-1). The factors were length (3 levels; 10, 20 and 30 cm) 

and wall material (2 levels; pvc plastic and steel). Plastic 

ML's were 8.15 em in inside dia.eter with 0.35 em wall 
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.. 

Fiqure 2-1. Field layout schematic for Experiment 1. Top row 
of ML's was weighed daily. Bottom row was instrumented with 
thermistors and weighed at experiment's end. 

thickness and were of white polyvinyl chloride plastic 

(nominal 3 inch diameter, schedule 40 water pipe). Actual 

lengths were 10.5, 20.5 and 30.5 em. Steel _ML's were 8.5 em 

inside diameter with 0.15 em wall thickness and were made of 

nominal 3 inch diameter electrical conduit (EMT tubing). 

Actual lengths were 11.1, 21.1 and 31.1 em. Since the lengths 

of steel and plastic ML's were not the same, the length factor 

was treated as a covariate in later statistical analysis. 
I 

Normally ML's were capped on the bottom (after extraction) 
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using a 6 mm thick disc of PVC plastic secured with 

non-stretching tape. 

microlysimeter. 

Figure 2-2 shows an installed 

Only 8 ML's contained thermistors (4 plastic and 4 steel, 

2 of each with bottoms capped, 2 of each in direct contact 

with underlying soil). This arrangement provided a comparison 

of the thermal regimes of steel vs. plastic ML's and of open 

vs. capped bottoms. sixteen thermistors were calibrated 

ensemble by placing in ice water and letting the bath warm to 

room temperature and then placing in boiling water and letting 

the bath warm to room temperature. All thermistors read to 

within 0.5 °c of each other. 

~~~~~,--#';?I LEADS TO DATA 
:"'" LOGGER 

riqure 2-2. An installed aicrolysi.eter. Theraistors shown 
were not installed in all KL's. 



36 

During the first and second experiments the field was 

planted to barley as a green .anure crop. The barley was 

cleared to bare soil in a 3 m diameter area surrounding all 

measurement locations. Also the barley was cut in a wider area 

to the east and west of each location so that early morn~ng 

and late afternoon sun could reach the sites unimpeded. 

Due to the plasticity and stickiness of the soil, 

installation of the ML's immediately after irrigation was not 

possible. Installation was done on the 4th day after a 

preliminary irrigation when the soil was more cohesive. The 

maximum compaction observed during installation occurred with 

the 30 cm ML's and was less than 1 cm. After an additional 

4 days of drying an irrigation of 2.1 em was applied with a 

low presaure lateral move sprinkler. The silty soil surface 

was immediately puddled and sealed by the large drops from the 

sprinkler and no preferential channeling of water along the 

ML's walls was expected. Measur .. ents on the ML's started on 

the day after irrigation and continued for 9 days. The timing 

of events is shown in Table 2-1. 

Microlysi.eters vere extracted, cleaned, capped on the 

bottom and weighed between 8:30 AM and 3:15 PM on the day 

after irrigation. Weighing vas done with a large triple beam 

balance installed in a vooden box as protection against wind. 

Evaporation was .easured by weighing ML's on subsequent days 



Te1e 2-1. 

Schedule of event. for Experi.ent 1, March and April 1985. 

IR' 
ML'. 

Date Day weighed' AM PM Rain Co_ent. 

31-3 90 no no no no 
1-4 91 Irrigation, 2.08 CJI. 

King tube .a,ple. taken before irrigation. 
2-4 92 15:03 no 13:12 no 3 
3-4 93 8:00 6:20 12:55 no 
4-4 94 8:58 6:20 13:00 no 4 
5-4 95 7:34 6:20 13:05 no 5 
6-4 96 6:55 6:10 13:00 no 
7-4 97 6:59 6:00 13:00 no 
8-4 98 7:17 6:07 13:06 no 
9-4 99 6:41 6:00 13:05 no 6 

10-4 100 7:18 6:10 13:05 no 
11-4 101 7:18 no no no 

King tube .ample. taken. Experiment ended. 

1 Times when weighing and IR thermo.etry were co.pleted. 
2 IR readings done by 6:20 in field around acc •• s tubes. 
3 Thermistors in.talled in ML'. by 15:00. 

Thermistor. were in.talled in 2 fi.ld soil locations 
on 22 March at .urfac., 15 and 30 em. 

4 Replac.d CR21 data logger on weath.r .tation. 
Lo.t wind .peed data for .o.t of this day. 
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5 Replaced ane.o.et.r at 6:30, calibrated v •• pr.vious one. 
6 Thunderhead. appeared in ea.t in afternoon. 

within a half-hour after .unri ••• The length in... of the 

extraction and cleaning proce •• pr.clud.d accurate •• a.ur •• ent 

of evaporation on the fir.t day aft.r irrigation. Becau.e of 

this di.advantage, .pecial extraction tool. w.re built for 

later experi_nt. to .pe.d up the proc •••• Tool. for 

in.tallation and extraction of ML'. are .hown in Figure 2-3. 
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Soil surface temperatures were taken daily with the 

infrared thermometer (Everest Interscience Infrared 

Thermometer model no. 110 with 3 degree field of view) and 

recorded automatically on a polycorder (Omnidata Polycorder, 

model 516-32, .erial no. 0587). The average and .tandard 

deviation were calculated for 10 readings of soil surface 

temperature taken for each ML, once just before dawn and again 

between 1:00 and 1:30 PM. If the standard deviation was more 

than 0.1 °e, the measurement was made again. The infrared 

thermometer was calibrated against a blackbody at ambient 

temperatures of 14.5, 20.0, 31.5 and 41 °e. 

from 0 to 50 °e, the largest deviation 

OVer the range 

from blackbody 

temperature was +1.6 °e at a blackbody temperature of 50 °e. 

Two reference dry .oil. were established by packing 

plastic bucket. (29 ca in.ide diameter, 34 em deep) with air 

dry .oil (.ieved to 2 .. ) to a bulk density of 1.62 Mg m-3 and 

burying them in the field .0 that the soil surfaces in the 

buckets were at the ._e elevation a. the field .urface. 

Burial occurred 2 week. before irrigation in order to allow 

the reference .oil. to equilibrate thermally. The buckets 

were .ealed during irriqation to prevent wetting. Surface 

te.perature. of the reference dry .oil. were obtained in the 

.ame .anner a. for the KL'. both before and after readings on 

the ML' •. 
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Fiqure 2-3. Microlysimeter driver (top) and extraction 
(bottom) tools. 



Table 2-2. 

Instrumentation. 

Weather Station 

Campbell Scientific Inc., model 21X microloqger, 
serial no. 2066. 

Campbell Scientific Inc., model 107 thermistor probe 
Li-Cor Inc., model LI200S, pyranometer, serial no. 3879. 
Campbell Scientific Inc., model 207 relative humidity and 

temperature sensor, serial no. 1049. 
Met One, Inc., model 014A, windspeed sensor, Part 014 
Micromet Instruments net radiometer, serial no. 760. 
Sierra-Misco, model RG2501, tipping bucket raingage. 

Other Instruments 

Campbell Pacific Nuclear model DR503, neutron depth gage, 
serial no. H34115766. 

Everest Interscience Infrared Thermometer, model no. 110, 
serial no. 10134. 

Omnidata Polycorder, model 516-32, serial no. 0578. 
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Soil temperatures were also .easured at 3 depths in 8 

ML's in a sub-experiment comparing the thermal regime of 

plastic to steel ML's (Figure 2-1). All 8 ML's were 30 em 

long, 4 were of steel and 4 of plastic. Holes for insertion 

of thermistors were drilled in the sides of the ML's at 3 

depths, at 1 em, at 15 ca and at 30 em. Theraistors were 

placed so as to be centered at the vertical axis of the ML's. 

The theraistors at 15 and 30 em depths were inserted 

horizontally into the soil. The surface theraistor was pushed 

through the soil from 1 ca below the surface until the tip of 

the thermistor had just begun to disturb the surface. This 
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technique was an attempt to measure as close to the surface 

as possible without exposing the thermi.tor to direct solar 

radiation. The thermistors used were Campbell Scientific 

model 107 thermistors .odified to be water re.istant. The 

thermistors were scanned every 15 minutes by 2 Campbell 

Scientific model 21X micrologger. which recorded the average 

of 6 readings taken at 10 • intervals. Thermistors were 

installed on day 92 1985, the day after irrigation. One 

thermistor was installed just beneath the .urface in the 

reference dry soil. 

A weather .tation was .et up in the SW corner of the 

field to measure wind speed (at 3 .), relative humidity Cat 

2 m), air temperature Cat 2 .), net and .olar radiation Cat 

2 m). Data were recorded on .agnetic tape at 15 minute 

intervals around the clock. Table 2-2 .hows the .anufacturer 

and model of .en.ors u.ed. 

Experi.ant 2. Field water BAlance 

Experiment 2 required the in.tallation and calibration 

of neutron .cattering acce.. tube. at 57 location. for the 

determination of .oil vater content Cthe .torage co.ponent of 

the field water balance) (Figure 2-4). A rando. nWllber 

generator was u.ed to choo.e the x- and y-coordinate. of 42 
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locations on a finite, 1 • square grid. Fifteen additional 

locations were chosen by the author on a 0.5 m square grid so 

as to have a reasonable number of saapling location. within 

1 to 2 m of each other. This non-random choice of sample 

locations was dictated by the desire to calculate the 

variogram for lags of 2 • with about the same precision as 

those calculated for larger lags. When locations were chosen 

on a completely random basis, the shorter lags (around 2 to 

10 m) had a much lower nuaber of sample pairs than did the 

longer lags (around 20. and above). The lag classes (class 

number) and number of sample pairs per class are shown for 

different class widths in Table 2-3. Sampling locations were 

flagged in the field using a surveying instrument and tape 

measure to a precision of +/- 5 em. 
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Table 2-3. 

Number of data pairs per class for different class widths • 

Maximum • eparation distance allowed was 100 m. Location 
coordinates were those for the 57 access tube locations 
(Fiqure 2-4). Number of pairs were not computed for class 
numbers greater than 24. 

Class --------- Class width (m) -----------
No. 2.5 5 10 15 20 25 30 

1 27 45 92 156 228 312 405 
2 18 47 136 249 318 386 447 
3 23 64 177 218 306 325 355 
4 24 72 141 229 231 273 
5 21 84 152 171 213 
6 43 93 154 184 
7 38 65 121 
8 ';'4 76 110 
9 35 77 124 

10 49 75 89 
11 45 78 
12 48 76 
13 31 53 
14 34 68 
15 41 50 
16 35 60 
17 43 74 
18 34 50 
19 34 51 
20 41 45 
21 33 47 
22 45 64 
23 38 72 
24 38 84 
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Fiqure 2-4. Sampling locations for Experiments 2 and 3. 
Catch cans were also placed at access tubes. Dimensions are 
in meters. 

Irrigations of 4.16, 2.08 and 1.60 em were applied on 

March 21, April 2 and April 12, 1985, respectively. Neutron 

probe readings were - taken at all 57 locations just before 

irrigation and on every day after irrigation (Table 2-4). 

The neutron probe (Campbell Pacific Nuclear model DR 503) 

was field calibrated concurrent with the installation of 57 

access tubes (2 inch nominal diameter steel electro-mechanical 

tubing) to a depth of 152 em. Access holes were bored with 

a 4.4 em diameter auger and undisturbed cores of 60 cm3 volume 
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Table 2-4. 

Schedule of event. for Experiment 2, March and April 1985. 

:t8 
alt. al:i HI! 6K eI 811n 
18-3 77 yes no no no 
19-3 78 
20-3 79 Irrigation, 4.16 ClI. 

Catch can mea.ure.ent. at, neutron acce •• hole., 
parallel to lateral and perpendicular to lateral. 

21-3 80 yes 7:13 14:00 no 
22-3 81 yes 7:07 13:32 no 
23-3 82 yes 6:45 13:08 no 
24-3 83 yes 6:35 13:08 no 
25-3 84 no 6:21 13:17 no No wet .oil vi.ible today. 
26-3 85 yes 6:31 13:06 no Added NP reading at 90 cm. 
27-3 86 no 6:30 13:06 no 
28-3 87 no 6:18 13:10 no 
29-3 88 no no no yes Rain ended experiment. 
--------------------------------31-3 90 yes no no no 

1-4 91 Irrigation, 2.08 em. 
Catch can reading. at neutron acce.. hoI.. and 
parallel to lateral. ~ing tube .amples before 
irrigation. 

2-4 92 ye. 6:20 13:01 no 
3-4 93 y •• 6:20 12:37 no 
4-4 94 yes 6:20 12:45 no 
5-4 95 ye. 6:20 12:49 no 
6-4 96 y •• 6:10 12:50 no 
7-4 97 no 6:00 12:47 no 
8-4 98 yes 6:07 12:51 no 
9-4 99 no 6:00 12:50 no 

10-4 100 ye. 6:10 12:51 no 
--------------------------------11-4 101 Irrigation, 1.60 ca. 

Catch can reading. at neutron acce.. hole. and 
parallel to lateral. ~ing tube .a.ple. before 
irrigation. 

12-4 102 ye. 6:10 13:05 no 
13-4 103 ye. 6:04 12:57 no 
14-4 104 no 6:10 13:00 no 
15-4 105 ye. none none no Experi.ent ended. 

were taken with a Madera probe (Figure 2-5) centered at depth. 
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of 15, 30, 45, 60, 75 and 105 em. Immediately after each hole 

was bored the access tube was installed and neutron scattering 

was measured at the same 6 depths. 

MADERA PROBE A 
I 

c=,,========"C~=====6.=2=6=e=m===~~·cc==-~~f'~ 

3.51 em 

16.0 em 
-1 

~ c'==~========~h 3' 
t. Round hole for " I r= 

attachment bolt, Slots for cutoff knives, A 
0.75 em Ld. 0.7 mm width. 

Section A-A with CUTOFF KNIFE 

.. , , , , \ 
Handle 3.1 Blade 

, , , 
II ' I 
\\ " , \ II 

.' "" 

3.49 em 

~ 

L 
I(,>t 
1.5 em 

f 
3.28 em 

i 

~iqur. 2-5. Schematic of Madera probe used for volumetric 
soil sampling. 
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The Madera probe (FiC)Ure 2-5) is no longer available from 

the original manufacturer. It is a cylindrical probe with a 

beveled tip for easy soil penetration. Above the cutting edge 

the probe is bored slightly larger to eliminate friction, 

between the probe and soil core, which aight compress the 

core. The probe attaches to a driving tube which allows it 

to be used inside an auger hole. After augering to a few 

centimeters above the depth to be sampled the auger is removed 

and the probe is inserted into the hole and pushed or driven 

into the bottom of the hole until it is centered at the depth 

to be sampled. Twisting the driving tube shears the soil at 

the bottom of the probe allowing the probe to be withdrawn 

with a soil core inside. Two sets of slots in the probe allow 

the insertion of knives for cutting the soil core into a solid 

cylinder with a volume of 60 em]. 

Linear regression analysis of volumetric water content, 

8, versus neutron probe count resulted in 4 regression 

equations (Table 2-5). The equations were for the surface 

layer (samples at 15 cal, and 3 subsurface layers 

corresponding to s .. ples taken at 30 and 45 ca depth, those 

taken at 60 and 75 ca depth, and those taken at 105 ca depth, 

respectively. Equation slopes for the 3 subsurface layers 

were significantly different at the 95' confidence level. The 

surface layer equation vas probably influenced· by the 



48 

proximi ty ot the surtace which would have intersected the 

neutron probe's sampling volWle resulting in some neutrons 

being lost. The other 3 equations probably reflect the change 

in soil texture with depth - the soil became sandier in 

texture as depth increased. 

'fBle 2-5. 

Neutron probe calibration equations. 

Campbell Pacitic Nuclear model DR503, serial no. H34115766, 
Marana Agricultural Center, Ff.eld E-2. Count was for 1 
minute. water content, e (m] 1m ), ranged from 0.38 to 0.07. 

Depth Equation R2 N 

15 cm e - 0.114 + 2.98E-05(count) 0.86 34 

30 , 45 em e - -0.127 + 2.94E-05(count) 0.95 89 

60 , 75 em e - -0.170 + 3. 59E-05 (count) 0.92 85 

105 cm e - -0.109 + 3. 19E-05(count) 0.97 48 

Soil surtace temperatures were taken twice daily as noted 

above. The intra-red gun was pointed at about a 45 degree 

angle at the soil surtace within 30 em ot each access tube and 

slowly rotated to scan an area around the tube while 50 

measurements were taken. It the standard deviation was more 

than 1.0 degree C the teaperature was .easured again. 

Catch cans were constructed ot 3 inch nominal diameter 

white PVC plastic pipe (8.15 em inside diameter). The cans 

were 15 em high with a beveled upper edge as shown in Figure 
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2-6. The plastic material was chos.n because Kohl (1972) has 

shown that metal catch can. .ay 100.. .xc ••• iv. amounts of 

water to evaporation due to heat conduction by the walls. The 

15 em height was chosen to minimize .plash out of the can and 

the beveled upper edge provided aC9urate knowl.dg. of the 

horizontal surfac. ar.a of the cans. 

During the initial irrigation the cans were deployed in 

two transects, one perpendicular and one parallel to the 

sprinkler lateral, at a spacing of 2 m (Figure 2-4). If cans 

placed to the east of the lateral in the perpendicular 

transect were disregarded (due to edge effects) the irrigation 

uniformity •• asured by the 2 transects was virtually identical 

so only one tran •• ct parallel to the lateral and with 1 m 

spacing was used th.r.aft.r. wat.r coll.cted in the can. was 

measured to the n.arest .1 (equival.nt to 0.19 mm depth of 

water) immediately aft.r the .prinkl.r had pa.sed, using a 

graduated cylind.r. Catch can. w.r •• 1.0 pl.c.d on top of 

each access tube .0 th.t the irrigation uniformity •••• a.ured 

by catch can. could be co.p.r.d to th.t •••• ur.d by n.utron 

.cattering. Th. n.utron .catt.ring .ethad involv.d •• a.urement 

of the .oil wat.r cont.nt of the profile both before .nd .fter 

irrigation. The .oil .oi.tur •• tor.d in the profile was then 

u.ed •• d.t. for the uniformity c.lcul.tion •• 
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Experiment 3. Field Seal. EvAporation M.a.urements 
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Experiment 3 involv.d the inatallation of ML'. at the 

same 57 sample location. and und.r tn. aame sprinkler system 

as were used in Experi •• nt 2. Th. purpoa. of thia 'xp.riment 

was to compare the .atiaat.a of .vaporation froa bar. aoil 

provided by the microlyai •• t.ra to thoa •• atiaat.s celculated 

from the .n.rqy balanc ••• thod, on a fi.ld acal.. Th. apatial 

variability of .ati •• t.a froa the two •• thoda was also 

investigated. 
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The 30 CJI high, white PVC ML's were driven into the 

ground the day before irrigation and were removed, capped on 

their bottoms and weighed as early as possible on the day 

after irrigation. On all subsequent days ML's were weighed 

during the first hour after sunris. (between 7:00 and 8:00 

AM). For the second run the ML botto.s were closed with thin 

non-stretching plastic tape in order to eliminate much of the 

interference with soil heat flux that was caused by the 6 mm 

thick plastic disks used previously. 

Two irrigations and subsequent .easurement runs were 

accomplished. The first irrigation of 2.3 em took place on 

October 29, 1986 (day 302) and .easurements were taken until 

the run ended on November 17 (day 321). The second irrigation 

of 2.4 em occured on 24 Noveaber (day 328) and the run ended 

on day 338. It took until 11:30 AM on the day after the first 

irrigation to remove and weigh all of the .icrolysi.eters. 

This delay meant that appreciable evaporation took place 

before some of the ML's were weighed. For this reason soil 

surface temperature .. asur_nts were not .ade that day. 

Subsequently it rained on 2 days during the first run. The 

schedules for both runs are shown in Table 2-6. Improvements 

in the equip.ent and procedure for the initial extraction of 

ML's allowed weighing to to be finished by 9: 14 AM on the 

first day of the second run and soil surface temperatures were 
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Table 2-1. 

Schedules for Runs 1 and 2 ot Experiment 3, 1986. 

Schedule for Run 1. 

Calendar Julian Rain Intra-red MC's 
day day tini.hed weighed 

29 Oct. 302 Irrigation, 2.3 em. 
30 Oct. 303 no none 11:27 
31 Oct. 304 no 7:08 8:32 

1 Nov. 305 no 6:44 7:46 
2 Nov. 306 yes 6:52 8:08 
3 Nov. 307 ye. none none 
4 Nov. 308 no 6:44 8:45 
5 Nov. 309 no 6:50 8:00 
6 Nov. 310 yes 6:44 7:43 
7 Nov. 311 no 6:45 9:40 
8 Nov. 312 no 6:43 7:54 
9 Nov. 313 no 6:41 7:55 

10 Nov. 314 no 6:42 7:29 
11 Nov. 315 no 6:44 7:29 
12 Nov. 316 no 6:51 7:36 
13 Nov. 317 no 6:39 7:25 
14 Nov. 318 trace 6:38 7:26 
15 Nov. 319 no 6:42 7:35 
16 Nov. 320 no 6:34 7:54 
17 Nov. 321 no 6:40 7:44 

Schedule tor Run 2. 

Calendar Julian Rain Intra-red MC's 
day day tini.hed weighed 

24 Nov. 328 Irrigation, 2.4 ca. 
25 Nov. 329 no none in AM 09:14 
26 Nov. 330 no 06:42 08:13 
27 Nov. 331 no 06:50 08:02 
28 Nov. 332 no 06:58 07:54 
29 Nov. 333 no 07:00 07:55 
30 Nov. 334 no 06:58 08:12 

1 Dec. 335 no 06:58 08:20 
2 Dec. 336 no 06:55 08:10 
3 Dec. 337 no 06:40 08:05 
4 Dec. 338 no 06:37 07:25 

mea.ured that day. The entire field .oil .urtace wa. bare. 



53 

Soil surface temperatures were taken daily before dawn 

and between 1:00 and 1:30 PM at all locations by pointing the 

infra-red thermometer directly at the tops of the ML's and the 

reference dry aoils. The average and standard deviation were 

recorded for 10 measurements at each location. If the standard 

deviation was more than 0.1 °c the .easurement was repeated. 

Reference dry soils were e.tablished as for the first 

experiment. Soil temperaturea at 0, 15 and 30 em depths were 

measured by thermistors at a mid-field location and recorded 

every 15 minutes on tape. Unfortunately the thermistor data 

were lost for the first run. Net radiation was also measured 

at mid-field. 

Since the beam balance had proved too imprecise during 

the first experi.ent, ML weights were measured to a precision 

of 1 g (equivalent to 0.19 .. depth of water) with a portable 

electronic acale (Yamato, .odel LZ-5000). The balance was fit 

into the bottom of a .odified 5 gallon bucket which served 

both to tranaport the balance around the field and as a wind 

shield during weighing. With thia ayate. all 57 ML's spread 

over a 1 ha field could be extracted, weighed and returned to 

their holea in a 1 hr period. 

Two weather atationa were aet up, one each at the SE and 

NW corners of the field. Each atation .eaaured the parameters 

deacribed for the firat experi.ent. 
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Summary statistics and preliminary cGnclusions for all 

experiments are presented in this chapter. Subsequent 

chapters present further statistical analysis, discussion and 

modeling pertaining to individual experiments. Unless 

otherwise noted statistics were calculated using the SAS 

statistics package on an IBM PC compatible desk top computer. 

Experiment 1 

The beam balance used to weigh microlysimeters (MLts) 

introduced considerable error as evidenced by the negative 

daily and cumulative weight changes shown in Table 3-1 and 

Figure 3-1. In the laboratory the balance weighed repeatedly 

to within 2 to 3 gm (0.4 to 0.6 mm depth of water). However, 

in the field with loads up to 3,000 g the balance gave a 

precision of only 7 to 10 gm or worse (1.3 to 1.9 .. or .ore, 

depth of water). Th •••• rrors occurred d •• pit •• n .nclo.ure 

to .hield the b.lanc. fro. the wind, .nd c.r.ful l.veling 

before u.e. Addition.l .xperi •• ntal .rror w.s introduc.d on 

the first day aft.r irrigation by the fact that 6 hour. p •••• d 

betwe.n the tim. th.t the first ML w •• w.ighed at 9:15 AM .nd 
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Daily microlysi.eter water content changes in mm, 
Experiment 1. 
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Microlysimeters are li.ted following the order in which they 
were weighed on the first day. ML code number 25 was weighed 
at 9:15 AM and ML code number 113 was weighed at 3:15 PM on 
the first day after irrigation. 

W.ll Length Code Day .fter Irrl .. tlon Total Loaa after 
Type (CII) Ito. 2 ] 4 5 6 7 I 9 loaa Firat day 
----------- ... _--- -_.----------.... -----_._--------------------------- ----------

P 20 25 4.91 ].26 1.92 -0.96 1.34 2.61 1.15 o.n -0.19 14.95 9.97 
S 20 26 5.92 1.]9 1.22 1.05 1.05 1.]9 1.05 -0.17 0.17 1].76 7.14 
S ]0 27 6.97 0.17 1.39 0.17 1.05 ].]1 -0.17 0.17 0.00 14.46 7.49 
p 30 21 5.75 0.96 1.53 o.n 2.61 -o.n 1.73 o.n o.n 14.19 1.44 
S 10 29 4.01 1.57 1.22 0.70 0.70 1.74 0.52 0.70 0.70 11.14 7.13 
p 10 210 5.11 1.73 1.15 o.n 1.34 O.lI o.n 0.96 0.51 12.14 7.66 
S 20 211 4.5] 2.09 1.05 1.05 1.]9 0.52 0.52 1.]9 -0.17 12.]7 7.14 
p 20 212 ].13 ].64 -0.51 1.34 1.5] 0.96 0.00 D.n O.lI 11.88 1.05 
S 10 15 ].14 1.74 1.57 1.22 0.70 1.05 0.70 0.17 0.]5 11.]2 1.11 
p 20 16 2.49 2.30 1.34 0.96 1.15 O.lI o.n 0.96 O.lI 10.73 1.24 
S 30 17 ].13 4.01 0.00 1.]9 0.52 2.09 0.52 0.17 -0.17 1].06 9.23 
p ]0 11 1.73 2.49 O.lI 2.11 0.19 2.49 O.lI 1.15 -0.19 10.73 9.00 
$ 10 19 ].41 1.05 1.74 1.22 1.22 0.52 1.05 1.22 0.17 11.67 1.19 
p 10 110 1.34 1.5] 1.34 o.n 1.15 1.15 0.51 0.96 o.n 9.51 1.24 
$ 20 111 1.92 1.57 2.09 1.05 0.17 1.22 1.22 0.17 -0.52 9.51 7.66 
p 20 112 1.5] 0.96 1. 15 1.15 1.5] o.n o.n 1.73 0.00 9.51 1.05 
p 10 11] 0.96 1.73 1.34 o.n 1.34 0.51 0.96 1. 15 0.19 9.01 1.05 

Tr .. t.nt TI_ of 1at 
IlUlber day ... Ithlng 

.---------------- ------.. _- ._--...... --
P 20 25 4 9.25 
$ 20 26 ] 9.51 
$ 30 27 5 9.15 
p 30 21 6 10.12 
I 10 29 1 10.]7 Wall Type: 
p 10 210 2 10.51 p • fIYC plutlc 
S 20 211 ] 10.10 I • at .. l 
p 20 212 4 ".OJ 
I 10 15 1 1].45 Tr .. t."ta: 
p 20 16 4 13.72 1 • at .. l, 10 ell lenath 
I 30 17 5 14.01 Z • plaatlc, 10 ell lenath 
p 30 11 6 14.30 ] • at .. l, 20 ell lenath 

• 10 19 1 14.41 4 • plaatlc, 20 ell lenath 
p 10 "0 Z 14.65 5 • at .. l, 30 ell lenath 
I 20 ", ] 14.15 6 • plaatlc, 30 ell lenath 
p 20 112 4 15.05 
p 10 ,,] 2 15.25 
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Fiqure ·3-1. Cumulative microlysimeter evaporation, mm, 
Experiment 1. A. Cumulative evaporation from first day after 
irrigation. B. Cumulative evaporation from second day after 
irrigation. 

the last at 3:15 PM (Table 3-1). The evaporation that 

occurred during that period may have amounted to as much as 

4 to 6 mm, skewing the results from the first day as well as 

the totals of evaporation. 

As a check on the evaporation rates measured by micro-

lysimetery, the potential evapotranspiration, ETP, was 

calculated on a half-hourly basis using the Penman method as 
I 

modified by Doorenbos and Pruitt (1984) and Pruitt and 
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Doorenbos (1977). See Appendix A for details of calculations 

and for equations relating net radiation to solar radiation. 

On the first day after irrigation the maximum evaporation 

measured by microlysimetery was, at 7.0 am, only slightly 

larger than the 6.8 mm ETp (Figure 3-2). The microlysimeter 

that generated the 7.0 mm figure was weighed before 10 AM on 

the first day. All other values of evaporation measured by 

ML's were well below ETp. Generally ETp increased with time 

due to higher net radiation. Al though skies were never 

completely overcast, there was a general clearing trend with 
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compared to potential evapotranspiration, 17 ML's. 
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cloudier conditions at the beginning of the experiment. The 

peak ETp of 9.3 am occurring on day 7 was caused by windy 

conditions (average daytime wind of 3.1 m/s). 

water contents measured on the first day after irrigation 

ranged from 0.22 to 0.29 m3/m3 (Table 3-2). The wide range of 

ini tial water content was partially due to drainage and 

evaporation that took place before the last ML was weighed. 

Each of the three treatments of steel ML's (10, 20 and 30 em 

lengths) was initially more moist, on average, than the 

equivalent treatment lor plastic ML's. Since the experiment 

was well blocked and since steel and plastic ML's were 

al ternated in the order of weighing, the ditterent water 

contents were probably not due to placement but rather to 

greater evaporation from plastic as compared to steel ML's 

before the first weighing. 

On the last day also, steel ML'. had higher water 

contents than did plastic ones, on average. More importantly, 

the average decrease in water content trom day 93 to day 101 

was larger for each treataant of plastic ML's than the ave raga 

decrease for the equivalent treataant of steel ML's. (The 

first day after irrigation was omitted fro. this calculation 

due to the bias introduced by late weighings on day 92.) The 

largest ditterence, between 20 ca steel and plastic ML's, was 
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Table 3-2. 

Daily water contents Cm3/m3) , and cUllulative change in water 
content and evaporation from day 93 to day 101, Experiment 1. 

CIt.,.. c~. 
Tr •• t-.nt D.y In. !Yep. 

Code 92 93 94 95 96 97 " 99 100 101 93 to Y01. (.> 
St"l, 
10 CII. 15 0.255 0.226 0.211 0.197 0.116 0.179 0.170 0.164 0.156 0.153 0.0738 

19 0.272 0.240 0.231 0.215 0.204 0.193 0.1. 0.179 0.161 0.166 0.0738 
29 g.~~ g.ZD g.Zl~ g.m g.l!Z g.l!l g.lZ~ 1I.l:m lI.l~ g.la g.g~ 

Aver ... : 0.263 0.232 0.218 0.205 0.195 0.1. 0.171 0.171 0.163 0.159 0.0727 8.1 

PI .. tlc, 
10 CII. 113 0.221 0.212 0.196 0.183 0.176 0.163 0.157 0.148 0.137 0.135 0.0767 

210 g.~6~ g.Zl~ g.l!! g.l. g.JlIl g.lM lI.l~ g.lU g.lY g.l~Z II. gag 
Aver ... : 0.243 0.214 0.197 0.185 0.171 0.165 0.161 0.152 0.142 0.139 0.0748 7.9 

St"l, 
20 CII. 26 0.290 0.262 0.255 0.249 0.244 0.239 o.m 0.228 0.229 0.225 0.0372 

111 0.255 0.246 0.239 0.229 0.224 0.223 0.217 0.211 0.207 0.210 0.0363 
211 g.~~ g.~;J g.~~;J lI.m g.~;J g.~Z g.~~ g.~~~ g.ZU g.~16 g.gU~ 

Av.reg.: 0.273 0.254 0.246 0.239 0.234 0.230 0.225 0.220 0.217 0.217 0.0369 7.8 

PI •• tic, 
20 CII. 16 0.255 0.243 0.231 0.225 0.220 0.214 0.213 0.209 0.204 0.202 0.0402 

25 0.271 0.246 0.230 0.221 0.226 0.219 0.206 0.201 0.197 0.1" 0.0416 
112 0.249 0.242 0.237 0.232 0.226 0.218 0.215 0.211 0.203 0.203 0.0393 
212 g.~62 g.~l lI.m II.~ lI.m II.~Z II.Zll II.Zll II.Z];J II.ZU 1I.Q;J2;J 

Aver ... : 0.261 0.245 o.m 0.228 0.225 0.218 0.213 0.209 0.204 0.204 0.0419 8.6 

St"l, 
30 CII. 17 0.294 0.282 0.269 0.269 0.264 0.263 0.256 0.254 0.252 0.252 0.0299 

27 g.~Z] II.ZY II.Z~ II.~] II.~] II.ZJZ II.ZZZ II.~Z lI.m lI.m II.IIZ~] 
Aver ... : 0.283 0.265 0.257 0.255 0.253 0.250 0.241 0.241 0.231 0.231 0.0269 8.4 

PI •• tlc, 
30 CII. 18 0.219 0.Z84 0.275 0.274 0.267 0.267 0.251 0.257 0.253 0.254 0.0295 

28 g.~ g.~;J 1I.~~g lI.m lI.m lI.m II •• lI.m II.Zll II.ZU 1I.lIZll 
Av.r .... : 0.276 0.263 0.251 0.254 0.250 0.245 0.242 0.239 0.236 0.235 0.0216 8.7 

a water content change of 0.037 .3/.3 for steel MLI s va. a 

change of 0.042 .3/.3 for plastic. Thus 20 ca long plastic 

MLIa loat 14' more water than did steel MLIs of the same 

length. statistical analysis of these results is presented 

in Chapter 4 along with heat flux calculations that show that 

the increased heat flux in steel vs. plastic MLIs aay well 
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account for the decreased evaporation from steel ML's. 

CUmulative evaporation over the 9 day period was also 

different, both for plastic compared to ateel ML 'a which 

exhibited less evaporation, and for shorter lengths compared 

to longer lengths. At the 20 and 30 em lengths, plastic ML's 

clearly showed more evaporation than did ateel. The increaae 

in cumulative evaporation with length seems obvious for 

plastic ML's, but is not clear for steel. If heat conduction 

by steel ML walls lowered the energy available for evaporation 

then the effect of length would be expected to be lessened. 
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riCJUre 3-3. CUIIulative evaporation from steel and from 
plastic microlysi.etera of three lengths. 
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Average daily wind speeds varied from 1.60 mjs on day 92 

to 3.29 m/s on day 98. Wind speeds averaged over 1/2 hour 

were even more variable, often changing by almost an order of 

magnitude over 1 day (Figure -3-4). 
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Fiqure 3-4. Half-hourly average wind speeds, Experiment 1, 
illustrating non-constant behavior. 
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In order to examine the degree of sensible heat flux at 

night, surface temperatures of some 30 em long ML's, field 

soil, and the reference dry soil were plotted with air 

temperature (Figures 3-5 to 3~8). Generally, the differences 

between soil and air temperature. were much greater during the 

day than at nighttime. For the nights of days 95-96, 96-97 

and 99-100, the difference between air and drying soil 

temperature was nil yet the difference between dry and drying 

soil temperatures was considerable, especially for the nights 

of days 95-96 and 96-97 when the largest negative temperature 

depressions were recorded (reference dry soil about 4 °c less 

than drying soil in .teel ML' s) • The relatively amal1 

differences among soil temperatures and between soil and air 

temperatures .uggest that sensible heat flux i. small at 

night. 

Other feature. of Figures 3-5 to 3-8 are int.eresting. 

At night, when longwave radiation flux .hould dominate the 

energy balance, the 2 treataent. of pla.tic ML'. (open bottoms 

or bottom. clo.ed with 6 .. thick PVC pla.tic) .howed nearly 

identical temperature. which clo.ely followed the temperature 

of the field .oil. The 2 treat.ent. of .teel ML'. al.o .howed 

nearly equal temperature. and were con.i.tently waraer than 

plastic ML'. and the field .oil. Nightti.. surface 

temperature. of all ML'. were alway. waraer than that of the 
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A = SteeL closed . 
0 = SteeL open . 
+ = Plastic . closed . 
X = Plastic . open . 

------- - Air. 

= Dry soil. 

= Field soil. 
I = Dev point. 

Day 93 

24 

A = SteeL closed . 
0 Steel, open. 
+ = Plastic, closed . 
X = Plastic , open. 

= Air . 

= Dry soil. 
--- Field soil . 

I = Dev point. 

:x:I 
Day 95 

24 

Fiqure 3-5. 'Surface soil and microlysimeter temperatures, and 
air and dew point temperatures, Experiment 1, days 93 and 95. 
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r----, ,-~ . - - .. 
t:. = Steel, closed . 

u 50 
0 = Steel , open. 

bl + = Plastic , closed . 
Q) 40 
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X = Plastic, open . 

Air. 
30 = Dry soil . 

= Field soil . 
I = Dev point. 
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0 Day 97 

-10~--~--~--~--~----~----~ 
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Fiqure 3-6. ' Surface soil and microlysimeter temperatures, and 
air and dew point temperatures, Experiment 1, days 96 and 97. 
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6 = Steel, closed . 
0 = Steel, open. 
+ = Plastic, closed. 
X Plastic, open . 

------- - Air. 

= Dry soil. 

= Field soil. 
I = Dev point . 

Day 98 
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~ 6 = Steel, closed. 
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0 = Steel, open. 

bl + = Plastic, closed . 
Q) 40 
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X = Plastic, open . 
'-..___./ = Air. 

30 = Dry soil. 
----- Field soil . 

I = Dev paint . 

Day 99 

-10~----~----~----~----~----~----~ 
0 4 8 12 16 20 24 
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Fiqure 3-7. 'Surface soil and microlysimeter temperatures, and 
air and dew point temperatures, Experiment 1, days 98 and 99. 
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Fiqure .3-8. Surface soil and microlysimeter temperatures, and 
air and dew point temperatures, Experiment 1, day 100. 

reference dry soil showing the importance of higher soil heat 

flux in the moister soils. Generally, the nighttime 

differences in temperature, between dry and drying soils, were 

largest early on and diminished as the experiment progressed. 

Nighttime air temperatures were consistently warmer than those 

of plastic ML's but sometimes equaled or were lower (rarely) 

than those of steel ML's. The dew point was never reached at 

any of the soil surfaces. 

During the day, the temperatures, of both treatments of 

steel ML's and of the plastic ML's with closed bottoms, were 

nearly equal. Temperatures of plastic ML's with open bottoms 
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were consistently warmer and, except for some lag, were close 

to those of the field soil. Temperatures of all ML's and of 

the field soil were consistently lower than dry soil 

temperatures. During the day; ML and field soil temperatures 

were higher than air temperatures except for a variable period 

of from 1 to 3 hours after sunrise. As the soils dried this 

period· became shorter. Thus, the atmosphere over both 

microlysimeters and reference dry soil was unstable during 

most daytime hours and was stable or neutral at night. 

~ 25 
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-- o = Field 

············ I= SC 

:··········· + = so 
------- X = PC 

------- 6 = . PO 

91 92 93 94 95 96 97 98 99 100 101 102 

DAY OF YEAR 

Fiqure 3-9. ' Average soil temperatures at 15 em and 30 em for 
field soil and microlysimeters. S = steel, P = plastic, 0 = 
open bottom, C = closed bottom. 
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Soil temperatures at 15 and 30 em showed a strong linear 

warming trend of 6 to 7 °C over 7 days for all ML types and 

for the field soil (Figure 3-9). Examination of the diurnal 

soil temperature regime at 3 depths (surface, 15 em and 30 em) 

showed marked differences between steel and plastic ML' s 

(Figures 3-5 through 3-8, 3-10, 3-11). Differences were also 

evident between ML's which were closed at their bottoms with 

plasti6 disks and those that were left in direct contact with 

the underlying soil (Figure 3-10). There were important 

differences between steel and plastic ML's in the timing of 

subsurface temperature maxima and minima while at the surface 

r---.. 28 
u 

26 
bl 
Q) 24 

H 
"----../ 2 2 

30 em. 

I = Steel, closed . 

+ = Steel , open . 

x = Plastic , closed . 

6 = Plastic, open. 

-- = Field soil. 

20~~~--~~--~~--~~~--~~~ 

0 2 4 6 8 10 12 14 16 18 20 22 24 

HOUR OF DAY 
Figure 3-10 .' Average subsurface temperatures for field soil 
and microlysimeter treatments. Ninth day after irrigation. 
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Fiqure 3-11'. Soil temperature regime in microlysimeters 
averaged by wall material treatment, second and ninth days 
after irrigation. 
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there was no such difference (Table 3-3). At 15 em depth the 

diurnal wave of temperature for ateel ML's peaked between 1.25 

and 1.4 hours in advance of that for plastic ML's. At 30 cm 

depth the difference increased to between 2.8 and 3.0 hours. 

Table 3-3. 

Average phase shift in hours between the time of temperature 
maxima and minima in steel .icrolyaimeters and that in 
plastic microlysimeters, at 15 and 30 cm depths. 

Phase shift in 
temperature maxima 
and minima, hours. 

1.41 3.03 1.25 2.81 

Surface soil in plastic ML' a reached higher daytime 

maximum temperatures and lower nighttime minimum temperatures 

than did surface soil in ateel ML's. This was true for all 

days (Figure 3-12). The subsurface soil temperature regime 

was reversed with steel ML' s showing higr.car temperature maxima 

and lower minima than did plastic ML'.. Clearly ateel ML's 

conducted heat from and to the soil surface much aore quickly 

than did plastic. 
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Fiqure 3-12. Minimum and maximum field soil 
microlysimeter temperatures at the surface (top), 15 
(middle) and 30 em (bottom). 
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'1ab1. 3-4. 

Averaqe differenc •• between plastic and .teel microlysimeters 
in daily soil temperature maxima and minima at 3 depths. 
Differences were calculated by aubtractinq temperature 
in steel ML from temperature in plastic ML. 

DAILY MAXIMA Surface 15 em 30 em 

Averaqe difference 
between temperature 1.486 -0.707 -0.540 
maxima, deqrees c. 

DAILY MINIMA Surface 15 em 30 em 

Averaqe difference 
between temperature -1.201 0.297 0.249 
minima, deqrees c. 
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Experiment 2 

The second experi.ent consisted ot three irrigations and 

associated measurements ot change in soil .oisture and 

distribution ot irrigation water as .easured by the neutron 

probe and catch cans at 57 locations. The depth of water 

stored in the protile at each location was calculated by 

multiplying the depth ot each layer by its volumetric water 

content and summing these depths ot water (Table 3-5). Each 

layer was assumed to be centered on the depth of the neutron 

probe reading with the layer's upper and lower boundaries 

determined as the midpoints between probe reading depths. For 

the topmost layer the soil surtace tormed the upper boundary 

while for the bottom layer the lower boundary was set at 120 

cm. 

The change in protile water contents was generally less 

than 2 mm daily indicating the slow rate of drainage from the 

protile. Neutron scattering .easureaent. took .everal hours 

to complete, otten endinq atter noon on a given day. Thus the 

changes in protile water content discussed here are indicative 

only ot general day to day trends. Specitically, the change 

in storage due to irrigation was not .easured precisely due 

to the ti.e lag between neutron scattering on the day before 

irrigation and on the day atter. 
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Table 3-5. 

Simple statistics for daily profile water content (cm) , 
Irrigations 1, 2 and 3, Experi.ent 2. 

DA~ If II.An ~td Dit~ IIldiAn l1inimym IIAximwa 
77 57 23.4 5.39 24.6 12.5 35.2 

Irrfptfon 1 
80 57 27.3 5.84 28.2 14.1 42.2 
81 56 27.0 5.82 27.9 14.0 41.4 
82 57 26.8 5.78 27.9 13.9 41.2 
83 57 26.7 5.72 27.8 13.9 40.7 
85 57 26.6 5.64 28.0 13.7 38.4 
90 57 26.4 5.51 27.9 13.5 37.9 

Irrfptfon 2 
92 57 27.3 5.61 28.6 13.8 39.1 
93 55 27.1 5.83 28.3 13.7 38.5 
94 57 26.8 5.64 28.5 13.6 38.5 
95 57 26.8 5.67 28.3 13.5 38.7 
96 57 26.7 5.62 28.3 13.6 38.3 
98 56 26.6 5.65 28.3 13.5 38.1 

100 55 26.4 5.50 28.2 13.4 37.7 
Irrfptfon 3 

102 55 27.1 5.60 28.1 13.5 38.6 
103 53 27.0 5.30 28.4 15.2 38.2 
105 52 26.4 5.67 28.3 13.4 37.9 

Irrigation and ChAnge in storag •• 

At 3.85 em, the change in .torage due to the first 

irrigation was only slightly lower than the 4.16 cm which was 

the average depth of water in the catch cans (Table 3-6). 

Change in storage was auch aore variable than irrigation catch 

can depth (Figure 3-13). Prior to this irrigation the field 

was at its drie.t. The pre.ence of .oil cracks of up to 2 cm 

width may have contributed to the variability of change in 

.torage. The.e crack. were not pre.ent prior to the .econd 

and third irrigation.. ponding and flooding occurred during 

all irrigation •• 
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Fiqure 3-13. Catch can depths and change in storage du~ to 
irrigation, Experiment 2, Irrigation 1 . 
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Fiqure 3-14 ~ Average daily water content profiles before and 
after Irrigation 1, Experiment 2. Numbers are day of year. 
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Average soil water content changed most in the top layer 

where it increased from 0.19 to 0.31 m3/m3 due to irrigation 

(Figure 3-14, Table 3-6). By contrast the water content at 

105 em changed hardly at all, increasing from 0.15 to 0.16 

m3/m3
• As the soil dried the largest changes in water content 

again occurred in the surface layer while water content at 105 

cm remained constant at 0.16 m3/m3
• water content in 

intermediate layers also changed little suggesting that 

drainage was uniform from 30 em depth downward. 

Table 3-'. 
Average soil water contents (m3/m3 ) by day and depth, 
Experiment 2, Irrigation 1. 

Depth (cm) 15 30 
Day 77. Count - 57. 

Average 0.193 0.239 
Maximum 0.266 0.280 
Minimum 0.100 0.171 

Day 80. Count - 57. 
Average 0.306 0.278 
Maximum 0.381 0.360 
Minimum 0.164 0.176 

Day 81. Count - 56. 
Average 0.297 0.276 
Maximum 0.356 0.358 
Minimum 0.163 0.174 

Day 82. Count - 57. 
Average 0.290 0.276 
Maximum 0.344 0.353 
Minimum 0.158 0.175 

Day 83. Count - 57. 
Average 0.284 0.275 
Maximum 0.334 0.356 
Minimum 0.159 0.178 

Day 85. Count - 57. 
Average 0.276 0.273 
Maximum 0.328 0.347 
Minimum 0.145 0.179 

45 

0.227 
0.314 
0.120 

0.246 
0.365 
0.127 

0.245 
0.361 
0.131 

0.245 
0.358 
0.128 

0.244 
0.352 
0.130 

0.244 
0.349 
0.127 

60 

0.231 
0.349 
0.072 

0.242 
0.357 
0.076 

0.240 
0.355 
0.079 

0.240 
0.357 
0.075 

0.240 
0.360 
0.073 

0.239 
0.355 
0.077 

75 

0.179 
0.291 
0.064 

0.187 
0.307 
0.067 

0.186 
0.303 
0.070 

0.186 
0.309 
0.068 

0.186 
0.310 
0.073 

0.185 
0.311 
0.066 

105 

0.154 
0.369 
0.062 

0.157 
0.374 
0.062 

0.157 
0.369 
0.064 

0.157 
0.374 
0.063 

0.157 
0.376 
0.063 

0.156 
0.377 
0.062 
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The second irrigation applied 2.08 em of water as 

measured by catch cans but the change in moisture stored in 

the 1.2 m profile averaged only 0.89 em. The difference of 

1. 1 em was probably largely due to drainage. Evaporation 

could have accounted for some of the difference since neutron 

scattering was not finished until 13:55 on the day after 

irrigation and potential evapotranspiration was o. 7 em for the 

day. There appeared to be some correlation between low catch 

can depths and low change in storage (Figure 3-15). 
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Fiqure 3-15.' Catch can depths and change in storage due to 
Irrigation 2, Experiment 2. 
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Again the greatest water content changes occured in the top 

layer with 8 y increasing from 0.27 to 0.30 m'5/m'5 due to 

irrigation while 8 y at 105 em remained constant at 0.16 m'5/m'5 

(Table 3-7, Figure 3-16). After irrigation the water content 

of the surface layer declined over 9 days to its original 

water content of 0.27 m'5/m'5 while the subsurface water contents 

remained nearly constant, again suggesting nearly uniform 

drainage in the soil below 30 em depth. 

Table 3-7. 

Daily average water contents (m'5/m'5) at 15, 
and 105 cm, Irrigation 2, Experiment 2. 

Rmlb '''''~ 1~ ;m !~ ~ ~ 22 ]~ 
08Y 90. CCUlt. 57. 

Aver ... 0.269 0.272 0.24'5 0.2'59 0.185 0.111 0.156 
Mul_ 0.'565 0.'544 0.'542 0.'555 0.'516 0.'550 0.'571 
Mlnl_ 0.1'59 0.171 0.129 0.075 0.065 0.071 0.065 

08Y 92. CCUlt • 57. 
Aver ... 0.'501 0.271 0.246 0.240 0.185 0.112 0.156 
Mul_ 0.44'5 0.'550 0.'545 0.'565 0.'518 0.'556 0.'571 
Mlnl_ 0.152 0.176 0.1'55 0.076 0.071 0.079 0.061 

08Y 9'5. CCUlt .57. 
Aver ... 0.'51'5 0.2n 0.245 0.240 0.187 0.114 0.156 
Mul_ 0._ 0.'549 0.145 0.'572 0.'516 0.'557 0.'570 
Mlnl_ 0.145 0.181 0.1'5'5 o.on 0.067 0.010 0.062 

08Y 94. CCUlt • 57. 
Aver ... 0.214 0.210 0.249 0.247 0.1. 0.11'5 0.157 
Mul_ 0.'552 0.'54'5 0.'542 0.'561 0.'511 0.'554 0.'571 
Mini_ 0.146 0.112 0.1'57 0.107 0.067 O.CIIO 0.062 

08Y 95. CCUlt • 57. 
Aver ... 0.212 0.2n 0.245 0.240 0.115 0.181 0.156 
Mul_ 0.'546 0.'551 0.'542 0.'564 0.312 0.354 0.'57] 
Mlnl_ 0.1'59 0.1n 0.129 0.076 0.069 O.CIIO 0.062 

08Y96. CCUlt • 57. 
Aver ... 0.210 0.276 0.245 0.239 0.114 0.181 0.155 
Mul_ 0.'545 0.'542 0.'543 0.'564 0.321 0.J4I 0.376 
Mlnl_ 0.1" 0.171 0.1'51 0.071 0.069 0.076 0.06'5 

08Y 91. CCUlt • 57. 
Aver ... 0.275 0.276 0.245 0.240 0.114 0.'" 0.155 
Mul_ O.DI 0.'542 O.DI 0.362 0.312 0.'550 0.371 
Mlnl_ 0.1'54 0.110 0.1'50 0 •• ' 0.061 O.CIIO 0.064 

08Y 100. CCU'lt • 57. 
Aver ... 0.269 0.276 0.245 0.240 0.115 0.171 0.154 
Mul_ O.DO 0.]]7 0.]]2 0.'561 0.311 0.297 0.369 
Mlnl_ 0.1'50 0.'" 0.1]] 0.076 0.067 O.CIIO 0.064 

30, 45, 60, 75, 90 
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Fiqure 3-16. Average daily water content profiles before and 
after Irrigation 2, Experiment 2. Numbers are day of year. 

The third irrigation was the smallest, averaging 1.60 em 

as measured by catch cans. As for the second irrigation, the 

change in storage, at 0. 75 em, was less than half of the 

irrigation depth (Figure 3-17). Moisture in the surface layer 

increased from 0.27 to 0.30 m3jm3 while that in deeper layers 

remained essentially constant. D~ring the four days of 

measurement after irrigation the surface soil dried while that 

at 30 em anq below remained at essentially the same moisture 
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content, again indicating uniform drainage in the subsurface 

layers (Figure 3-18, Table 3-8). 

Table 3-8. 

Average daily water contents {m]/m]) at 15, 30, 45, 60, 75, 90 
and 105 cm, Irrigation 3, Experiment 2. 

IIm$b 'BI~ 
Dey 100. 

Aver ... 
Me"f_ 
Mfnf_ 

Dey 102. 
Aver ... 
Me"l_ 
Mlnf_ 

Dey 10]. 
Aver ... 
Me"f_ 
Mlnf_ 

Dey 105. 
Aver ... 
Me"I_ 
Mlnl_ 

1~ 30 ~~ ~ ~ !I 1112 
C~t • 55. 
0.269 0.276 0.245 0.240 0.115 0.178 0.154 
0.]]0 0.]]7 0.332 0.361 0.]11 0.297 0.369 
0.130 0.181 0.1]] 0.076 0.067 0.080 0.064 
C~t • 57. 
0.297 0.279 0.246 0.241 0.115 0.181 0.155 
0.621 0.40] 0.342 0.366 0.]14 0.344 0.363 
0.1]7 0.180 0.1]1 0.081 0.069 0.076 0.062 
C~t • 57. 
0.282 0.276 0.246 0.240 0.186 0.181 0.155 
0.348 0.34] 0.336 0.364 0.]12 0.339 0.367 
0.1]9 0.182 0.1]] 0.079 0.068 0.076 0.064 
C~t • 55. 
0.281 0.275 0.245 0.238 0.111 0.181 0.158 
0.430 0.340 0.]]5 0.347 0.]15 0.]]7 0.366 
0.1]5 0.182 0.134 0.079 0.066 0.078 0.065 

o 

-l~~~~~~~~~~~~uu~~~ 

o 3 6 9121518212.2730333639.245.8515457 

LOCATION NUMBER 

-- + = Catch can 
depths 

----- 0 = Change In 
storage. 

riqure '-17. Catch can depth. and change in .torage due to 
irrigation for Irrigation 3, Experi.ent 2. 
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Fiqure 3-18. Average daily water content profiles before and 
after I ·rrigation 3, Experiment 2. Numbers are day of year. 

Irrigation Uniformity. 

Two of the most common methods of expressing irrigation 

uniformity are Christiansen's uniformity coefficient (UCC) and 

the Lower Quarter Distribution Uniformity (LQDU). 

Christiansen's uniformity coefficient is calculated by 

ucc = 1 - ~lx1 - xlfx (3-1] 

where the x 1 are the individual measured depths of irrigation 

and x is the average depth of irrigation. The LQDU is 

calculated by 

LQDU = Average of the lowest quarter of depthsjx [3-2] 
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The UCC and LQDU equations were applied to three sets of data 

for each irrigation - catch can depths, change in storage due 

to irrigation, and profile water content on the day after 

irrigation, all in em (Table 3-9). The change in storage was 

calculated by subtracting the profile water content for the 

day before irrigation from that for the day after irrigation. 

For the first irrigation catch cans were arranged in 

three different ways - perpendicular to the sprinkler lateral 

and extending inward 30 m from the field edge (15 cans), 

parallel to the lateral at a distance 30 m from the field edge 

(26 cans), and at the 57 neutron access tube locations 

scattered across the field (Figure 2-4). Mean depths and 

uniformities were quite similar for the cans at access tube 

locations and parallel to the lateral with mean depths of 4.16 

and 4.28 em, and UCC of 0.84 and 0.83, respectively. The cans 

perpendicular to the sprinkler lateral showed the edge effect 

due to some cans being at the outer edge of the sprinkler 

pattern at startup. Therefore the low .ean depth of 3.68 em 

and UCC of 0.72 were not considered typical of the field as 

a whole. 

UCC values calculated fro. catch can data for the second 

and third irrigations vere close to those from the first 

irrigation and to the global average of 0.82, showing that the 
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sprinkler system performed similarly for all irrigations. 

LQDU values based on catch can data were also similar for the 

three irrigations and were close to the global average of 0.66 

regardless of whether the data came from access tube locations 

or from the transect parallel to the lateral. From these UCC 

and LQDU value. the irrigation system would be evaluated as 

acceptably uniform. 

'1'&))1e 3-'. 

Christiansen t S uniformity coefficient (UCC) , the lower quarter 
distribution uniformity (LQDU) and water depths (cm) for three 
irrigations, Experiment 2. The UCC, LQDU and water depth 
values were calculated for three variables - change in .torage 
due to irrigation, depth of water in catch cans and profile 
water content after irrigation. N i. number of samples. 

1l::l::i9Atism 1. UCC LQDU Depth c.v. N 
Catch cans: (em) 

At acce.. tube. 0.84 0.68 4.16 0.230 57 
Parallel lateral 0.83 0.64 4.28 0.248 26 
Perpendicular 0.72 0.52 3.68 0.329 15 

Change in .torage: 0.57 0.38 3.86 0.597 57 
Profile water content: 0.83 0.70 27.29 0.214 57 
1l::l::i9Atis;m a. 
Catch cans: 

At access tubes 0.82 0.64 2.08 0.257 57 
Parallel lateral 0.81 0.63 2.04 0.259 40 

Change in storage: 0.31 0.25 0.75 0.864 55 
Profile water content: 0.82 0.71 27.12 0.206 55 
ll::l::iSlAtigD J. 
Catch cans: 

At acce.. tube. 0.83 0.67 1.60 0.239 57 
Parallel lateral 0.81 0.67 1.51 0.242 51 

Change in storage: 0.40 0.17 0.92 1.453 57 
Profile water content: 0.82 0.72 27.25 0.213 57 
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Examination of the profile water contents told much the 

same story. On the day after each irriqation the averaqe 

profile water content was just over 27 em. Since the 

irriqations ranqed from 1.60 to 4.16 em the similarity of 

profile water contents leads to the conclusion that the field 

was at "field capacity" after each irriqation. Applyinq the 

UCC and LQDU equations to the profile water contents resulted 

in quite similar UCC and LQDU values for all irriqations, with 

averaqes of 0.82 and 0.71, respectively. While the UCC values 

were very close to those calculated from catch can data, the 

LQDU values were siqnificantly hiqher than LQDU values from 

catch cans indicatinq that the extremes ot application were 

modified by redistribution of soil moisture. This was 

indicative of the fact that, althouqh UCC values were very 

similar for both catch can data and profile water contents, 

the profile water" contents were not necessarily a result of 

the application depths. 

Evidence that the catch can depths and profile water 

contents were not linked was provided by the UCC and LQDU 

values for chanqe in .toraqe. UCC value. ranqed fro. 0.31 for 

the last irriqation to 0.57 for the fir.t, .uch lower than UCC 

value. from either catch can. or profile water content.. LQDU 

value. ranqed fro. 0.17 for the .econd irriqation to 0.38 for 

the first, al.o much lower than LQDU value. from catch cans 
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and post-irrigation profile wat.r content.. Pondinqoccurred 

everywhere in the field for all three irrigation •• 0 a major 

mechanism of r.di.tribution was overland flow. 

Infrared Thermometry. 

Field soil temperatur •• were •• a.ured with an infrared 

thermometer by scanning in a circle around the neutron access 

tubes. For each of the three irrigation cycl.s midday 

temperatures averaged the lowe.t on the first day after 

irrigation. Midday temperature. were irregular th.reafter, 

reflecting changes in cloud cover, •• pecially on day 84 which 

became overcast at 12:30, and day 93 (Table 3-10, Figure 3-

19). The presence of cloud cov.r on day. 80,84, 88, 93 and 

98 was refl.ct.d by the r.duc.d .olar radiation r.corded on 

those days (Figure 3-19). Midday r.f.r.nc. dry soil 

temperature. g.n.rally r.fl.ct.d the .am. tr.nds in cloud 

cover .xcept for day 98 wh.n cloud cov.r did not appear until 

after the midday IRT r.ading.. For .ach cycl. the diff.rence 

between midday r.fer.nc. dry .oil and fi.ld .oil t .. p.ratures 

(To, ... - Td, ... )' which i. corr.lated with .v.por.tion r.t., w •• 

larg.st on the fir.t 2 day. aft.r irrig.tion but d.cr •••• d on 

sub •• qu.nt day •• s .xpect.d. Th. low.r v.lu. of (To, ... - Td, ... ) 

on d.y 80 co.p.r.d to d.y 81 w •• due to cloudin ••• on d.y 80 

that limit.d pot.ntial .v.potr.n.pir.tion. 
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Fiqure 3-19. Average daily field and reference dry soil 
temperatures measured by IRT at pre-dawn and midday. 

Pre-dawn infrared thermometry showed that field and 

reference dry soil temperatures averaged within 1. 5 °C of each 

other (Tables 3-10 and 3-11, Figure 3-19). 

Standard deviations (S.D.) of both reference dry soil and 

field soil temperatures generally were less than 1 °C for pre-

dawn measurements. Probably because the soil was flat and 

uniform in grain size, the S.D. of reference dry soil was also 

less than 1 for midday measurements. By contrast the S.D. of 

field soil temperatures was usually greater than 1, and was 

greater tharl 2 on 12 of the 19 days measured. 
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Also shown in Table 3-10 are the averages of the S.D. for 

the individual field soil temperatures. Recall that the 

measurement at each access tube was accomplished by scanning 

around the tube while the infrared thermometer took 50 

readings. The average and S • D. of these readings were 

recorded for each tube. The average of these S.D. of the 

individual temperature measurements was, on 15 out of 18 days, 

larger than the S.D. of the combined field soil temperatures. 

Thus it appears that the variability in individual 

measurements was greater than the variability of temperature 

across the field. The 3 days, for which variability at a 

location was on average lower than variability across the 

field, were on the days after the aecond and third irrigations 

and on day 84 which was characterized by an even distribution 

of high clouds. 

Temperatures of reference dry soils were taken both 

before and after thoae in the field. The aecond pre-dawn 

meaaurement was so.etiaes as auch as 3 °c higher than the 

first, indicating that the aoil was waraing as .easurements 

were taken in the field. At aidday the reference .easurements 

were often even further apart with differences of up to 10°C 

on cloudy days such a. day 84 but with differences of 1 to 3 

°c on other days as well (Table 3-11, data shown for first 

irrigation cycle only). 



88 

'1'abl. 3-10. 

Average daily pre-dawn and midday infrared thermometer 
readings (oe) and (To • ..x - Td • ..x) , Experi.ent 1 • 

•••••••••••• Field •••••••••••• • eference Dry loll 
•• Pre·ct..., •• ... "Iddey .•.. . .... "Iddey ..... 

Dey 7'9. 
I!I I! I.R. IBI II I.R. III II I.R. 10 ... ~ ..... 

••••••••••••••••• Firat Irrl .. tlon •••••••••••••••• 1 •••••• • 

Dey 80. 
Aver ... 4.80 0.219 21.49 0.192 49.46 0.20 20.97 
S.D. 0.432 0.694 0.694 
Dey 81. 
Aver ... 3.70 0.130 29.08 3.1. 50.25 0.091 21.16 
S.D. 0.47'9 2.919 2.919 
Dey 82. 
Aver ... 2.58 0.125 36.91 3.705 52.68 0.157 15.77 
S.D. 0.364 2.226 2.226 
Dey 83. 
Aver ... 3.34 0.117 41.01 3.286 53.39 0.200 12.38 
S.D. 0.334 1.429 1.429 
Dey 84. 
Aver ... 5.15 0.125 32.46 0.690 41.55 0.075 9.09 
1.0. 0.363 2.37'9 2.37'9 
Dey 85. 
Aver ... 3.94 0.238 40.60 2.574 51.97 0.550 11.37 
I.D. 0.352 1.044 1.044 
Dey 86. 
Aver ... 3.91 0.192 37.32 1.716 48.15 0.114 10.83 
S.D. 0.594 1.355 1.355 
Dey 87. 
Aver ... 5.62 0.134 39.16 1.823 50.95 0.143 11.80 
S.D. 0.339 1.110 1.110 
Dey 91. . ... _-----_._---- Second Irrl .. tlon ---------------.----_. 
Dey 92. 
Aver ... 2.92 0.218 32.26 1.584 55.16 0.070 22.90 
S.D. 0.518 4.187 4.187 
Dey 93. 
Aver ... 6.34 0.047 36.15 2.497 48.20 0.041 12.05 
S.D. 0.592 2.431 2.431 
Dey 94. 
Aver ... 6.39 0.097 43.65 1.904 55.62 0.054 11.97 
I.D. 0.430 1.264 1.264 
Dey 95. 
Aver ... 7.13 0.153 46.53 2.010 52.91 0.040 6.38 
S.D. 0.340 1.362 1.362 
Dey 96. 
Aver ... 6.77 0.160 47.24 2.159 53.34 0.034 6.10 
I.D. 0.390 1._ 1._ 
Dey 97. 
Aver ... 7.87 0.144 51.51 2.316 SI.77 0.046 7.26 
I.D. 0.311 1.230 1.230 
Dey 91. 
Aver ... 11.54 0.092 51.25 59.50 0.041 8.25 
I.D. 0.215 1.271 1.271 
Dey 99. 
Aver ... 13.21 0.C116 52.10 1.714 57.64 0.099 5.53 
S.D. 0.273 0.938 0.938 
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Tabl. 3-10. (oont., 

------------ Ffeld ------------ leference Dry Iofl 
-- Pre-~wn -- --- Mfddey ---- ----- Mfddey -----
III II S.D. III II I.D. lIT II I.p. to ... .:let ... _ 

Dey t01. ----------------- Ihfrd Irrf .. tfon ----------------1------, 
Dey 102. 
Averege 7.91 0.260 33.15 2.412 47.25 0.045 14.20 
S.D. 0.592 4.831 3.501 
Dey 103. 
Averege 7.56 0.103 47.30 2.016 56.72 0.071 9.42 
I.D. 0.516 1.679 t.679 
Dey t04. 
Averege a.u 0.129 52.02 2.253 60.23 0.063 a.21 
I.D. 0.330 1.619 1.619 

These changes in soil temperature, over the course of IRT 

measurements, were confirmed by mea.uring the temperatures of 

the same 3 field sites both at the beginning and end of 

measurements on .everal occa.ions (Table 3-12). The 

temperature change ranged from -6°C at midday of day 84 to 

0.59 °c for pre-dawn measurements on day 87. Thus it cannot 

be assumed that field .oil t.mperatur.. w.re •••• ntially 

constant over the approximately 40 minut •• requir.d to measure 

.urface temperature. at all 57 acce •• tub.s. 

Aft.r both the .econd and third irrigation., midday field 

.oil surface t.mperatur •• w.r. low •• t on the first day after 

irrigation, at about 32°C, and incr.ased to a aaximWl of 

about 52°C (Figur. 3-19, Tabl. 3-10). Thi. incr.a.. took 

much 1... tim. aft.r the third irrigation which was •• aller 

than the .econd (1.60 v •• 2.08 em). Pot.ntial .vapo-

transpiration was al.o about 2 .. per day high.r aft.r the 

third irrigation than it was aft.r the •• cond due to higher 
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air temperatures and lower relative humidity (Table 3-13). 

'1'&1)1e 3-11. 

Reference dry 80il infrared thermometer readings (oC), 
Irrigation 1, Experiment 2. 

Pr.'~ Midday 
Loc.tlon .. edl". 1.0. Loc.tlon leedl". 1.0. 

Dey SO •...•••••••••••••••••••••••• - ••••••••••••••••••••••••• 
100 
101 

3.94 
3.64 

0.004 101 
0.003 101 

101 
Aver ... 

102 
102 
102 

Aver ... 

44.65 
46.41 
51.:52 
47.41 
46.08 
51.04 
51.26 
49.46 

0.093 
0.27] 
0.049 
0.140 
0.437 
0.039 
0.110 
O.ZOO 

Dey 81 ....... -.- ................•......................•... 
101 2.47 0.006 101 45.50 0.055 
101 5.15 0.006 101 45.74 0.015 

Av.r.... 4.15 0.006 Aver... 45.62 0.070 
102 2.17 0.005 102 49.87 0.015 
102 5.36 0.002 102 50.62 0.097 

Aver.... 3.77 0.003 Aver... 50.25 0.091 
Dey 82 •••••• - ••••••••••••••••• -- •• - •••••••••••••••••••••••• 

101 2.14 0.001 101 47.01 0.051 
101 4.54 0.002 101 49.11 0.159 

Aver... 3.34 0.005 Aver... 41.06 0.105 
102 1.19 0.001 102 51.31 0.176 
102 3.44 0.001 102 54.05 0.137 

Aver... 2.:52 0.004 Aver... 52.68 0.157 
Dey 15 ...............••.....•• - ••• - •......•.•.•......•..•.. 

101 2.37 0.010 101 50.30 0.169 
101 4.39 0.002 101 50.68 0.113 

Aver... 3.31 0.006 Aver... 50.49 0.141 
102 1.69 0.004 102 52.41 0.204 
102 3.62 0.002 102 54.31 0.197 

Aver... 2.66 0.003 Aver... 53.39 O.ZOO 
Dey 84. -.....•• -....••••• -- ...•.• --- •••......•••.•..... - ••. 

101 35.91 0.006 
101 5.70 0.005 101 37.37 0.024 
101 5.1l 0.003 101 43.34 0.249 

Aver... 5.76 0.004 Aver... JI.9O 0.093 
102 37.61 0.023 

102 4.69 0.002 102 39.01 0.117 
102 4.10 0.003 102 47.97 0.015 

Aver... 4.7'5 0.002 Aver... 41.55 0.07'5 
Dey 15 •••••••••••••• - ••••• -- ••••••••••••••••••••••••••••••• 

101 3.35 0.006 101 46.76 0.053 
101 4.27 0.001 101 47.01 0.014 

Aver... 3.11 0.003 Aver... 46.92 o.m 
102 51.54 0.117 

102 1.71 0.002 102 51.91 0.099 
102 3.12 0.001 102 52.45 1.435 

Aver... 2.42 0.001 Aver... 51.97 0.550 
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~able 3-11 (oont.,. 

Reference dry soil infrared thermometer readings (oC), 
Irrigation 1, Experiment 2. 

Pre-~ "Iddwr 
Locetlon .Hdl". 1.0. Locetlon .Hdl". 1.0. 

Dey 86. ----------------------------------------------------

101 40.16 0.021 
101 2.05 0.003 101 40.56 0.231 
101 5.75 0.006 101 45.00 0.022 

Aver... 3.90 0.004 Aver... 41.91 0.095 
102 43.18 0.154 

102 1.18 0.006 102 50.34 0.144 
102 4.50 0.001 102 50.94 0.044 

Aver... 2.14 0.003 Aver... 48.1~ 0.114 
Dey 81. ----------------------------------------------------

101 5.3 0.004 101 42.01 0.012 
101 5.19 0.001 101 42.51 0.064 

Aver... 5.59 0.003 Aver... 42.29 0.068 
102 4.65 0.004 102 50.38 0.162 
102 4.99 0.001 102 51.52 0.124 

Aver... 4.12 0.002 Aver... 50.95 0.143 

Weather. 

Weather was unstable during the experiment with a 

rainstorm on day 88 which effectively ended data gathering for 

the first irrigation cycle (Table 3-13, Figures 3-20 , 3-21). 

Periods of cloudiness affected the first few days of the first 

cycle. The increasing potential ET during the first cycle was 

due to both increasing wind speeds and increasing solar 

radiation as skies cleared. 
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Table 3-12. 

Field temperatures at 3 locations before and after field IRT 
measurements, and difference. between before and after IRT 
measurements (oC) , Irrigation 1, Experiment 2. 

IIf21:1 aU11: 
~!lS11js!D I_I I.R. u. 1_. I.R. u. RUfll:lD5i1 
m..JL. 

1 38.22 1.549 12:31 31,61 0.679 13:13 -6.61 
43 36.56 1.921 12:32 31.60 0.931 13:14 -4.96 
2 36.19 1.653 12:33 30.47 0.379 13:16 :.t...il 

..... r ... : -6.00 
bx..JL 

1 3.36 0.211 5:53 4.69 0.193 6:31 1.33 
43 3.80 0.353 5:54 4.93 0.172 6:32 1.13 
2 3.75 0.163 5:54 4.93 0.124 6:32 L.ll 

..... r ... : 1.21 
R.uM., 

1 2.48 0.199 5:48 4.94 0.115 6:25 2.46 
43 2.81 0.228 5:49 4.90 0.120 6:26 2.09 
2 2.84 0.215 5:50 5.03 0.102 6:27 1J.2 

..... r ... : 2.25 

1 36.22 1.oea 12:27 40.42 1.162 13:05 4.20 
43 35.85 1.723 12:29 38.56 4.118 13:06 2.71 
2 36.17 2.664 12:29 39.19 3.185 13:06 l.ll 

A .... r ... : 3.54 
~ 

1 4.84 0.101 5:41 5.67 0.135 6:19 0.13 
43 5.31 0.122 5:42 5.91 0.150 6:20 0.60 
2 5.38 0.094 5:43 5.72 0.118 6:20 2,.}i 

..... r ... : 0.59 

1 39.25 1.245 12:29 40.84 0.726 13:07 1.59 
43 37.13 2.061 12:30 39.16 3.952 13:07 1.33 
2 38.49 1.541 12:31 39.21 2.352 13:01 2a.ll 

..... r ... : 1.21 

Average daily wind .peed varied fro. 1.5 to 4.9 m/s. 

Daytime wind speeds were higher than at nighttime until day 

96 after which they were about equal. Net radiation and 

average air t .. perature were clo.ely linked and tended to be 

lowe.t on cloudy day •• uch a. day. 78, 88 and 84. 
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Daily meteorological statistics and potential 
evapotranspiration, Experiment 2. 
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Average air temperature, average relative humidity (RH), 
average wind speed, total solar CR.) and nat C~) radiation, 
precipitation, and potential evapotranspiration CET

d
) 

calculated on a daily and a half-hourly basis. Wind spee s 
corrected to 2 m height Csee Appendix A). 

Day 

78 
79 
10 
81 
82 
83 
84 
as 
86 
17 
as 
89 
90 
91 
92 
93 
94 
95 
96 
97 
91 
99 

100 
101 
102 
10J 
104 

Ave. Air 
T8I!IP. 

(0e> 

10.62 
13.01 
15.48 
15.11 
16.41 
11.79 
11.45 
17.29 
17.17 
17.04 
1.94 
1.71 

12.99 
17.11 
20.01 
21.00 
20.37 
20.63 
20.36 
22.91 
25.35 
24.76 
24.61 
24.06 
23.55 
24.39 
24.83 

Ave. 
I" 
(X) 

23.69 
46.59 
49.19 
38.97 
33.07 
30.71 
26.39 
26.22 
30.09 
38.93 
59.16 
49.21 
43.13 
37.44 
26.57 
25.59 
22.99 
26.40 
29.76 
27.71 
24.93 
31.05 
28.02 
25.74 
22.92 
19.17 
11.48 

Ave. 
Ave. Daytl_ 
Wind Wind 
.. - (IIU .. -
1.96 2.30 
1.40 1.19 
2.08 2.74 
2.06 2.65 
1.91 2.31 
1.99 2.61 
3.02 4.03 
2.19 3.39 
2.75 3.77 
4.54 5.46 
3.38 4.32 
1.76 2.43 
2.16 2.83 
1.55 1.69 
1.49 1.69 
2.26 2.91 

1.11 2.31 
2.01 2.13 
1.99 2.06 
3.05 3.10 
2.28 2.16 
2.28 2.42 
2.12 2.02 
2.06 2.12 
2.36 2.16 
2.Z6 2.12 

Tota' 

1.42 0.75 
20.62 9.44 
19.as 1.73 
20.99 9.65 
21.74 10.24 
21.49 10.01 
11.06 7.31 
21.96 10.50 
21.77 10.12 
22.47 10.79 
15.71 5.10 
23.20 11.39 
23.35 11.51 
23.13 11.44 
23.10 11.90 
20.63 9.32 

23.57 11.33 
23.94 11.48 
24.30 12.13 
20.88 11.11 
23.43 12.32 
24.06 11.78 
24.43 12.47 
23.51 11.19 
24.19 12.22 
25.23 12.12 

Prec:lp. 
<.) 

o 
Irrl ... 

o 
o 
o 
o 
o 
o 
o 
o 
2 
o 
o 

Irrl ... 
o 
o 
o 
o 
o 
o 
o 
o 
o 

Irrl ... 
o 
o 
o 

Dally ...1. 
E}» 
(!!!!) 

3.21 
4.16 
4.67 
5.43 
5.17 
6.30 
6.95 
6.64 
6.94 
1.25 
3.50 
4.23 
5.37 
5.65 
6.58 
7.03 

6.92 
7.01 
7.66 
9.40 
1.16 
1.11 
1.21 
7.14 
1.91 
1.91 

1/2 h ...1. 
E}» 
<~) 

2.72 
4.53 
4.86 
5.60 
5.94 
6.45 
7.36 
7.19 
7.36 
1.74 
3.99 
4.97 
6.05 
5.99 
6.76 
6.92 

6.91 
7.11 
7.65 
9.34 
7.86 
1.12 
1.11 
7.73 
1.83 
1.86 
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Fiqure 3-21. Average daily daytime and 24 hour wind speeds, 
and potential evapotranspiration, Experiment 2. 
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Experiment 3 

The Third Experiment consisted of two irrigations and 

subsequent periods of measurement during which evaporation was 

measured by microlysimetery and data were gathered to enable 

use of the energy balance .odel of evaporation. 

First Run. 

During the first run, consisting of the first irrigation 

and subsequent measurements, there were rains totaling 8 mm 

on days 306 and 307 and 3 mm of rain on day 310. The maximum 

evaporation measured was always less than the potential 

evapotranspiration (calculations shown in Appendix A) (Figure 

3-22). Removal and weighing of ML's on the first day after 

irrigation was not finished until 11: 30 AM due the large 

number of ML's to be extracted and cleaned and failure of the 

extraction equip.ent. 

Due to the tardy extraction, infrared temperatures were 

not taken on the first day. Soil temperatures .easured by 

thermistor were lost due to a programming error on the data 

logger. Wind speeds were highly variable with average daytime 

wind speeds of over 5 a/s on days 304, 310 and 317 

contributing to potential evapotranspiration rates of over 10 

mm for those days (Table 3-14). 
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Table 3-14. 

First run, Experiment 3 daily values. Measured (Evap.) and 
potential (ET) evaporation, average morning (Min Td ) and 
midday IR temperatures (Max Td), 24 hour and daytime average 
wind, precipitation, and average air temperature. Wind 
corrected to 2 m height (see Appendix A). 

Julien Max. Min. Ave. 
dliy Ev8p. Ev8p. Ev8p. 

303 
304 
lOS 
306 
307 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 

·······c .. )······ 

10.5 2.5 5.7 
11.7 1.7 5.6 
4.0 0.2 1. 1 

3.5 1.7 2.7 
3.8 1.2 2.2 
1. 7 '10.0 '4.1 
3.5 2.1 2.8 
3.8 1.0 1.8 
3.8 0.6 1.4 
2.7 0.6 1.2 
2.1 0.6 1.1 
1. 7 0.6 1.2 
2.1 0.6 1.3 
1.0 0.2 0.6 
1.0 0.2 0.6 
1.0 0.4 0.7 
0.8 0.2 0.5 

Table 3-15. 

Min. Max. 

Td 0 Td ···c C)··· 

1.24 29.63 
10.62 27.22 

10.50 23.51 
4.16 26.63 
6.66 21.62 
5.31 20.24 
1.13 25.25 
1.37 27.02 
4.12 27.10 
4.95 29.54 
4.05 21.64 

10.54 26.67 
6.11 31.54 

12.94 23.11 
9.62 25.00 

10.84 24.32 

Ave. Deytl_ ETp Preclp. Air 
Wind Wind T~ 
····C.,.)···· ( .. ) ( .. ) C 

2.12 3.02 
4.76 6.75 
2.33 3.07 
1.95 2.56 
2.01 2.01 
2.51 2.67 
1.66 1.90 
4.11 4.11 
2.35 2.30 
2.30 2.52 
2.19 2.71 
2.12 2.69 
2.25 2.74 
1.72 1.70 
4.21 5.16 
3.52 3.54 
1.571.19 
1.1l 1.96 
1.93 2.10 

11.5 
19.5 
7.3 
2.5 
2.0 
4.7 
5.0 

10.9 
5.9 
6.1 
6.3 
6.2 
7.1 
5.7 

12.3 
8.7 
3.6 
4.2 
4.5 

o 
o 
o 
1 
7 
o 
o 
3 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

20.15 
21.57 
17.10 
13.37 
12.52 
15.40 
14.43 
16.99 
12.31 
10.90 
12.01 
13.43 
14.37 
15.76 
18.47 
16.62 
17.22 
16.66 
11.03 

Water balance for Run 1, Experi.ent 3. 

Irrigation 
Microlysimeters 

Initial 
Final 
Change 

Field 
Initial (ML) 
Final 
Change 

ML final minus 
Field final 

23.0 

89.7 
73.3 
16.4 

89.7 
70.9 
18.8 

2.4 

water sontent 
(m 1m ) 

0.296 
0.242 
0.054 <- evaporation. 

0.296 
0.234 
0.062 <- evaporation + drainage. 

0.008 <- drainage. 
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Initial and final ML water contents averaged 0.296 and 

0.242 m3jm3
, respectively, giving a change of 0.054 m3jm3 or 

an average of 16.4 mm of water lost over the course of the run 

(Table 3-15). This was 71% of the 23 mm of water applied but 

just 18% of the 90 mm of water in the ML' s just after 

irrigation. By contrast the final water content of the field, 

as mea$ured by 18 volumetric samples to 30 em depth, was 0.234 

m3jm3
• · Assuming that initial water contents of ML's and field 

soil were equal, this amounted to a 0.062 m3jm3 change in 

15 

12 

r---., 

9 s 
s 
~ 6 

z 
0 3 
H 
f:--l 0 
rc:::r:: 
~ 
0 -3 
~ 
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> -6 
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-9 

I 

I 
I 
I 

I I ,-----, 
____ J .+ I I I 

·· ~ I I I 

+' \! :-: ! ! 
~ I I I I I 
\ I I I I I 
~I I I I ---, 
1 I I I I 
L I I I I 
t.-- I I I I 
', I I I r---, I I 
~ I I I I I I I 
' I I I _r-~ I I I 

-~-[=~--~~~~-:::_: __ :_:_:~~~~;~~~~:: :~==;. 

304 306 308 

-- = Average evaporation . 

·-·-----·----- + = lfaximum. 

.............. x = lfinimum. 

X ------- - Potential evapo-
transpiration . 

310 312 314 316 318 

DAY OF YEAR 
320 322 

Figure 3-22. Maximum, minimum and average daily 
evaporatioh compared to potential evapotranspiration, 
Run 1, Experiment 3. 
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storage, equivalent to 18.8 am of water lost from a 30.3 cm 

deep profile. Subtracting 16.4 am of .vaporation from the 

18.8 DUD change in storage left 2.4 DUD of water lost to 

drainage. 

Second Run. 

Data from the second experimental run of NoveJDber -

DeceJDber 1986 are presented below. These data consisted of 

daily ML mass changes measured between 7 and 8 AM each day; 

meteorological data gathered on a 15 minute interval at 

weather stations situated at opposite ends of the field; soil 

temperature data recorded on a 15 minute basis at 0, 15 and 

30 cm depth at a mid-field location; and ML and reference dry 

soil daily minimum and maximum temperatures measured by 

infrared thermometer. The 57 ML'. were arranged in the field 

as shown in Figure 3-3. Irrigation was on day 328 and 

measurements were taken on day. 329 through 338. 

The soil - air temp.rature differ.nce. depicted in 

Figure. 3-23 , 3-24 .how that the air ov.r the r.latively 

warmer ref.r.nce dry .oil was un.table while that ov.r the 

drying field was neutral or .tabl. for .o.t ti.... Wind .peed 

at the .it. was highly variable (Figur •• 3-25 '3-26). The 

dew point was n.v.r r.ach.d although it wa. approach.d clo.ely 

at pre-dawn on .0 •• day. (Figur. 3-23). Av.rag. air and .oil 

t.mperatur ••• how.d con.id.rable fluctuation a. cold and warm 
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40 

327 328 
r--...... 

u 20 
x = Dry soil. 

01 
Q) 0 
~ o = Dew point. 
..___,,, 

~ 
-20 + = Drying soil. 

~ 40 
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~ .6 = Air . 
~ 20 
~ 
w 
~ 
~ 0 
w 
~ 

-20 
7 12 17 22 27 32 7 12 17 22 27 32 

40 

r--...... 
20 u 

x = Dry soil . 

01 
Q) 0 
~ o = Dew point . 
'--../ 

w -20 + = Drying soil . 
~ 40 
~ 334 
~ .6 = Air . 
~ 
~ 

20 

w 
~ 
~ 
w 
~ 

-20 
7 12 17 22 27 32 7 12 17 22 27 32 

HOUR OF DAY 

Figure 3-23. Dew point, soil and air temperatures for days 
327 through 334, Run 2, Experiment 3. 
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' Fiqure 3-24. Dew point, soil and air temperatures for days 

335 through 338, Run 2, Experiment 3. 
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Fiqure 3-25. Wind speeds averaged over 15 minutes for days 
327 through 330. Periods are 24 hours starting at 7:30 AM. 
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Figure 3-26~ Wind speeds averaged over 15 minutes for days 
331 through 338. 24 hour periods starting at 7:30 AM. 
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r----. D = Air. 
u J Irrigation . 
0 

'-.....__/ 15 + = Soil surface . 

w 
~ X = 15 em . 

~ 
~ 
re::r:: 

b. = 30 em . 

~ 10 w 
.P-l 
~ 
·w 
~ 

5~~~~~--~~~~~--~~~~ 

326 327 328 329 330 331332 333 334 335 336 337 338 339 

DAY OF YEAR 

Figure 3-27. Average daily soil and air temperatures measured 
by thermistor before and during the Run 2, Experiment 3 
(Average of 96 measurements taken at 15 minute intervals). 

air masses passed over the experimental site (Figure 3-27). 

The maximum evaporation measured by ML was, at 8.2 mm on 

the first day after irrigation, just under the potential ET 

of 8. 8 mm for that day (Table 3-17). Potential ET was 

calculated as shown in Appendix A. The average evaporation 

was 5.8 mm on the first day decreasing to about one mm a day 

on the last two days. Measured evaporation generally followed 

the same trends as potential ET, increasing on especially 

windy days and decreasing when winds were light and 

temperatures cool, but superimposed on this behavior was the 

general reduction in evaporation associated with soil drying. 
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= Potential 
evapo
transpiration. 

-- = Average t1L 
evaporation . 

··············· + = l1aximum l1L 
evaporation . 

............... X = l1inimum l1L 
evaporation . 

Fiqure 3-28. Average, maximum and minimum measured 
evaporation compared to potential evapotranspiration, Run 2, 
Experiment 3. 

Initial and final ML water contents averaged 0.318 and 

0. 253 m3jm3
, respectively, giving a change of 0. 065 m3;m3 or 

an average of 19.7 mm of water lost over the run (Table 3-16). 

This was 82% of the 24 mm of water applied but just 20% of the 

96 mm of water in the ML's just after irrigation. By contrast 

the final water content of the field, as measured by 20 

volumetric samples to 30 em depth, was 0.206 m3jm3 • Assuming 
I 

that initial water contents of ML's and field soil were equal, 
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this amounted to a 0.112 m3/m3 change in storage, equivalent 

to 33 • 9 DUD of water lost from a 30. 3 em deep prof ile. 

Subtracting 19.7 DUD of evaporation from the 33.9 DUD change in 

storage leaves 14.2 mm of water lost to drainage. 

'1'abl. 3-1'. 

water balance for Run 2, Experiment 3. 

Irrigation 
Microlysimeters 

Initial 
Final 
Change 

Field 
Ini tial (ML) 
Final 
Change 

ML final minus 
Field final 

Depth 
(DUD) 

24.0 

96.4 
76.7 
19.7 

96.4 
62.4 
33.9 

14.2 

watef Content 
(m /m3) 

0.318 
0.253 
0.065 <- evaporation. 

0.318 
0.206 
0.112 <- evaporation + drainage. 

0.047 <- Drainage. 
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Tabl. 3-17. 

Run 2, Experiment 3 daily values. Measured (Evap.) and 
potential (ET) evaporation, average morning and midday IR 
temperatures 8f ML's (Min Td , Max Td ) and reference dry soil 
(Min T, Max To)' 24 hour and daytime average wind, 
precipitation, and average air temperature (7:30 AM to 7:30 
AM averages). Wind speed corrected to 2 m height (see 
Appendix A) • 

Julien ~x. Min. Ave. 
dey Ev8p. Ev8p. EV8p. 

329 
330 
331 
332 
333 
334 
335 
336 
337 
338 

----_._( .. )------
1.2 
4.1 
3.6 
6.1 
5.0 
2.9 
2.5 
1.9 
1.7 
1.9 

2.5 
0.1 
0.6 
0.1 
0.4 
0.4 
0.4 
0.4 
0.2 
0.4 

5.1 
3.4 
2.2 
2.7 
1.6 
1.2 
1.2 
0.9 
1.0 
1.2 

Min. Max. 

Td 0 Td 
---( C)---

0.24 11.52 
1.09 17.38 
0.55 21.76 
0.67 20.96 
1.17 21.55 

-0.27 22.06 
-2.09 24.14 
-0.41 21.97 
-0.37 21.47 
3.29 22.26 

Min. Max. 

To 0 To 
---( C)---

0.24 33.50 
1.54 30.10 
0.44 34.20 
0.31 32.17 
0.15 29.01 

-1.34 30.64 
-3.11 33.75 
-1.1531.13 
-2.91 35.92 
3.16 26.26 

Ave. Deytl_ ETp Prec:lp. Air 
Wind Wind T~ 
----(.,.)---- ( .. ) ( .. ) C 

2.70 
3.21 
1.74 
2.56 
2.49 
1.90 
2.14 
2.12 
2.03 
2.54 

3.31 
3.75 
1.78 
3.49 
3.19 
2.45 
2.23 
2.26 
2.30 
2.15 

1.1 
1.3 
5.2 
1.5 
1.4 
6.2 
6.6 
6.7 
7.0 
7.6 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

11.11 
10.51 
10.53 
13.10 
12.64 
1.35 
9.11 

10.53 
12.44 
15.32 



Chapter 4 

MICROLYSlMETER PERFORMANCE 
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Recall that data presented in Chapter 3 showed that there 

was less evaporation from steel than from plastic 

microlysimeters (ML's) of 20 and 30 em lengths. There also 

appeared to be a positive relationship between ML length and 

cumulative evaporation, at least for plastic ML's. 

Differences in thermal regime were evident with steel ML's 

warming and cooling more rapidly at depth than did plastic, 

i.e. heat flux was higher in steel ML's. Also temperature 

extremes were less for steel ML I s which were cooler than 

plastic in daytime, confirming the findings of Salehi (1984), 

and warmer than plastic during the night. This chapter 

presents several statistical treatments of the data in order 

to clarify these relationships. Also presented are thermal 

diffusivity and heat flux calculations for the microlysimeter 

and field soil sites which were instrumented with thermistors 

to measure surface and subsurface temperatures. 

Eyaporation. 

An analysis of covariance (ANCOVA) for total evaporation, 

mm, with the 2 wall types (plastic or steel) and the 2 blocks 

as the factors (main effects) and with length as a covariate 

showed that length had a significant effect on evaporation (5' 
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level, Table 4-1, data from Table 3-1). The RZ value was 0.70 

and the overall model was significant at the 0.001' level. 

The effect of blocking was also highly significant, 

reinforcing the field observation that one block was wetter 

than the other. 

The ANCOVA was performed using the GLM (General Linear 

Model) Procedure of the statistical program SAS on an IBM PC 

compatible computer. Procedure GLM can handle class variables 

(factors) having discrete levels (e.g. the walltype factor in 

Table 4-1 with plastic and steel as the 2 levels), and 

continuous variables (covariates) which measure quantities 

(e.g. the length covariate in Table 4-1) (SAS Institute Inc. 

1985, p. 184). It can also handle unequal numbers of 

observations in the variables (SAS Institute Inc. 1985, p. 

186) . Since the ML data contained unequal numbers of 

observations and a covariate (length), Procedure GLM was 

chosen over a classical ANOVA procedure. The ANCOVA model is 

given in Appendix F and by the SAS Institute Inc. (1985, p. 

210) • A .imilar .odel is .hown in detail by Neter and 

Wasserman (1974, p. 754). 

A .econd ANCOVA, which wa. identical except that the 

f ir.t day • • data were left out of the total, showed that 

neither wall type nor length were .ignificant at the 10' level 

- a re.ult which .ay not be .urpri.ing .ince at least a third 
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Table 4-1. 

ANCOVA for total evaporation, E (mm), from microlysimeters 
with walltype and blocks as factors and length as a covariate. 

SAS General Linear Models Procedure. 
Class Level Information 

Class 
BLOCK 
WALLTYPE 

Leyels 
2 
2 

Values 
o 1 
o 1 

Number of observations in data set - 17 

Dependent Variable: E MM 
Sum-of 

Source 
Model 
Error 
Corrected 
Total 

R2 
0.700422 

Source 
BLOCK 
WALLTYPE 
LENGTH 

DF 
3 

13 

16 

DF 
1 
1 
1 

Squares 
38.2480 
16.3591 

54.6072 

Cey. 
9.4618 

Type III SS 
25.6988 
1.4405 
5.7584 

Mean 
Square 
12.7494 
1. 2584 

Root MSE 
1.1218 

Mean Square 
25.6988 
1.4405 
5.7584 

F Value Pr > F 
10.13 0.0010 

E MM Mean 

F Value 
20.42 

1.14 
4.58 

11.86 

Pr > F 
0.0006 
0.3041 
0.0520 

of the total evaporation occurred on the first day after 

irrigation. The effects on evaporation of wall type or length 

or both may be most iaportant when the evaporation rate and 

soil water content are highest. 

A repeated aealures aultiple analysis of covariance 

(MANCOVA) (SAS Institute Inc. 1985. p. 254) was performed 

using the daily evaporation data from Table 3-1 with wall type 



109 

and blocks as factors and length as a covariate, and with 9 

levels of time associated with the 9 days for which the 

dependent variable (daily evaporation) was measured. The 

effects of both length and blocks were significant at the 5 

, level (Table 4-2). Walltype had no significant effect at 

the 10 'level. The hypothesis of no time effect was rejected 

at the 0.0001 , level, but interactions between time and 

walltype, time and blocks, and time and length were not 

significant at the 10 , level. 

omitting the biased data collected on the first day after 

irrigation, t-tests were done on the cumulative evaporation 

(mm) from the second through last day (9 days), comparing 

steel with plastic microlysimeters for each length (Table 4-

3). There were no significant differences (10 , level) 

between plastic and steel ML's at any length but the fact that 

all steel ML's were 0.6 em longer than plastic ones m~y have 

obscured differences. For the nominal 10 em length, the 11.1 

em length of steel ML's was 6 , .ore than the 10.5 em length 

of plastic ML's while evaporation from steel ML's was only 3 

, more than that fro. plastic. Thus the discrepancy in length 

masked the fact that water loss from ste.l was actually less, 

on a volume basis, than that from plastic ML's at 10 em 

nominal length. 
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T&I)le 4-2. 

Repeated measures ANCOVA for daily ML evaporation. 

SAS General Linear Models Procedure, Class Level Information: 

Class 
BLOCK 
WALL 

Levels 
2 
2 

Values 
o 1 
o 1 

Number of observations in data set - 17 

Repeated Measures Level Information: 

Dependent Variable E1 
Level of TIME 1 

E2 
2 

E3 
3 

E4 
4 

E5 
5 

E6 E7 
6 7 

E8 
8 

E9 
9 

MANOVA Test Criteria and Exact F statistics for the Hypothesis 
of no TIME Effect: 
statistic value F Hum DF Pen OF Pr > F 
Wilks' Lambda 0.01674 44.04 8 6 0.0001 

MANOVA Test criteria and Exact F statistics for the Hypothesis 
of no TIME*BLOCK Effect: 
statistic value F Num OF Pen OF Pr > F 
Wilks' Lambda 0.2032 2.94 8 6 0.1029 

MANOVA Test Criteria and Exact F Statistics for the Hypothesis 
of no TIME*WALL Effect: 
Statistic value F Hum OF Pen Dr Pr > F 
Wilks' Lambda 0.3390 1.46 8 6 0.3309 

MANOVA Teat Crit.ria and Exact r Statistics for the Hypothesis 
of no TIME*LEHGTH Eff.ct: 
Stati.tic Valu. F Hum OF Pen Dr Pr > F 
Wilk.' Lambda 0.2724 2.00 8 6 0.2063 

Tests of Hypoth.... for Betw •• n Subject. Effect.: 

SS;UII;::~. gr Typ. III SS 11110 &SDlII::. r Vily. 21:: > r 
BLOCK 1 2.8348 2.8348 20.24 0.0006 
WALL 1 0.1771 0.1771 1.26 0.2812 
LENGTH 1 0.7011 0.7011 5.00 0.0434 
Error 13 1. 8211 0.1401 
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A t test, on the change in volumetric water content over 

the same period, showed no significant (10 , level) 

differences between steel and plastic ML's at either 10 or 30 

em lengths (Table 4-4). 

'l'aJ:)1. C-3. 

T tests· on cumulative evaporation (mm) trom day 93 - 101, 
comparing steel with plastic ML's at each of 10, 20 and 30 cm 
lengths. 

Mean No. of 
I[IAtmtmt ~YAg. YA[iAn~1 IAmgll1 
Steel 8.070 0.02697 3 
10 cm. H: '-'5 - '-'p - 0 

Plastic 7.859 0.03674 2 t' t(lQ il Sign. 
10 cm. 1. 331 2.353 ns 

Steel 7.780 0.00674 3 
20 cm. H: '-'5 - '-'p - 0 

Plastic 8.578 0.64997 4 t' t(lQ il Sign. 
20 cm. -1.668 1.895 ns 

Steel 8.360 0.75839 2 
30 cm. H: '-'I - '-'p - 0 

Plastic 8.722 0.08268 2 t' t(lQ il Sign. 
30 em. -0.558 2.920 ns 

• The t .. t fa • pooled t t .. t for .... felt the V1Irf~ ... re .. ~ equal and the t .. t at.tfatlc, 
t', fa: 

t' • (.1 - ~)/(lp(1/n1 + 1/"2)1/2) 

..... r. v, and v2 are the V1Irf~, "1 and ,., are the ..... evaporation fra. at .. l and pl .. tlc 
Ml'a, and n1 afId "2 are the ""r of ... r... The pooled atandard devfatfon, Ip' fa liven 
by: 

Ip. (("1 - 1)v1 • ("2 - 1)v2)/("1 + "2 _2»)1/2 

and the dear ... of f~ are (Mont~ 1976, p. 24): 

DF • "1 + "2 - 2 
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There was a significant difference (10 \ level), between 

20 cm steel and plastic ML's, in the change in volumetric 

water content. With only two samples for each treatment at 

30 em length, the lack of significant differences between 

steel and plastic, in either cumulative evaporation or water 

content change, may not be especially meaningful. The 

experiment was designed to have three replicates at the 30 em 

length but one of these was weighed only on the first and last 

days since thermistors were installed in the corresponding 

ML's. Since the first day's data were excluded from the t

test the replicate with thermistors installed was lost to the 

analysis. In fact, cumulative evaporation and change in water 

content were 4\ and 6 \ less, respectively, in 30 cm steel 

ML's compared to plastic. 

Since the mid-day soil surface temperature depression, 

(To,._ - Td,._)' is theoretically related to daily evapol'ation 

and since (To, .. - Td ... ) was .easured much .ore precisely than 

mass loss, an ANCOVA with (To, .. - Td, .. ) as the dependent 

variable was performed with wall type and blocks as factors 

and length aa a covariate. Excluding data from the first day 

after irrigation, it was found that both wall type and length 

affected (To... - Td ... ) significantly (10' level, r2_0 .13) • 

This .odel was highly significant (Table 4-5). Because of the 
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Table 4-4. 

T-tests* on average change in water content (m3jm3 ) from day 93 
to day 101 comparing steel with plastic ML's at each of 10, 
20 and 30 em lengths. 

Wall Material 
Length 
Steel 
10 em. 

Plastic 
10 em. 

Steel 
20 em. 

Plastic 
20 em. 

Steel 
30 em. 

Plastic 
30 em. 

* 

Change in Water Content: 
Average 0.0727 

S.D. 0.00148 
Variance 2.189E-06 

Average 0.0748 
S.D. 0.00183 

Variance 3.332E-06 

Average 0.0369 
S.D. 0.00039 

Variance 1.514E-07 

Average 0.0419 
S.D. 0.00393 

Variance 1.547E-05 

Average 0.0269 
S.D. 0.0028 

Variance 7.841E-06 

Average 0.0286 
S.D. 0.0009 

Variance 8.888E-07 

t• 
-1.46 

t• 
-2.13 

t• 
-0.82 

DF t10% sign. 
3 2.35 no 

DF t10% sign. 
5 1.90 yes 

DF t10% sign. 
2 2.92 no 

The test is a pooled t test for which the variances are assumed equal and the test statistic, 
t I 1 iS: 

t• = (1'1 - 1'2)/(SPC1/n1 + 1/n2>112> 

where v1 and v~ are the variances, 1'1 and 1'2 are the mean changes in water content in steel 
and plastic ML s, and n1 and n2 are the nl.llb!r of S&q)les. The pooled standard deviation, S , 
is given by: p 

sp = [((n1 - 1)v1 + (n2- 1)v2)/(n1 + "2 -2)] 1' 2 

and the degrees of freedom are (Montgomery 1976, p. 24): 

DF = n1 + "2 - 2 
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strong correlation between daily evaporation and (To,max - Td,max> 

(shown in Chapter 6), one might initially conclude that these 

ANCOVA results imply a difference in evaporation between steel 

and plastic ML • s. Later in this chapter it will be shown that 

differences in heat flux between the two wall types are 

important enough to account for the effect of wall type on 

(To,max - Td,max> independently of any difference in evaporation. 

Table 4-5. 

ANOVA for midday (T
0 

- Td) with length as a covariate and wall 
type as a factor. Data from first day after irrigation 
eliminated. 

Source of Sum of 
variation Squares 

Covariates: 
Length 22.831 

Main effects: 
Walltype 89.314 
Block 33.333 

Explained 145.478 

Residual 970.179 

Total 1115.657 

DF 

1 

1 
1 

3 

132 

135 

Mean 
Square 

22.831 

89.314 
33.333 

48.493 

7.350 

8.264 

The correlation coefficient was 0.130. 

Significance 
F of F 

3.11 .080 

12.15 .001 
4.54 .035 

6.60 .000 

Linear regression analysis of total evaporation, mm, at 

experiment's end, with length as the independent variable, 

showed that the slope (0.10) was significantly different from 

zero (10% l~vel, r 2 = 0.18). Regression analysis using dummy 
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variables for wall type revealed no significant differences 

in the intercepts and slopes of regression lines established 

for plastic and steel ML's. 

Regression analysis with dummy variables for wall type 

was analogous to the ANCOVA performed earlier but without 

blocking. Its purpose was to establish separate regression 

lines for steel and plastic ML's within a single regression 

analysis. The advantages of this are at least two fold. 

First, the error degrees of freedom (D.F.) are reduced by only 

one with the inclusion of the dummy variable whereas 

separation of the data into two separate analyses would cut 

the D.F. about in half, greatly reducing the power of any 

statistical tests. Secondly, many statistical analysis 

programs will output a covariance table for the regression 

coefficients which allows easy testing of differences between 

the slopes established for different treatments, e.g. a test 

of difference between the plastic and steel wall types becomes 

a test for significant difference in the line slopes. See 

Appendix E for aore discussion on the u.e of dummy variable •• 

Analysis of the residuals (from the regression analysis 

with dummy variables) showed a distinct trend in the data 

(Figure 4-1). ML's that were weighed early on the day after 

irrigation (day 92) showed positive residuals and those 

weighed late in the day showed negative residuals. For the 
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first few ML's weighed on day 92, from 30 to 40' of the total 

evaporation measured occurred during that first day after 

irrigation; but, for the last few ML's weighed that day, only 

10 to 20' of the total evaporation occurred on that day. 

Considerable evaporation occurred during the several hours 

that separated the weighing of the first and last ML's, see 

Figure 3-1. This systematic error affected all the results 

even though the blocking in the experimental design and the 

order of weighing should have eliminated some of the bias by 

ensuring that treatments were interspersed in an ordered way 

during measurement (Table 3-1). 
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ORDER OF 1st DAY WEIGHING 
riC)Ure 4-1. Re.idual. from regre •• ion of total ML evaporation 
va. ML length with a du.ay variable for wall type. 
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since in theory the mid-day soil surface temperature 

depression, is closely related to daily 

evaporation, regressions were performed for actual daily 

evaporation E., mm, with (To.... - Td .... ) as the independent 

variable and several combinations of dummy variables 

representing the treatments to show the effects, if any, of 

length and wall type. 

Linear regression analysis with daily evaporation, mm, 

as the dependent variable and the quantity (To .• _ - Td •• _) as 

the independent variable showed that the slope was highly 

significant (O.Olt level, Table 4-6) but that the intercept 

was insignificant (lOt level, 2 r -0.50). The correlation 

coefficient at 0.50 was somewhat lower than the coefficient 

of 0.61 found by Ban-Asher et. al. (1983) for a similar 

regression analysis. There was considerable scatter in the 

data and residual analysis showed a definite trend but only 

in the first day's data. As in the residual analysis 

mentioned above, those ML's weighed early on the first day 

gave positive residuals and those ML's weighed later gave 

negative residuals. Ten of the 17 residuals were more than 

1 standard deviation from the esti.ate of mean evaporation. 

Further reqression analysis of (T ..... - Td .... ) against E. 

used dummy variables for the treataents following the model 
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Table 4-6. 

Regression analyses for daily evaporation E
8 

(mm) with the 
midday soil surface temperature depression (T0 11\QX - Td max> (°C) , 
as the independent variable; and dummy variao~es for length 
and wall type treatments. All days included. 

r 2 = 0.501, n = 153. 
parameter estimate 

intercept 
(To,max -Td,max> 

0.075 
0.137 

std. error 

0.130 
0.011 

significance 

0.566 
0.0001 

Model: E
8 

= b0 + b1x1 + b2x2 + b3x3 + b4x4 + b5x5 + b6Eest 

+ b,6x16 + b26x26 + b36x36 +b46x46 + bs6x56 

See Appendix E for explanation of model. 

r2 = 0.568 
parameter estimate std. error significance 

intercept 0.285 0.356 0.42 
x, -0.397 0.483 0.41 
x2 0.288 0.442 0.52 
x3 -0.699 0.478 0.15 
x4 0.049 0.435 0.91 
Xs -1.249 0.548 0.02 

(To,max - Td,max> 0.123 0.030 0.00 
x,6 0.017 0.041 0.68 
x26 -0.047 0.039 0.23 
x36 0.046 0.040 0.25 
x46 0.002 0.037 0.96 
Xs6 0.118 0.044 0.01 

Equations: 
Ea = -0.112 + 0.141 (To,max - Td,max> 1 10 em, steel 
Ea = 0.573 + 0.170 (To max Td max> 1 10 em, plastic 
Ea = -0.414 + 0.169 (To:max - Td

1 

max> 1 20 em, steel 
Ea = 0.334 + 0.125 (To max Td

1

max> 1 20 em, plastic 
Ea = -0.964 + 0.241 (To:max - Td

1 

max> 1 30 em, steel 
Ea = 0.285 + 0.123 (To max Td' max> 1 30 em, plastic 

I I I 
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presented in Appendix E. six regression lines resulted, 3 

lines for plastic ML's and 3 lines for steel ML's (Table 4-6, 

Figure 4-2). The correlation coefficient of 0.57 was fairly 

close to the figure of 0.61 obtained by Ben-Asher et ale 

(1983). The intercept terms were insignificant at the 10% 

level except for the intercept term associated with 30 cm long 

steel microlysimeters which at -0.96 was the most negative 

intercept. The slope term associated with the quantity (To,.x 

- Td,.x) was highly significant (0.0001' level) as was the 

slope for the 30 cm long steel ML's (0.01' level) which at 

0.241 was the highest slope and almost twice the mean slope 

of 0.137. All other slope terms were not significant at the 

10' level. Line slopes for 20 and 30 cm plastic ML's were 

lower than those for steel and intercepts for plastic ML's 

were all positive while those for steel ML's were all 

negative. The slopes for 20 and 30 em long plastic ML'. were 

significantly lower than those for 20 and 30 cm long steel 

ML's (10' level). 

Plotting of the residuals again showed a trend for first 

day value. that was associated with the time of initial 

weighinq. Microlysi .. ters weiqhed early on the first day 

showed positive residuals, includinq 2 residuals more than 2 

SD from the .ean estiaate, and those ML's weiqhed late on the 

first day aqain showed neqative residuals, includinq 2 
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TEtlPERATURE DEPRESSION (C) 
Fiqure 4-2. Linear regression of daily evaporation (mm) vs. 
(T

0 
max - Td max> • Regression lines are for the s1x ML 

treatments. ' Higher position of the right end of each line 
equates to longer_ ML length. 

residuals more than 2 SD from the mean estimate. A residual 

trend was observed for the last two days, with all but 3 

residuals for day 8 being positive and all but one of the 

residuals for day 9 being negative. All of these latter 

residuals were less than 1 SD from the estimate and the trends 

were probably due to average wind speed being quite different 

on the 2 days. 
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Drainage. 

Final ML water contents (g/g) were compared with water 

contents of adjacent field soil obtained by sampling with a 

King tube to depths of 10, 20 and 30 em at the experiment's 

end. Except for 10 em long plastic ML's, all length and 

walltype treatments were significantly wetter than the 

adjacent field soil (Pooled t tests on .ean water contents, 

Table 4-7). For 30 em plastic ML's the mean difference was 

0.011 gIg which was equivalent to about 4.6 IUD depth of water 

(assuming bulk density of 1. 35 Mg .-3 in the top 30 em of 

soil) • A water depth of 4.6 IUD repre.ents 37 , of mean 

cumulative evaporation for 30 em pla.tic ML's. An important 

question is what part of the 4.6 IUD was lo.t to evaporation 

and what was lo.t to drainage? Although no data were gathered 

to answer this que.tion, one aight que •• that there was more 

drainage and les. evaporation from field soil than from the 

ML's. 
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Table 4-7. 

Final water contents (g/g) in ML's compared to water contents 
of adjacent field soil sampled with a King tube. 

Microlysimeters: 
s-1o* P-10 S-20 P-20 S-30 P-30 
0.121 
0.131 
0.112 

0.108 
0.111 

0.156 
0.151 
0.142 

0.156 0.175 0.184 
0.151 0.143 0.147 
0.151 0.162 0.165 
0.151 0.162 0.158 

Average 0.1212 
Variance 5. 99E-05 

0.1098 0.1498 0.1525 0.1607 0.1636 
2. 04E-06 3. 41E-05 5. OOE-06 1. 27E-04 1. 82E-04 

N 3 2 3 4 4 4 

King tube: 
10 em 20 em 30 em 

Average 0.106 0.138 0.152 
Variance 1.58E-05 2.46E-05 4.91E-05 
N 10 11 16 

Pooled t tests**: 

* 

** 

t' DF t(10 %l Significance 
Compare S-10 to 10 em King tube: 

4.77 11 1.796 ** Compare P-10 to 10 em King tube: 
1.355 10 1.813 ns 

Compare S-20 to 20 em King tube: 
3.465 12 1.782 ** Compare P-20 to 20 em King tube: 
5.473 13 1.771 *** Compare S-30 to 30 em King tube: 
1.910 18 1.734 * Compare P-30 to 30 em King tube: 
2.389 18 1.734 * 

Code: S = steel; P = plastic; 
10, 20 and 30 = 10, 20 and 30 em. 

The test is a pooled t test for which the variances are assumed equal and the test statistic, 
t•, is: 

t• = C~1 - ~2)/(Sp(1/n1 + 1tn2>1' 2> 

where v1 and v2 are the variances, ~l and ~2 are the means, and n1 and "2 are the nunber of 
san.,les. The pooled standard deviatton, Sp, is given by: 

sp ~ [((n, - 1)v1 + (n2- 1)v2)/(n, + "2 -2)] 1' 2 
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Soil TemperAture And HeAt Flux. 

If there is no net soil WArming or cooling, then the 

diurnAl net soil heAt flux is zero, A priori. In An irrigAted 

field it is unlikely thAt such A condition would occur since 

the Addition of lArge Amounts of WAter CAn greAtly chAnge both 

soil temperAture And heAt CAPACity. 

DiurnAl deviAtions from the AnnUAl temperAture cycle mAy 

be CAused by Assorted phenomenA including cloudiness, regionAl 

Air temperAture chAnges, precipitAtion And irrigAtion. In the 

arid Southwest the lArgest sudden deviAtions, by far, would 

be CAused by irrigAtion. For example, irrigation with 5 cm 

of water at 15°C on A soil At 25 °c with An initial WAter 

content of 0.1 m]/m] And A bulk density of 1.48 would 

immediAtely low.r the t.mperAture of the wetted layer to 20 

°c (Assuming negligible heAt of wetting, the soil brought to 

SAturAtion And A heAt CAPAcity of 1. 54 MJ mO] K
O
'). Subsequent 

WArming of the soil would be the r.sult of net positive dAily 

soil heAt flux. 

In the pr.s.nt study soil temperAtures At 15 And 30 cm 

showed A strong lin.Ar wAraing tr.nd of 6 to 7 °c over 7 dAYS 

for All ML types And for the fi.ld soil (Figur.s 3-9 and 3-

12) indiCAting substantiAl n.t positive h.At flux. Ther. w.re 

significant «1' l.v.l) diff.r.nc.s b.tw •• n st •• l And plAstic 

ML's in the timing of subsurfAc, temp.rAtur. mAximA And minimA 



124 

(Table 4-8) while at the surface there was no such difference 

showing that important differences existed in the gross 

conductivity of steel vs. plastic ML's. Also, the average 

'1'&))le 4-8. 

T tests on the phase shift in hours between the times of 
temperature maxima and minima in steel microlysimeters and 
those in plastic microlysimeters, at 15 and 30 em depths. 

Phase shift in 
temperature maxima 
and minima, hours. 

standard deviation 
of the difference, 
hours. 

Value of the 
t statistic, 
7 OF. 

Significance level 

Poily maxima Daily minima 
15 em 30 cm +-~1~5~c~m~~ __ ~3~0~c~m~ 

1.41 3.03 1. 25 2.81 

0.129 0.364 0.189 0.291 

30.74 23.53 18.71 27.31 

<1.0' <1.0' <1.0' <1.0' 

differences in daily soil temperature maxima and minima were 

significant at better than the l' level for all depths (Table 

4-9). During the day steel ML's were cooler than plastic at 

the surface but varaer below the surface. At night the 

surface temperature of steel ML's vas significantly higher 

than that of pl.stic. 

Clearly steel ML's conducted heat from and to the soil 

surface much more quickly than did plastic. Questions that 
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Table 4-9. 

T tests on the differences between plastic and steel 
microlysimeter. in daily aoil temperature maxima and minima 
at 3 depths. Difference. were calculated by subtracting 
temperature in steel ML from temperature in plastic ML. 

DAILY MAXIMA 

Average difference 
between temperature 
maxima, °e. 

Standard deviation 
of the difference, 
°e. 

Value of the 
t statistic, 
7 OF. 

Significance level 

DAILY MINIMA 

Average difference 
between temperature 
minima, °e. 

Standard deviation 
of the difference, 
°e. 

Value of the 
t atatistic, 
7 OF. 

Significance level 

Surface 

1.486 

0.310 

13.54 

<1.0\ 

Surface 

-1.201 

0.253 

13.42 

<1.0\ 

15 em 30 em 

-0.707 -0.540 

0.073 0.100 

27.25 15.34 

<1.0\ <1. 0\ 

15 em 30 em 

0.297 0.249 

0.055 0.121 

15.38 5.81 

<1.0\ <1.0\ 

arise then are: what ia the value of soil heat flux in the 

ML'a, how does thia compare to heat flux in the undisturbed 
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field soil, and what effect would the heat flux have on the 

evaporation estimated from weighing the ML's. 

The diffusion equation for heat conduction in one 

dimension is: 

- k 
a 

ax [ :~ ] [4-1] 

where C is the volumetric heat capacity [J m03 K
O
'], k is the 

thermal conductivity [J dO' emo

, KO'], both assumed constant in 

space. Distance is denoted by x and temperature by T. The 

soil heat flux, G, is: 

G - -k aT/ax [4-2] 

This is Fourier's law of heat conduction for constant 

conductivity. 

Calculation of heat flux into the drying soil required 

that values of the thermal conductivity, k, and volumetric 

heat capacity, Cv ' be known on at least a daily, if not more 

frequent, baais. Since the two parameters are related by the 

equation 

[4-3] 

where a ia the thermal diffusivity, it suffices to know the 

diffuaivity and heat capacity values. Thia ia fortunate since 
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k is difficult to •• asure while a can be deduced using a 

harmonic analysis. Soil volumetric heat capacity [J m-3 K-'] 

is relatively easy to approximate by 

Cy - 2010000 p~2. 65 + 4190000 8 y [4-4] 

where Pb is the soil bulk density, the value 2.65 is an 

assumed particle density, 8y is the volumetric water content 

and organic matter content is negligible (deVries 1963 or 

Hillel 1982, Eq. 9.16). 

In preparation for calculation of soil heat fluxes in 

drying soil, apparent thermal dittusivities were calculated 

on a daily basis for the field soil and each ML treatment 

using an iterative, least sum-ot-squares method (Horton et 

ale 1983). Calculations proceeded in 2 steps. First, a 

solution to the second law ot heat conduction was tit to 

measured surtace temperatures using linear least squares 

regression. In the second, iterative, step the solution, with 

titted coetticients and an assuaed value ot a, was used to 

estimate temperatures at either the 15 or 30 em depth and the 

sum ot squared error between esti.ated and .easured 

temperatures at that depth was calculated. The value ot a 

was changed tor each iteration and the value ot a resulting 

in the s.allest sua ot squared error was chosen as the 

apparent dittusivity. Calculations ulJed averaged temperatures 
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(2 replicates) at each of the 0.5, 15 and 30 em depths at 15 

minute intervals starting at midnight and proceeding for 23.75 

hours (96 intervals). The temperatures at 0.5 cm were 

corrected to surface temperatures by scaling to infrared-based 

surface temperatures as previously described. 

The solution to the heat conduction equation was: 

T(x,t) - If + ~ (COn exp(-x(nw/(2a»'/2) "., 

sin (nwt + ~On - x (nw/ (2a) ) 112) } [4-5] 

with the frequency w given by w - 2w/24. For x - 0, Equation 

4-5 reduces to: 

M 
T(O,t) - If + ~ COn sin(nwt + ~On) [4-6] "., 

which is the upper boundary condition for the solution. The 

lower boundary condition is: 

T(oo,t) - If [4-7] 

Equation 4-6 i. equivalent to: 

M 
T(O,t) - If + ~ [~ sin(nwt) + ~ cos(nwt)] "., [4-8] 

and - The 

coefficient. in Equation 4-8 with M - 6 were easily found by 

multiple least square. linear regression. Mo.t R2 value. were 

greater than 0.99. Using the fitted value. of ~On and COn' 
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Equation 4-5 was used to predict the temperature at either 15 

or 30 em depth while the value of diffusivity was changed 

iteratively until the sum of squared error (SSE), between 

predicted and actual temperatures at that depth, was minimized 

(program NR.BAS, Appendix C). The iterations were repeated 

several times, with progressively smaller changes between the 

values of diffusivity, until the value of apparent diffusivity 

associated with the minimum SSE was known to 4 significant 

digits. 

Apparent diffusivities calculated using this method were 

markedly higher for steel than for plastic ML's (Figure 4-3, 

Table 4-10). This result was undoubtedly due to the much 

higher thermal conductivity of steel as compared to plastic. 

The thermal conductivity of carbon steel is more than three 

orders of magnitude larger than that of rigid polyvinyl 

chloride (PVC) (about 4 and 0.0015 J/(s em ~), respectively, 

Touloukian et ale 1970). Also, the water contents of plastic 

and steel ML's were si.ilar for all days (Table 3-2). For the 

surface to 15 ca layer, plastic ML's of both types (open and 

closed bottoms) yielded diffusivities equal to those for field 

soil indicating that the plastic wall material was not acting 

as a heat conductor co.pared to the soil. Al though the 

theraal conductivity of soil varies widely with water content, 

bulk density and other properties, a .edian value is on the 
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order of 0.01 J/(s em ~) and for dry soils k can be as low as 

0.001 J/(s em ~) (de Vries 1975, especially Fig. 2.1). 

Clearly, PVC will act as an insulator in most field situations 

while steel acts as a conductor relative to the soil. 

For the surface to 30 em layer the plastic ML's with open 

bottoms exhibited diffusivities close to those of the field 

soil while plastic ML's with closed bottoms exhibited higher 

diffusivities reflecting an effect of the insulating value of 

the plastic disk that closed the ML bottom. This disk would 

block both heat flux and drainage below the ML' s. Higher 

water contents would not necessarily result in higher 

diffusivities since both thermal conductivity and heat 

capacity increase with water content. Indeed, the diffusivity 

of the surface to 30 em layer is quite constant over time, 

indicating that drying of the soil in this wetness range (0.28 

to 0.23 m3/m3 ) had little effect on apparent diffusivity 

(Figure 4-3). Thus the increased diffusivity values, 

calculated for ML's with closed bottoms, reflected 

temperatures at 30 em that were abnormally higher due to the 

insulating disk. 
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Fiqure 4-3. Thermal diffusivities calculated using harmonic 
analysis, for the 0 to 15 em layer (top) and the 0 to 30 em 
layer (bottom). S =steel, P =plastic, 0 =open, c =closed 
bottom. 
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Table 4-10. 

Soil average temperature, ave. T (oC) i thermal diffusivity, 
a [ 10-3 cm2;s] ; and positive soil heat flux, G [mm of water 
equivalent]. (From harmonic analysis). 

* 
Day of Year 

Code 92 93 94 95 96 97 98 99 100 Averages 

Fld 15, ave. T 17.11 17.96 19.17 20.34 20.91 21.77 22.76 23.93 24.68 21.44 
Cl 4.13 4.09 3.41 3.22 3.07 3.11 2.94 3.05 3.00 3.23 
G 2.31 2.06 2.32 2.48 2.46 2.66 1.98 2.30 2.23 2.31 

30, ave. T 16.85 17.27 18.03 18.92 19.64 20.29 21.23 22.04 22.90 20.04 
Cl 4.36 4.43 4.08 4.01 3.83 3.87 3.80 3.96 3.87 3.98 
G 2.38 2.15 2.54 2.77 2.75 2.97 2.25 2.62 2.53 2.57 

sc 15, ave. T 18.44 19.46 20.66 21.30 22.33 23.30 24.54 25.30 21.92 
Cl 6.28 5.22 5.08 4.77 4.92 4.70 4.80 4.82 5.07 
G 2.46 2.68 2.85 2.93 3.09 2.36 2.73 2.62 2.n 

30, ave. T 17.73 18.48 19.42 20.15 20.97 21.99 22.95 23.82 20.69 
Cl 8.36 7.61 7.69 7.15 7.43 7.10 7.50 7.26 7.51 
G 2.84 3.23 3.51 3.58 3.80 2.90 3.41 3.22 3.31 

so 15, ave. T 18.36 19.40 20.54 21.20 22.14 23.09 24.25 25.04 21.75 
Cl 5.38 4.33 4.31 3.99 4.11 3.84 3.98 3.95 4.24 
G 2.26 2.50 2.62 2.70 2.85 2.21 2.55 2.47 2.52 

30, ave. T 17.45 18.19 19.05 19.79 20.53 21.49 22.34 23.21 20.26 
Cl 6.n 6.01 6.15 5.67 5.85 5.55 5.90 5.74 5.95 
G 2.53 2.94 3.13 3.22 3.40 2.66 3.11 2.98 3.00 

PC 15, ave. T 18.34 19.27 20.43 21.13 22.06 23.05 24.20 25.03 21.69 
Cl 3.70 3.26 3.21 3.05 3.14 2.97 3.07 2.98 3.17 
G 2.11 2.35 2.61 2.63 2.80 2.06 2.47 2.35 2.42 

30, ave. T 17.62 18.26 19.09 19.87 20.59 21.60 22.41 23.33 20.35 
Cl 4.73 4.49 4.53 4.32 4.42 4.34 4.50 4.38 4.47 
G 2.39 2.76 3.10 3.12 3.32 2.49 2.99 2.84 2.88 

PO 15, ave. T 18.29 19.30 20.45 21.14 22.02 22.98 24.10 24.91 21.65 
Cl 3.63 3.14 3.17 2.95 3.04 2.86 2.96 2.92 3.08 
G 2.00 2.29 2.46 2.52 2.67 2.04 2.39 2.29 2.33 

30, ave. T 17.48 18.13 18.94 19.71 20.39 21.31 22.08 22.96 20.13 
Cl 4.09 3.80 3.90 3.68 3.75 3.67 3.78 3.74 3.80 
G 2.13 2.53 2.74 2.82 2.96 2.31 2.71 2.59 2.60 

* Codes: 
Fld = field soil. 
SC = steel ML with closed bottom. 
SO = steel ML with open bottom. 
PC = plastic ML with closed bottom. 
PO = plastic ML with open bottom. 
15 = surface to 15 em layer. 
30 = surface to 30 em layer. 
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At this point it is well to reflect that the calculation 

method arises from one dimensional (I-D) heat transfer theory 

for a homogeneous soil while the steel ML walls and plastic 

disks represent severe to moderately severe departures from 

the 1-0 theory. Also, as the .oil dries the water content 

distribution becomes increasingly non-homogeneous. Still, the 

relative values of diffusivity are informative and the values 

should be fairly accurate for field soil and for plastic ML's 

without closed bottoms. 

Taking the derivative of Equation 4-5 with respect to x, 

setting x - 0 and inserting the result in Equation 4-2 gives 

the heat flux at the soil surface: 

III 
G - 1: (kCOn (nw/a) 112 sin[nwt + ~On + .. /4]) 

na1 
[4-9] 

Using the phase angle and amplitude coefficient. found earlier 

for M - 6 and using the corresponding apparent diffusivities, 

the thermal conductivities were calculated u.ing Equation. 4-3 

and 4-4 and apparent heat fluxes were calculated on a 15 

minute interval for all ML type. and for the field soil using 

Equation 4-9 (Appendix C). Su.aing only po.itive values for 

each day re.ulted in daily value. of po.itive .oil heat flux 

(Fiqure 4-4, Table 4-10). For both open and clo.ed bottom 

types the apparent heat fluxes were clearly higher for .te.l 

ML'. than for pla.tic ML'.. Suaaing the heat fluxes over 24 
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Since positive heat flux and evaporation occur in phase, 

the energy available for evaporation from steel MLIs would be 

less than that available for evaporation from plastic MLIs by 

the difference in positive heat flux between steel and plastic 

MLIs. The average difference in positive flux between steel 

and plastic MLIs with closed bottoms was 0.43 mm/d (Table 

4-10). OVer 9 days this difference might amount to a 3.9 mm 

difference in evaporation observed. The actual difference was 

0.3 mm (Table 3-2). Equivalent calculations for 15 cm long 

MLIs show that plastic might lose up to 2.7 mm more than do 

steel to evaporation over 9 days whereas the actual difference 

in cumUlative evaporation was 0.8 mm. In reality the higher 

surface temperature of plastic compared to steel MLIs would 

mean that plastic MLIs would also lose more energy to sensible 

heat flux and long wave re-radiation to the sky. Therefore 

the calculations are not so siaple. 

In order to compute the net soil heat flux, a finite 

difference computer program was written (Appendix D) to solve 

the heat flow equation (4-1) subject to boundary conditions 

of known temperature: 

T(O,t) - fo(t) 

T(30,t) - f~(t) 

[4-10] 

[4-11] 

where the functions fo(t) and f~(t) were represented 
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discretely at 15 minute time intervals by the measured 

temperatures at the surface and 30 em depth respectively. An 

analytical solution of [42] subject to [53] and [54] is given 

by Carslaw and Jaeger (1959, p. 102). The author found the 

finite difference solution easier to perform. 

Using central difference. for .pace, Equation 4-1 was 

represented as (Ozisik 1980, Equation 12-83): 

-rTj.~ + (2 + 2r)TT' - r1f.~ 

- rT'j., + (2 - 2r) T'j + rT'j., [4-12] 

where T was temperature, the Fourier number r - a ~T/(~X)2, ~T 

= 900 s was the time increment, and ~X - 0.001 m was the 

distance increment. The subscript j represented nodes in the 

space domain ranging from j-O at the surface to j-300 at 30 

em. The superscript n repre.ented nodes in the time domain 

ranging from n-O to n-N where N repre.ented the number of time 

increments in the problem. Equation 4-12 represents the 

Crank-Nicol.on modified iaplicit method which i. stable for 

all values of the Fourier nuaber, and which has a truncation 

error of the order of (~T)2 + (~X)2 (Ozisik 1980, p. 493). 

The boundary conditions were, in finite difference form, 

Tc: - fo (n) [4-13] 

for j-O, and 
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[4-14] 

for j=300. For j=1 using Equation 4-13 in Equation 4-12 

gives: 

(2 + 2r) T~1- rT~1 = 

(2 - 2r) T~ + rT" 2 + rf1 (n) + rf1 (n+1) [4-15] 

For j=300=N using Equation 4-14 in Equation 4-12 results in 

-rTn+1 + ( 2 + 2r) Tn+1 = N-2 N-1 

rT~-2 + ( 2 + 2 r) T~ _1 + rf30 ( n) + rf30 ( n+ 1) [4.-16] 

Equations 4-12, 4-15 and 4-16, when written out in matrix 

form for the N-1 interior nodes, result in two tridiagonal 

matrices each multiplied by an n by 1 vector. This system of 

equations is easily solved with a Thomas algorithm (See 

Appendix D for computer code). The initial condition was 

provided by setting the temperatures at the top and bottom 

nodes to their initial measured temperatures and setting the 

temperature at each node in the space domain to a value that 

varied linearly with distance between the surface and the 

bottom. This procedure introduced an initial distortion in 

heat flux which, however, degenerated to an insignificant 

value after one day of iteration time. When used for modeling 

purposes, the program was started using data that preceeded 
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by one day the starting time for which calculations were 

desired. 

The computer proqram was validated by setting the surface 

temperatures equal to a sine function of time: 

T(O,t) - T + Ao sin(2wt/24 + .~) [4-17] 

where ¥ is the average daily temperature, Ao is the amplitude, 

.~ is the phase angle, and t is in hours; and letting the 

lower boundary equal the average temperature. For these 

boundary conditions a solution of Equation 4-1 is: 

T(x,t) - T + Ao exp(-x/D) sin(wt - x/D) [4-18] 

where D - (2a/w)1I2 (Monteith 1973 or Hillel 1982, Eq. 9.25). 

Taking the derivative of Equation 4-18 with respect to x, 

setting x to zero and using the result to replace aT/ax in 

Equation 4-2 results in an equation predicting heat flux at 

the soil surface: 

G - [kAo(./1)/D] sin(wt +' w/4) [4-19] 

Integrating Equation 4-19 from wt - -w/4 to 3w/4 gives the sum 

of diurnal positive heat flux which is: 

GIMII - (./1) CA,D [4-20] 

For given values of k and a the soil heat flux was calculated 
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using the finite difference code and Equation 4-20, the 

results matching withill 0.1' for the second, and subsequent, 

24 hour periods of simUlation. The net heat flux was 0.005 

mm for the second and subsequent 24 hour periods versus zero 

for the analytical solution. These two results were 

considered to validate the computer code. 

Soil heat flux, calculated by the finite differencing and 

using the sine wave function for surface temperature, is 

compared to that calculated using actual surface temperatures 

in Figure 4-5. Solar and net radiation are included for 

comparison. For this plot the phase angle in Equation 4-17 

was set to -6 h which .eant that soil surface temperature 

would rise above the average at 6 AM. As predicted by 

Equation 4-9, the start of positive soil heat flux preceeded 

that time by w/4 radians or 3 hours. Notably, the soil heat 

flux, calculated on the basis of actual temperatures, did not 

become positive until about 6: 30 AM, about 1/2 hour after 

solar radiation bec ... positive. For all days the soil heat 

flux based on actual t •• peratures became positive between 6:30 

AM and 7: 30 AM, just after sunrise. It became negative 

between 4:15 and 4:45 PM, about 3 hours before suns.t. Thus 

it is clear that actual soil heat fluxes exhibit more complex 

behavior than predicted by the sine wave models of Equations 

4-17 and 4-9. In particular the expected phase difference, 
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between soil surface temperature (which is closely linked to 

solar radiation, see Figure 3-8) and soil heat flux, is 

practically non-existant at dawn but appears to be fully 

developed by sunset. 
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Wiqure 4-5. Co.parison of soil heat flux calculated using 
actual soil te.peratures to that calculated using temperatures 
from Equation 4-17. ,- 34 and An - 18°C, and .~ - -6 h. 
Actual average t .. perature and a.plitude were the same. 

Calculation of daily net soil heat flux in the field soil 

involved using the surface and 30 ca measured temperatures, 

the diffusivities calculated with the harmonic methvd (for the 
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o to 30 cm depth), the average daily soil water contents for 

30 em ML's, and heat capacity calculated by Equation 4-4. Net 

flux varied from 0.26 am on the day after irrigation (when 

most solar radiation was converted to latent heat flux) to a 

high of 0.84 am on the 6th day after irrigation with an 

average value of 0.67 am (Figure 4-5, Table 4-11). 

Table 4-11. 

positive (G) and net (net G) soil heat flux (DUD of water 
equivalent) from implicit finite difference program 
IMPLIC2.BAS. 

• Day of V .. r 
Code 92 93 94 95 96 97 91 99 100 Aver .... 

Field .oll: 
G 2.41 2.63 2.73 2.91 2.16 3.03 2.47 2.85 2.79 2.78 

net G 0.26 0.60 0.65 0.63 0.59 0.14 0.76 0.72 0.59 0.67 
G - 1/2 net G 2.28 2.33 2.40 2.60 2.56 2.61 2.09 2.49 2.50 2.45 

Mlcrolysl .. ter.: 
SC, net G 1.05 0.80 0.91 1.00 0.93 1.25 1.10 1.10 0.93 1.00 
50, net G 0.76 0.69 0.81 0 •• 0.11 1.01 0.94 0.91 0.14 0.11 
PC, net G 0.55 0.41 0.54 0.61 0.57 0.14 0.74 0.70 0.51 0.63 
PO, net G g.H g.n g.U g.Q R.U R.M R.lZ g.l! R.6!Z g.M 
Aver ... ML net G 0.73 0.64 0.71 0.71 0.73 1.00 0.11 0.17 0.74 0.7'9 
Aver ... cl~ed 

ML net G 0.80 0.64 0.73 0.11 0.75 1.06 0.92 0.90 0.76 0.12 

• Codes: 
Ie • nNl ML with cl~ botta.. 
SO • .tNl ML with open botta.. 
PC • pl .. tlc ... with cl~ botta.. 
PO • pl .. tlc ... with open botta.. 
15 • swfece to 15 CII layer. 
30 • swfece to 30 CII layer. 

Since, over 24 hours, the sum of positive heat flux aust 

exceed the sum of negative flux by the magnitude of the net 

flux, the positive heat flux ainus 1/2 of the net heat flux 

was also plotted in Figure 4-4 to se. how clos.ly that 
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quantity would match the positive heat flux calculated using 

the harmonic .olution. The match was close, with the daily 

sum, of positive minus 1/2 net heat flux from finite 

differencing, averaging only 5' le.s than the positive heat 

flux from the harmonic solution. 

Net heat fluxes calculated for both open and closed 

bottomed plastic ML's were very similar (Table 4-11, Figure 

4-6). This is consistent with the fact that the average daily 

soil temperatures at 30 cm increased in much the same way for 

plastic ML's and the field soil (Figure 3-11). Since steel 

ML's showed a slightly more rapid increase in temperature at 

30 em it is also likely that net soil heat flux was larger in 

those ML's. Indeed, the calculated net flux for steel ML's 

averaged 44' higher than that of plastic ML's. Since net 

fluxes for plastic ML's and field soil were so similar, the 

field soil values will be used later for the purpose of 

investigating the validity of the first assumption in the 

energy balance model. 
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~i9Ure 4-'. Net soil heat tlux for field soil and 
microlysimeter treat.ent.. Calculated tor surtace to 30 em 
layer using tinite ditterence program IMPLIC2.BAS and 
diffusivitie. trom hanaonic analysis. S - steel, P - plastic, 
o - open, and C - closed bottom. 

Summary. 

The data and analyses lead to the conclusion that wall 

material and length both attect the t .. perature regime ot MLls 

in the t ield. Clearly the shorter MLls underestiaated 

evaporation on later days since the closed bottoas prohibited 

the upward flow of soil moisture. Wall material cau.ed 

iaportant differences in evaporation a.a.ured for 20 and 30 
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em long MLls and these differencea were significant at the 10\ 

level for the 20 em lenqth. St.el ML's caused increased 

conduction of heat from the soil surface downward resulting 

in higher subsurface soil maximum temperatures. This may have 

resulted in increased nighttime vapor transport towards the 

surface due to warming of the lower .oil. Field evidence for 

this increased vapor transport in steel MLls was observed in 

the early mornings for several days after irrigation when the 

soil surfaces were noticeably wetter (darker) in the steel 

MLls than in either the adjacent field or in the plastic MLls 

(Figure 4-7). Since the wetting caused lower soil albedo in 

the steel MLI a the increased soil heat flux was partially 

balanced for short periods of time in the mornings by a 

decrease in reflected short wave radiation. It is possible 

that ML's in general over-estimated .vaporation in the first 

few days after irrigation since capping the ML bottoms stopped 

drainage which left the soil inside wetter than adjacent field 

soil. 
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Fiqure 4-7. Photograph showing the difference in soil albedo 
between steel (darker) and plastic (lighter) ML's. 
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Chapter 5 

ENERGY BALANCE MODEL OF EVAPORATION: 
EXPERIMENTS 1 AND 2 

In the present study there were four fluxes which 

controlled the water balance in the field sprinkler 

irrigation and precipitation which added water to the field, 

and evaporation and deep drainage which removed water. 

Irrigation was easily .easured at any point using catch cans, 

and precipitation was considered to be uniform. Of the other 

two fluxes, deep drainage is notoriously difficult to measure 

with any degree of precision. with microlysimeters, 

evaporation is aore easily .easured but this method proved to 

be quite difficult and time consuming on the first day after 

irrigation, at least with our silty clay loam soil. Also, 

ML's are known to deviate from true evaporation since the 

field soil dries by both drainage and evporation while ML's 

dry only by evaporation. 

The energy balance .odel (EBM) of evaporation estimation 

requires only two .easure.ents of soil surface temperature at 

any point in the field, one at the ti.e of .aximum and one at 

the time of ainiaum te.perature. Since these .easur_ent. may 

be easily and rapidly .. de with a hand-held infrared 

therJIometer this .. thod se_ed ideal for the evaporation 

measurements at .. ny point. in the field necessary for the 



completion of the water balance study. 

by Ben Asher et al. (1983, 1984) 

problems with the method. 
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However, the studies 

showed some potential 

Experiment 2 was conceived to run concurrently with 

Experiment 1 with the ML measurements of evaporation serving 

as a direct comparison to the energy balance estimates of 

evaporation resulting from infrared thermometer measurements 

of ML surface temperatures. The IR thermometer measurements 

needed for the EBM were taken from the soil surface inside the 

ML's so that evaporation estimates from the EBM would reflect 

conditions within the ML' s. Thus there should be a 1: 1 

correlation between evaporation estimates from the two methods 

if the EBM works correctly. Reference dry soil temperatures 

needed for the EBM were taken from soil packed in a plastic 

container (34 em deep by 29 em diameter) buried in the field 

so that soil surfaces inside and outside the container were 

at the same elevation. 

This chapter will present the results of this comparison 

between the microlysimeter and energy balance methods. The 

first 2 sections present the theory of the EBM as given by 

Ben-Asher et al. (1983), and show the result of application 

of the EBM to Experiment 2 data. Comparison of EBM estimates 

of evaporation to ML data showed the EBM to overestimate by 

about 100%' on average. The third section presents a 



148 

discussion of the assumptions used in developing the EBM with 

an eye towards identifying those assumptions most likely to 

cause inaccuracy. Chapter 6 deals with improvements to the 

EBM. 

Energy Balance Theory. 

The model of Ben-Asher et a1. (1983) was based on 

analysis of the surface energy balances of a dry soil and of 

a drying soil. The main assumption used was that the energy 

balances differed significantly only in latent heat flux, 

there being no latent heat flux from dry soil. Some equations 

from Ben-Asher et a1. are included here since later work will 

build on their theory. 

The energy balances for a dry and a drying soil are 

(denoting dry by subscript 0, and drying by subscript d): 

[5-1] 

[5-2] 

where ~ is the net radiation, H is the sensible heat flux, 

G is the soil heat flux, and L~ is the latent heat flux (all 

in w -2) m • ~ for the two soils is: 

~- K tn (1 - a o) + L tn - L."out [5-3] 

R,.,- Ktn (1 - ad) + L tn - L..,out [5-4] 
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where Kfn is the solar (shortwave) radiation (W m-2), a is the 

albedo, and L is the long wave radiation (W m-2
) with 

subscripts 'in' and 'out' indicating incoming and outgoing 

long wave radiation. 

subtracting the energy balance equations and including 

the net radiation equations, an equation for latent heat flux 

is: 

L.E = (Go - Gd) + Kfn(ao - ad) 

+ (Ho - Hd) + (Lo•out - ~.out) [5-5] 

Integration gives the total evaporative flux over the period 

t, to t2: 

I L.E dt - I [(Go - Gd) + Kfn(ao - ad) 

+ (Ho - Hd ) + (Lo.out - ~.out)] dt [5-6] 

Given the simplifying assmUllption that: 

[5-7] 

the latent heat flux can be written: 

[5-8] 

where only the sensible and outgoing longwave heat fluxes need 

be determined. Although Fox (1968) showed the plausibility 

of Equation 5-7 the validity of this assumption will be 
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examined later. 

The sensible heat fluxes for dry and drying soils may be 

written as (Rosenberg et al. 1983, p.124): 

H0 = pCP (T0 - T 8 ) /r 

Hd = pCP (Td - T8 ) /r 

[5-9] 

[5-10] 

where pis the air density (1.21 kg m-3
), CP is the specific 

heat of air ( 1005 J kg- 1 °K- 1
) , r is the aerodynamic resistance 

to heat transport ( s m- 1
) , T

0 
and Td are the surface 

temperatures (°C) of the dry and dryin9 soils, respectively, 

and T
8 

is the temperature of the air (°C) at a height above 

the ground specified in the definition of aerodynamic 

resistance. Ben-Asher et al. (1983), citing Rosenberg et al. 

(1974) used for r: 

r = 12 6 u-0
•
96 [5-11] 

where u is wind speed in m s-1
• With the assumptions that 1) 

the air temperature at reference height (1 m) is everywhere 

the same, and 2) the aerodynamic resistance to heat flux is 

everywhere the same, the equations for sensible heat flux may 

be subtracted: 

[5-12] 

thus eliminating the need to measure air temperature. 
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Outgoing long wave radiation is described by the 

Stefan-Boltzmann law: 

Lout = €G~ [5-13] 

where a is the Stefan-Boltzmann constant ( 5. 67E-08 W m-2 °K- 1
) , 

€ is the emissivity (taken to be an average of 0.95), and T 

is the surface temperature (°K) . Re-writing the longwave 

radiation term in Equation 5-8 we have: 

L L (T 4 - Td4) o,out - d,out = €G o [5-14] 

Examining Equations 5-8, 5-12 and 5-14 it is clear that 

only T
0

, Td and wind speed need be measured in order to 

calculate latent heat flux on an instantaneous basis. 

However, instantaneous measurement of even these 3 variables 

is onerous, as is the next best approximation which would be 

to measure the variables on a sufficiently short time step to 

allow accurate numerical integration over the period of 

interest. These measurements become particulary difficult if 

many sites are to be measured. Accordingly, Ben-Asher et al. 

assumed that soil surface temperature could be approximated 

by a sine function of time: 

T (t) = T + 0. 5 (T1118x - Tmin) sin (wt) [5-15] 

where T = ('D
1118

x + T111 n) /2 is the average temperature, 0. 5 (T1118x -
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T.tn > is the amplitude, and w - 2ft/1 i. the anqular frequency 

(radians per unit time). Also, T ... i. the .aximum temperature 

and T.tn the minimum temperature in the period, and 1 is the 

period (units of time). For Equation 5-15, t i. time in the 

same units as 1 with t - 0 corre.ponding to the time when T(O) 

- T and T is increasing (i.e. start of sine wave). 

In order to avoid sine functions to the 4th power, it is 

necessary to reduce the 4th order temperature terms in 

equation 15 to first order terms. Letting 4T - To - Td and 

T. - (To + Td) /2 we have: 

[5-16] 

or 

[5-17] 

Thus Equation 5-14 is equivalent to: 

[5-18] 

and the approximation: 

[5-19] 

has an error of fa(4T)~.. The difference between Equation. 

5-14 and 5-19, .u.aed over one half day with 15 .inute ti.e 
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steps is only about 0.01' (See Appendix B for computer program 

and results). 

Introducing Equations 5-12 and 5-19 into Equation 5-8 and 

re-arranging we have: 

[5-20] 

Typical field measurements reveal that the minimum 

temperatures To,.fn and Td,.fn are almost equal. If Equation 5-15 

is used to represent To and Td this fact results in (Ben-Asher 

et ale 1983, Eq. 12): 

To - Td • 0.5 (TO,MX - Td,M)!) + 0.5 (TO,M)! - Td,M)!) sin (wt) 

- 0.5 (TO,M)! - Td,M)!) (1 + sin (wt) ) [5-21] 

Replacing To - Td in Equation 5-20 with Equation 5-21, wa have: 

or: 

I L.E dt - I [pcplr + 4faT!] 

[0.5 (TO,M)! - Td,M)!) + 0.5 (TO,M)! - Td,M)!) sin (wt)] dt 

[5-22] 

I L.E dt - I [pcplr + 4faT!] 

[0.5 (TO,M)! - Td,M)!) (1 + sin (wt) )] dt [5-23] 

Ben-Asher et a1. (1983, Eq. 15a) defined the period, r, 

as 24 h, and assuaed that the wind speed over the period of 
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integration was con.tant .0 that r was con.tant. They also 

assumed the quantity ~ to b ••••• ntially constant ov.r the 

range of T. with ~ - (To - Td) /2 wh.r. To and Td are the 

diurnal average soil surface temperatures of dry and drying 

soils, respectively. Invoking these assumptions, they 

integrated Equation 5-23 from -3 hours to 9 hours resulting 

in: 

[5-24] 

The limits of integration were chosen by assuming that all 

energy tlux t.rms would be in phas., by noting that the soil 

heat flux is positive from -3 h to 9 h given that Equation 

5-15 correctly describ.s the soil surtace t.mp.ratur. over 

time, and by assuming (impli.d) that L.E is positive only when 

G is positive, and that negative values of L.E could be 

ignored. Note that S in Equation 1-2 is, by Equation 5-24,: 

S - 8.70 [pCplr + 4fa~] [5-25] 

Use of Equation 5-24 requires only 3 .easure.ents: daily 

av.rage daytime wind speed, .axi.WI reference dry soil .urface 

temperature, and maxi.WI drying .oil .urface t_perature. The 

first two mea.ure.ent. may be .ade conveniently at one .ite 

and the third .ay be made at a •• any .ite. a. de.ired. 



155 

Application of Model. 

Taking L. as constant, the energy balance model is: 

[5-26] 

Equation 5-26 was used to predict daily evaporation, EHt , (mm) 

and the estimates were regressed against actual, E., (mm) as 

measured by weighing the MLIs (Jrd day after irrigation 

omitted due to lost wind speed data). The resulting 

regression equation shows that Equation 5-26 over-predicts 

evaporation by an average factor of about 2 (Figure 5-1A): 

E. - -0.309 + 0.549 EHt [5-27] 

The R2 value, at 0.49, was lower than that obtained for the 

regression of E. against the aidday temperature depression, 

(To,.u - Td,.u)' This indicate. that the aodel assumptions, 

implicit in the R.H.S. of Equation 5-26, are suspect. 

However, both the slope and intercept teras in Equation 5-27 

were significant at the 10' level. 

Regression of E. against EHt with du.ay variables for 

wall type resulted in equations for steel and for plastic MLIs 

(Figure 5-1A, R2 - 0.52): 

E. - 0.06 + 0.45 EHt , 

E. - -0.92 + 0.70 EHtl 

Plastic 

Steel 

[5-28] 

[5-29] 
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Figure s-1. A. Regression of ML evaporation vs. predictions 
from the energy balance model of E~ation 5-26 showing 
differences due to wall material. R = 0.49 for overall 
regression, improved to 0.52 when dummy variables for wall 
material were included. B. Regression on same data using 
dummy variables to separate treatments showing differences due 
to wall material and length. R2 = 0.55. 
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Most striking is the negative intercept of almost 1 mm for 

steel ML's indicating a po.sible non-linearity between 

Equation 5-26 and the evaporation mea.ured by .teel ML's. By 

contrast, the intercept for pla.tic ML's is n.arly zero. 

A third regression of E. again.t E .. t included dummy 

variables for the treatment effects on intercept and slope 

following the model pre.ented in Appendix E (Equation E13) but 

with the quantity (To,..x - Td,..x) replaced with E .. t and E 

replaced with E.. Six regr.ssion lines resulted (Table 5-1, 

Figure 5-1B). Steel ML's all .howed more negative intercepts 

than did plastic. Slopes for the 30 and 20 em steel ML's were 

higher than those for 30 and 20 em plastic ML's. 

The R2 value of 0.55 was slightly lower than the R2 of 

0.57 for the regr •• sion of E. against (To,..x - Td,..x) with dummy 

variables. This re.ult was .urpri.ing, even considering that 

one day's data were omitt.d fro. the analysis of E .. t vs. E •• 

The inclusion of wind and av.rag. surface t.mperatur. effects 

in Equation 5-26 .hould have i.prov.d it. p.rformanc. over the 

quantity (To,..x - Td,..x) ••• pr.dictor of .v.por.tion but such 

was not the c.... In f.ct, wh.n the Jrd d.y .ft.r irrigation 

was omitted from the reqr ••• ion of E •• g.in.t (To,..x - Td,..x) 

with dummy v.riabl •• , the r •• ulting RZ value w •• 0.60 .howing 

th.t, with the •• _ data •• t, the qu.ntity (To,..x - Td,..x) w.s 

Ilore highly corr.l.ted with .v.por.tion than w.s E .. t frail 



158 

Table 5-1. 

Regression analyse. for daily evaporation, E
1
, (_) vith the 

estimated evaporation, E., (_) from Equat on 5-26 as the 
independent variable; and aummy variables for length and vall 
type treatments. 

Model: E. - bo + b,E. t 

rl - 0.494, n - 136. 
parameter estimate 

intercept 
E.t 

-0.309 
0.549 

.td. error 

0.165 
0.048 

significance 

0.063 
0.000 

Model: E. - bo + b,x, + b2x2 + b]x] + b.x. + b5~ + b6E. t 

+ b'6X'6 + b26x26 + b]6x]6 +b46x46 + b56~ 

See Appendix E for 

2 r - 0.546, n - 136 
parameter estimate 

intercept -0.035 
x, -0.362 
x2 0.387 
x] -0.939 
x. -0.139 
~ -1.549 

E. t 0.495 
X'6 0.040 
Xz6 -0.180 
~ 0.209 
X46 0.045 
~ 0.421 

Equations: 
E. - -0.398 + 0.535 E.t , 
E. - 0.352 + 0.315 E.t , 

E. - -0.974 + 0.704 E.t , 
E. - -0.174 + 0.540 E.t , 

E. - -1.584 + 0.917 E.t , 
E. - -0.035 + 0.495 E .. t , 

explanation of model. 

std. error significance 

0.451 
0.622 
0.557 
0.621 
0.555 
0.711 
0.131 
0.180 
0.168 
0.176 
0.164 
0.193 

10 CII, steel 
10 ca, plastic 
20 CII, ste.l 
20 CII, plastic 
30 CII, steel 
30 CII, pl.stic 

0.938 
0.561 
0.488 
0.133 
0.803 
0.031 
0.000 
0.827 
0.285 
0.239 
0.786 
0.031 
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Equation 5-26. 

Also not. the diff.renc. in slopes. Th. .uch high.r 

slop.s for st •• l ML's would •••• to indicat. that the .odel 

did not ov.r •• timat. .vaporation n.arly as .uch for ste.l as 

it did for plastic ML's. Plotting E. vs. E.t on a daily basis 

revealed the opposite to be true (Figure 5-2). On day 92 

there was no disc.rnabl. diff.r.nc. in E.t b.twe.n st.el and 

plastic ML' sand the range of E.t was small. Ther. was 

slightly mora evaporation from .t •• l than from plastic ML's. 

Th.se facts t.nd.d to make the upper .nds of regre.sion lin.s 

for st •• l ML's higher than those for pla.tic. On subs.qu.nt 

days actual .vaporation from steel was the same or slightly 

lower than that from plastic ML's, while E.t was alway. higher 

for steel ML's. The latter fact. tend to .ake the lower ends 

of regression line. for steel ML's lower than lines for 

plastic. Thus the high.r slopes for steel ML's w.re a r •• ult 

of the model overestiaating evaporation for steel ML's. 

Likewise, the negative intercepts for steel ML's were a result 

of this overestiaation, not a result of negative evaporation 

•• ~surements. Although balance i.precision caused so •• 

negative values of evaporation fro. ML's, the average 

evaporation on day 100, for example, was still positive. 

The difference in slopes is understandable in light of 

the observation, aade in Chapter 3, that steel ML's had 

significantly lower dayti .. taaperatures than did plastic. 
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Although cumulative evaporation from 20 and 30 em long steel 

MLls was lower than that for pla.tic MLI. of the .a.e lengths 

the difference was significant only for the 20 em length. 

Since, for steel MLIs, the quantity (To .... - Td .... ) would be 

larger, the model would generate larger estimates of 

evaporation. Since the lower temperatures of .teel MLls were 

largely due to higher heat fluxes these larger estimates of 

evaporation could be generated even if actual evaporation were 

smaller. On the first day after irrigation these differences 

between steel and plastic MLls were reduced by the fact that 

the available energy was largely used by evaporation occurring 

at potential rate.. A. shown in Figure 4-6, net heat flux was 

low on the first day after irrigation. 

These re.ults indicate that ML length and wall .aterial 

affect both the actual rate of evaporation from MLIs; and, 

affect the ability of Equation 5-26 to predict evaporation 

from MLls. If Equation 5-26 were incorporating the effects 

of all significant phy.ical pheno.ena then we would not expect 

to .ee the aarkedly different line. which result from the 

regression. of E. v.. E.t • Nor would we expect the lack of 

correlation on a daily ba.i. between E. and E.t (Figure 5-2, 

especially day 92). Therefore it i. likely that .o.e of the 

.iaplifying a •• uaption., .. de in the derivation of Equation 

5-26, do not hold for the condition. of this .tudy. 
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Examination of M04el A,suaptions. 

The EBM can be rewritten concisely by .ubstituting 

Equation 5-25 into 5-26 resulting in: 

[5-30] 

In the previou. section it was shown that regression of actual 

evaporation, E., against (To,..x - Td,..x) re.ulted in a better 

fit than regression of E. again.t the EBM predictions (R.H.S. 

of Equation 5-30). Also, the EBM over-estimated evaporation 

by about 100' on average. Since L. is a constant there must 

be some inaccuracy arising from the a •• umptions implicit in 

s. The following assumptions were made during the derivation 

of Equation 5-26: 

1. The diurnal integral of the differences, between a dry 

and a drying soil, of .oil heat flux and of reflected 

.hortwave radiation wa. a •• umed neglible compared to the 

integral of latent heat flux (Equation 5-7): 

I [Go - Gd + Ktn(ao - ad)] dt « I L.E dt 

Thi. a •• u.ption aay not hold true con.idering the .oil 

heat flux value. calculated in Chapter 3 for field .oil 

and ML'.. Not only were the value. of po.itive heat flux 

a large fraction of the average evaporation reported here 
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but there were relatively large differences in heat flux 

between steel and plastic MLls. Comparisons of heat flux 

in dry and drying soils will be made later in this 

chapter. 

2. The aerodynamic resistance r, s/m, was described by 

Equation 5-11: 

r - 126 u·O
•96 

Equation 5-11 was developed for a 50 em tall sugar beet 

crop (Rosenberg 1974, p. 83) and is unlikely to hold for 

bare soil. 

3. The aerodynamic resistance r was assumed everywhere the 

same so that Hd could be subtracted from Ho. This appears 

reasonable for a flat field such as was used in this 

study but, as will be discussed later, there may exist 

a problem with using the soil air temperature 

difference for the reterence dry soil in calculating the 

sensible heat flux, H. 

4. Emissivity was assuaed to be constant over a day and was 

taken equal to 0.95. Since emissivity varie. only a few 

percent as the soil goes fro. a wet to a dry condition 

this assumption is unlikely to introduce .uch error. 

5. The soil surface t_perature was described by a sine wave 

function (Equation 5-15): 
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T(t) - ., + O.5(T .. - T.tn ) sin(wt) 

For this experiment the measured soil surface 

temperatures were not sinusoidal on the best of days and 

on some days had multiple peaks (Fiqures 3-5 through 

3-8). 

6. The quantity (T! - ~) was approximated by !! (To - Td). 

This assumption alone introduces little error. 

7. The diurnal minimum drying soil surface temperature was 

assumed equal to the minimum dry soil surface temperature 

resulting in the approximation (Equation 5-21): 

During the present study the ainimum temperatures of dry 

and drying soils, as .. asured by IR thermometry just 

before dawn, were nearly the same. Therefore this 

assumption appears reasonable if the fifth assumption is 

reasonable. However, temperatures measured by thermistor 

show that the dry soil may be several degrees colder than 

the field soil during the pre-dawn hours (Fiqures 3-5 

through 3-8). 

8. The quantity '! was assUlled constant over a 12 hour 

period. This assUllption causes the longwave radiation 

term to be under-estimated by about 15' when Equation 
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5-23 is integrated (Appendix B). 

9. Wind speed was assUlled constant during daylight hours 

leading to the assumption that r was constant during 

daylight hours. Wind speed obviously was not constant 

during this Experiment 1 (Figure 3-4). 

10. All energy flux terms were assumed to be in phase with 

the soil heat flux which was assumed to be positive from 

-3 to 9 hours (based on 0 hours occurring when soil 

temperature is increasing and just equals its average). 

As shown in Chapter 4, solar and net radiation are likely 

to be in phase with heat flux at dawn, but heat flux 

becomes positive at or after dawn, not at 3 hours before 

dawn (Figure 4-5). 

11. The latent heat flux L.E was assumed to be neglible 

except during the 12 hour period during which the soil 

heat flux was assumed to be positive. 

As noted, assuaptions nUllbered 3, 4, 6, and 7 appear 

reasonable and likely to introduce little error (provided, in 

the case of assuaption 7, that assuaption 5 is true). 

Examination of Equation 5-20 shows two possible. reasons for 

the over-prediction of evaporation. First, the aerodyna.ic 

resistance tera, r, is a do.inant factor influencing the slope 

of the regression lines in Figures 5-1A and 5-1B. Equation 
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5-11 (2nd assumption) probably under-predicts r since more 

turbulence would be expected to develop within and above a 50 

em tall sugar beet crop than over bare soil. Under-prediction 

of r would cause over-prediction of E. 

The second possible cause of over-estimation lies in the 

instantaneous temperature depression term, (To - Td). Recall 

that (To - Td) was replaced by Equation 5-21 which was based 

on the assumptions of a sinusoidal diurnal surface 

temperature: and, the equality of minimum daily temperatures 

in dry and drying soils. Since the minimum value of To may be 

less than the minimum of Td and since surface temperatures 

were not sinusoidal (Fiqures 3-5 - 3-8) it is possible that 

(To - Td) is overestimated by Equation 5-21 with the result 

that the EBM overestimates E. 

Three possible causes of .odel inaccuracy arise from the 

integration of Equation 5-23 over a .ingle 12 hour period to 

arrive at the EBM. Since half-hourly average wind speed often 

varied by an order of .agnitud. during any 24 hours (Fiqure 

3-4) the a •• umption of con.tant wind .pe.d (.nd thus con.tant 

r) did not hold. It •• y prove .or •• ccur.t. to inteqr.t. over 

a half-hour ti ••• t.p u.ing the .v.r.g ••••• ur.d wind .peeds 

for the .hort.r period. S.cond, if h.lf-hourly .v.r.ge 

.easur.d .oil .urfac. t .. peratures were .v.ilabl. then 

int.gr.tion with the .hort.r ti.. .t.p could .1.0 incr.a.e 
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model accuracy compared to that obtained with the sine wave 

model of surface temperature. Finally, integration with a 

shorter time step would eliminate so.e of the error caused by 

assuming that ~ was constant over 12 hours (8th as.umption). 

The next chapter will consider the.e assumptions in more 

detail and will demonstrate improve.ents to the EBM based on 

changes in, or elimination of assumptions. 
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Cbapter , 

IMPROVEMENTS TO ENERGY BALANCE MODEL 

In Chapter 5, estimates of evaporation from the energy 

balance model (EBM) were shown to be less well correlated with 

actual evaporation than was the quantity (To.o - Td.o). Since , , 

the EBM was: 

[6-1] 

where 

[6-2] 

it became apparent that some of the assumptions made in the 

development of the EBM, and implicit in the term S, were 

suspect. 

This chapter concerns EBM improvements that come from 

elimination of, or change. in, the original assumptions. 

First, integration on a s.aller ti.e step, then better 

e.timate. of dry and drying soil temperatures, and finally, 

improvement in the estiaation of sensible heat flux are 

introduced. At each step, the i.proved EBM is described in 

equation form and its perforaance documented. The chapter 

closes with a discussion of enerqy flux teras that were 

neglected in the .odel and suggestions for further work. 
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Numerical Integration. 

Re-arranging Equation 5-20, the energy balance model was: 

(6-3] 

where the instantaneous temperature depression (T
0 

- Td) was 

given by Equation 5-21. Numerical integration of Equation 

6-3, on a finer time step than 12 hours, e.g. 1/2 hour, would 

allow closer interaction between wind speed (and thus r) and 

the quantity (T
0 

- Td) as both factors change in magnitude over 

the day. The finer time step would also allow the quantity 

T! to vary over the day in accordance with the values of T
0 

and 

Td thus reducing the error associated with the assumption that 

T! was constant. Therefore, Tm was redefined: 

[6-4] 

A computer program for the numerical integration 

calculated the evaporation, E, for each microlysimeter on a 

half-hourly basis and summed it for the period desired (in 

this case either from -3 to 9 hours or from 7 to 7 hours on 

the next day). Sunrise was taken as zero hours. The daily 

totals of evaporation, Eest' in nun were regressed on the actual 

evaporation, E
8

, in nun. In writing the computer code, 

assumptions 1, 2, 3, 4, 5 and 6 were taken as true. Wind 
I 

speed was assumed constant only over one-half hour periods. 
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When the period of summation was -3 to 9 hours, assumptions 

10 and 11 were taken as true; but these assumptions were 

dropped when the period of summation was taken as 0 to 24 

hours. 

The program was compared to the original EBM by setting 

T
11 

constant (assumption 8) and by letting (T
0 

- Td) be descibed 

by Equation 5-21 (assumption 7). Taking -3 to 9 hours as the 

period of interest, the numerically estimated evaporation, Eest 

(mm), was regressed against actual evaporation, with dummy 

variables in the model for the treatments. The resulting R2 

value of 0.553 was only slightly larger than the 0 .. 546 gotten 

from regressing the predictions of Equation 5-26 against 

actual evaporation. Again, the model overestimated 

evaporation by about 100 percent. 

resulted in only a very slight improvement in R2 value to 

0.556. The value of Tm was defined by Equation 6-4 in 

subsequent trials. 

Since there was no reason to think that evaporation did 

not occur during the period from 9 to -3 hours, a second set 

of estimates was calculated using the period from 7 to 7 hours 

(i.e. the 24 hour period from time of weighing on one day to 

the time of weighing on the next day) . Regression of E
8 

versus Eest with dummy variables for the treatments resulted 

in only a slightly higher R2 value of 0.572. Since the time 
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of weighing on the first day after irrigation varied greatly, 

another set of estimates of E was calculated with the 

numerical integration starting at the time of first weighing 

for each ML. The unexpected result was an R2 value of 0.549 

for regression of E. versus E.t with dummy variables for the 

treatments, a lower R2 value than for the uncorrected 

predictions (Table 6-1). Again, this model overestimated 

evaporation by almost 100 percent on average. 

These last three results were surprising. Integrating 

on a half-hourly basis should have allowed for a much better 

interaction between wind speed, which was highly variable over 

the day, and soil temperature. The expected result was a much 

better fit between actual and estimated E but the actual 

increase in R2 was minor. Likewise, correction for time of 

weighing on the first day should have resulted in much better 

prediction since as much as 50 percent of total evaporation 

took place on the first day and the weighings took place 

between 9: 20 AM and 3: 15 PM. However this correction resulted 

in a lower, not higher, R2. Since correction for time of 

weighing resulted in a worse fit, it became reasonable to 

question the adequacy of the sine wave approximation for 

surface temperature since this was the only assumption which 

was tim. dependent. 
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Table 1-1. 

Regression analyse. for daily evaporation, E, Cm.) vith the 
estimated evaporation, E.t , C .. ) fro. nuaerica~ integration of 
Equation 5-23 as the independent variable; and dummy variables 
for length and vall type treat.ents. Numerical integration 
vas from 7 AM to 7 AM and vas begun at the time of first 
veighing for each .icrolysi.eter. 

Model: E. - bo + b,E. t 

r2 - 0.508, n - 136. 
parameter estimate 

intercept 
E.st 

-0.739 
0.562 

std. error 

0.193 
0.048 

significance 

0.000 
0.000 

Model: E. - bo + b,x, + b2x2 + ~x] + b,x, + b5~ + b,E. t 

+ b'6X" + b26x26 + ~x]6 +b"x" + b56Xs6 
See Appendix E for .xplenetlon of ... 1. 

r2 - 0.549, n - 136 
parameter estimate std. error significance 

intercept -0.422 0.525 0.423 
x, 0.076 0.756 0.921 
x2 0.203 0.669 0.762 
x] -1.148 0.730 0.119 
x, -0.412 0.655 0.531 
~ -1.323 0.816 0.107 

E.t 0.506 0.128 0.000 
x" -0.086 0.185 0.642 
x26 -0.044 0.179 0.806 
X]6 0.197 0.173 0.256 
x" 0.121 0.164 0.461 
~ 0.256 0.184 0.166 

Equations: 
E. - -0.347 + 0.420 E.t , 10 CIl, steel 
E. - -0.230 + 0.462 B.t , 10 CIl, plastic 
E. - -1.570 + 0.704 E.t , 20 CIl, steel 
E. - -0.834 + 0.628 E.t , 20 CIl, pl.stic 
E. - -1.746 + 0.762 B.t , 30 CIl, steel 
E. - -0.422 + 0.506 E.t , 30 CIl, plastic 
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Temperature Depression. 

In the previous s.ction it was ShOWD that integration of 

the EBM, with a half-hour time st.p and starting with the time 

of weighing of MLls on the first day, r.sulted in a worse fit 

between E. and E .. t than int'gration with no correction for 

time of weighing. Since the temperature depression, (To - Td ) , 

as given by Equation 5-21 included the only time dependent 

assumptions, it appeared that this sine wave approximation 

might cause the inaccuracy obs.rv.d when correcting for time 

of weighing. Examination of Equation 5-20 r.veals that over

estimation of the temp.rature depr.ssion t.rm could also cause 

the observed ov.r-.stiaation of .vaporation. The temperature 

depression, (To - Td), was r.pr.s.nt.d in Equation 5-20 by 

[6-5] 

The assumptions aad. in d.riving Equation 6-5 w.re that .oil 

surface temperature was d.scribed by a sin. function, that the 

minimum and maximua teaperatur.s occurr.d si.ultan.ously in 

both dry and drying soils, and that the .ini.ua t •• perature. 

were equal in both dry and drying soils. Thus Equation 6-5 

predicts that the teaperatur. d.pr.ssion will always be 

positive wh.r.as it was ShOWD in Chapt.r 3 to be usually 

n.gative at night. 

For fi.ld •• asur ... nts with the IR therao •• t.r it was 
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assumed that the ainiaum temperatures occurred just before 

dawn (about 6 AM) and that the .axi.u.. occurred at about 1 

PM. One obvious problem with these as.umptions is that the 

time between miniau. and maximum in the field is only about 

7 hours whereas the half-period of the sine function is 12 

hours. Another problem is that the sine wave does not 

approximate the surface temperature well (Figures 3-5 through 

3-8). 

The actual temperature depression, as measured with 

thermistors in the field, was plotted versus the temperature 

depression predicted by Equation 6-5, on a 15 minute basis, 

(Figure. 6-1 and 6-2). Data were from 2 replicates of 4 

treatments of 30 em ML's: steel walls with either closed or 

open bottoms and pla.tic walls with closed or open bottoms. 

The difference between actual and predicted (To - Td ) was large 

and could easily account for the over-prediction of 

evaporation by numerical integration of Equation 5-23. Also, 

since actual (To - Td ) was negative for about 12 hours of the 

day, when the sine function estiaated it to be positive, it 

became clear why correction for ti.e of first weighing of the 

ML'. caused inaccurate estiaation of evaporation (see previous 

section). Por half of each diurnal period the relation.hip, 

between the te.perature depression and the sensible heat flux 

term in the EBM, wa. signed positive when it wa. really 
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negative. 

Several features of these grapha are interesting. Only 

at about 12:00 were the actual and predicted (To -. Td ) values 

nearly equal, at other times actual and predicted values 

differed considerably, especially at aunrise and aunset when 

the difference could amount to 10 °e. At night, actual (To -

Td ) values were almost always negative, more ao for ateel than 

for plastic ML's. Negative values were probably due to the 

fact that the drying soils had conaiderably higher thermal 

conductivity than the dry aoil and so could conduct heat from 

subsurface layers to the aurface more readily. Thus drying 

soil surfaces would be warmer than the dry aoil at night when 

the major skyward energy flux component ia probably longwave 

radiation emitted by the soil aurface. 

The fact that ateel ML's exhibited more negative (To - Td) 

values at night reflecta the much higher thermal conductivity 

of steel compared to plaatic. Daytime maximUJI values of (To 

- Td ) were nearly equal for both treatments of ateel ML's and 

for plastic ML'a with cloaed botto... Plaatic ML'a with open 

bottoma exhibited lower maximum (To - Td ) valuea on all days. 

This behavior ia probably due to drainage of water from the 

open-bottomed plastic ML'a reaulting in quicker drying and in 

higher daytime aurface t .. peraturea compared to plaatic ML's 

with cloaed botto... Steel ML'a exhibited lower daytime 
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temperatures irrespective of whether or not their bottoms were 

closed, probably because heat conduction by the .etal walls 

was large enough to overshadow any differences. 

Comparison of the graphs of wind speed (Figure 3-4) with 

those of temperature depression shows a slight dependence of 

(To - Td) on wind speed. On day 95, just before 4 AM, a 

several fold increase in wind speed is associated with a 

decrease in the absolute value of (To - Td). On day 98, at 

about 3 PM, a large increase in wind speed is again associated 

with a marked decrease in the absolute value of (To - Td). 

However, in both cases the decrease in ITo - Tdl could have 

been associated with increasing cloud cover. 

Comparisons were made of daily evaporation, as e.timated 

using actual (To - Td), to evaporation estimated using (To -

Td ) values calculated using Equation 6-5. For the latter 

estimates Equation 5-23 was numerically integrated a. before 

but using the average maximum and .inimum soil surface 

temperature., To, ... and Td, ... ' as .easured by thenai.tor for 

each ML treatment (2 replicates). Por the fonter calculation. 

Equation 6-3 was integrated numerically using actual (To - Td ) 

values measured at half hour intervals. The integration was 

from 7 AM to 7 AM on the next day, days 92 and 94 being 

omitted due to lack of data. 
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"&))le '-2. 
Estimated evaporation, am, using (To - T) calculated using the 
sine function [sine], and using actua~ (T~ - Td) [actual]. 
Averaged temperatures from two ML's for eac treat.ent. 

Treat.ents 

SC SO 

Day sine actual sine actual sine 
93 6.70 2.91 7.27 3.27 6.82 
95 3.80 1.55 3.72 1.53 3.70 
96 3.74 1.51 3.61 1.52 3.44 
97 4.23 1.63 4.22 1. 72 4.03 
98 5.75 2.69 5.75 2.81 5.90 
99 4.10 1.69 3.94 1.74 3.81 

100 3.46 1.26 3.31 1.22 2.96 

Sum 31. 78 13.24 31.82 13.81 30.66 
Ave. 4.54 1.89 4.55 1.97 4.38 

Percentage increase in estimated E 
is used instead of actual (To - Td): 

130.2 122.3 
145.2 143.1 
147.7 137.5 
159.5 145.4 
113.8 104.6 
142.6 126.4 
174.6 171.3 

PC 

actual 
3.42 
1.90 
1.97 
2.02 
3.07 
2.01 
1.54 

15.93 
2.28 

99.4 
94.7 
74.6 
99.5 
92.2 
89.6 
92.2 

PO 

sine actual 
5.25 2.57 
2.63 1.19 
2.58 1.28 
3.08 1.42 
4.60 2.35 
2.83 1.40 
2.21 0.83 

23.18 11.04 
3.31 1.58 

104.3 
121.0 
101.6 
116.9 
95.7 

102.1 
166.3 

Average 140 " ste.l Average 104 " plastic 

Treatments: 
SC - steel ML with covered botto •• 
SO - steel ML with open botto •• 
PC - plastic ML with covered botto •• 
PO - plastic ML with open botto •• 
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Estimates of daily E, using the aine function and 

Equation 5-23 to calculate (To - Td), were fro. 75 to 175 

percent greater than estimates of E .ade using actual (To - Td ) 

values (Table 6-2, Figures 6-~ and 6-4). The diacrepancy was 

greatest for steel ML's aince they exhibited the most negative 

(To - Td ) values at night. Steel ML'a with closed bottoms 

acted very similarly to those with open bottoms, with an 

average 140 percent increase in estimated E if the sine 

function was used to calculate (To - Td). By comparison, 

estimated E for plaatic ML's using calculated (To - Td ) values 

averaged 104 percent higher than that estimated using actual 

(To - Td). The smaller difference between the two methods of 

estimation, when data from plastic ML's was used, was at least 

partially due to the smaller absolute value of (To - Td) during 

nighttime for plastic ML's. Estimated E could not be compared 

to actual E since the ML' s with theraistors could not be 

weighed. 

Juxtaposition of wind speed (Figure 3-4) with esti.ated 

E (Figures 6-3 and 6-4) for the sa.e 24 hour periods showed 

the expected positive correlation between dayti.e evaporation 

and wind speed. During nightti.e, what little correlation 

existed was negative when actual (To - Td) values were uaed for 

E esti.ation. 

The negative nightti.e esti.ates of E were unrealistic 
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since calculations showed that the dew-point temperature was 

never reached at the surfaces of either the ML's, the dry soil 

or the two field soil .easurem.nt locations during" the 9 days 

of the experiment. The negative E •• ti.ates mu.t therefore 

be due to either differences in soil heat flux or to 

differences in short wave radiation flux between the dry and 

drying soils. At night the short wave radiation flux is zero 

so the negative E estimate is clearly due to differences in 

the soil heat flux between the dry and drying soils -

difference. that were a •• umed to be neglible in comparison to 

latent heat flux when integrated over 24 hours (Ben-Asher et. 

al.1983). 

The degree of .ensible heat flux can be appreciated by 

close examination of Figures 3-5 through 3-8. For the nights 

of days 95-96, 96-97 and 99-100, the difference between air 

and drying .oil te.peratures was nil yet the difference 

between dry and drying .oil temperatures was con.iderable 

especially for the night. of day. 95-96 and 96-97 when the 

large.t negative t •• perature depre •• ion. were recorded (about 

-4°C for .teel ML'.). On other night., notably tho.e when 

cloud cover was pre •• nt, air temperature was .everal degrees 

higher than .oil t .. perature. and dry and drying .oil 

temperature. were .uch clo.er together. still, nightti.e 

drying .oil temperature. were con.iderable higher than dry 
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Fiqure 6-3. Comparison of evaporation estimated using 
Equation 6-5 ' (sine wave approximation of T

0 
- Td) (squares) 

with that estimated using actual T
0

- Td (crosses). Days 93 
and 95. 
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soil temperature. and temperature. of .teel ML's were 

consistently higher than those of pla.tic ML'. pointing up the 

differences in 80il heat flux and nightti.e sensible heat flux 

among the ML treatments and the reference dry soil. 

One possible solution would be to integrate Equation 6-3 

with a half hour time step as before but describing the 

reference dry soil temperature as (from Equation 5-15): 

[6-6] 

where To - 0.5 (To.... + To .• ln ) is the diurnal average reference 

dry soil temperature, and To... and To .In are the maximum and 
• • 

minimum reference temperatures, respectively (measured by 

infrared thermometer). The drying .oil temperature would be 

described separately a.: 

[6-7] 

where Td - 0.5 (Td .... - Td .• ln ) is the diurnal average drying soil 

temperature, and Td .... and To .• ln ) are the drying .oil aaximum 

and minimum te.perature., re.pectively. U.ing Equation. 6-6 

and 6-7 would eli.inate the a •• UIlption that the minimum 

temperature. of dry and drying .oil. were equal, and would 

allow negative t .. perature depre •• ion •• 

Integration of Equation 6-3 with To and Td de.cribed by 

Equations 6-6 and 6-7, with a half hour ti.e .tep .tarting at 
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7 AM and proceeding tor 24 hours, with correction tor the time 

of 1st weighing, and with 'f! represented by Equation 6-4, 

resulted in an r2 value ot 0.551 tor regre.sion ot E. vs. EHt 

wi th dummy variables for the treatments. This was essentially 

equal to the r2 of 0.549 resulting trom a .imilar regression 

in the previous .ection. 

Several results are clear. First, the use ot actual (To 

- Td) values, in place of the temperature depression as 

estimated using Equation 6-5, should greatly reduce over

estimation by the EBM. Allowing the minimum temperature. of 

dry and drying soils to take on ditterent values, while 

continuing to use the sine wave tormulation tor surtace 

temperature, did not appreciably improve the model. The 

difference, between dry and drying soils, in nighttime soil 

heat flux was important and caused the model to predict a 

false negative evaporation at night. In the aodel, the ettect 

of outward nightiae soil heat tlux aay be balanced by that of 

inward daytime soil heat tlux, resulting in a net zero 

estimation ot evaporation due to soil heat tlux over a 24 hour 

period, but only it the aodel is integrated over a 24 hour 

period, not over the 12 hour period suggested by Ben-Aaher et 

al. (1983). In other words, the false negative evaporation 

at night aay be balanced by talse positive evaporation during 

the day. Finally, the ataosphere was stable or neutral at 
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night and unstable during the day which .ugge.t. that .eparate 

aerodynamic resi.tance equations .hould be u.ed, one for 

stable and one for unstable condition •• 
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Estimating Temperature Dlpre.lion. 

In the previous .ection it va •• hOWD that the line vave 

approximation of soil surface t_perature, represented by 

Equation 5-21, vas inaccurate and that actual drying soil and 

reference dry soil te.peratures (Td and To' relpectively) 

should be used in the EBM. Since collection of actual (To -

Td ) values on a useful interval (.ay 1 hour) in the field is 

either very labor or equipment inten.ive it is desirable to 

have some method of eltimating (To - Td) from intensive 

automated measurementl at one or tva locations coupled vith 

extensive measurements at all field locations only once or 

tvice a day. Of cour.e Equation 5-21 represents one such 

method but has been ShOWD to be insufficient. What is 

required is a method that vould clo.ely predict the actual (To 

- Td) values in all their variation (.ee Figures 6-1 and 6-2). 

From Figures 3-5 through 3-8 it i. apparent that the soil 

temperature mea.ured at a nearby field .ite clo.ely matched 

the variability in .urface teaperature. of the ML's, differing 

mainly in maxiaum, ainiaum and a .light pha.e .hift. 

Regression of ML teaperature. v.. field .oil teaperatures 

.hoved very good correlation for all ca.e. (RZ > 0.99, example 

in Figure 6-5) but a. expected the .lope. and intercept. vere 

not one and zero, re.pectively. Were a aethod available to 

tranllate inten.ive aea.ur .. ent. of field .oil .urface 
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temperature into accurate predictions of ML temperatures on 

an hourly or smaller interval, then the problem of accurately 

estimating (T
0 

- Td) would devolve to that of estimating dry 

soil temperature on the same interval. 
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FIELD TEtlPERATURE (Deg . C) 
Fiqure 6-5. Example of linear relationship between surface 
temperatures of nearby field soil and microlysimeter soil. 
Measurements at 15 minute intervals. 

A linear relationship between field soil temperature and 

ML temperature was defined in order to convert field soil 

temperatures (FT) to estimates of ML temperatures, Td. 

Requirements for the relationship were that maximum and 

minimum estimated ML temperatures should equal the maximum 
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and minimum ML temperatures as measured by IR thermometer 

(MLIR.nax and MLIR.nin' respectively). The relationship was: 

Td = b 0 + b 1 (FT) [6-Sa] 

where 

b 1 = (MLII\.ax - MLIR.,.1n) / ( F~x - F~in) 

b 0 . = MLIR.nax - b 1 (F~x) 

[6-8b] 

[6-SC] I 

and where F~x was the maximum field soil temperature measured 

by thermistor. Also, F~in was the minimum field soil 

temperature measured by thermistor. 

Equ.ation 6-8 was used to estimate ML temperatures for 

days 93 and 95 for the steel and plastic ML's which had been 

instrumented with thermistors. Regression of estimated vs. 

actual temperature showed very good correlation (R2 > 0.99) 

for the 8 cases but the slopes and intercepts of the 

regression lines were not exactly one and zero respectively. 

This result was expected since in general the maximum and 

minimum- temperatures as measured by IR thermometry were up to 

5 degrees higher than those measured by thermistor. 

The shape of the temperature curve was very well 

reproduced (Figure 6-6) and for this reason, and since the 

estimated maximum and minimum temperatures were equal to the 
I 

extremes as measured by IRT, the procedure was assumed to 
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accurately predict ML surface temperature. as they would be 

measured hy IR thermometry. The alight phase difference 

between estimated and actual temperature. was disregarded. 

An exactly analogous procedure was used to estimate 

reference dry soil te.perature., To' from te.peratures, RDST, 

measured by thermistor in the reference, and from the maximum 

and minimum reference dry .oil temperatures as measured by IR 

thermometer (RDSIR... and RDSIR.fn' re.pectively): 

where 

b, = (RDSIR... - RDSIR.fn) / (RDST ... - RDST.fn ) 

bo - RDSIR... - b,(RDST ... ) 

[6-9a] 

[6-9b] 

[6-9c:] 

and where RDST... was the maximum reference dry soil 

temperature measured by thermiator. Also, RDST.fn was the 

minimum reference dry .oil temperature .eaaured by thermi.tor. 
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thermistor vs,. those estimated using Equation 6-8. The actual 
daily temperature curves were well represented. 
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lirst Improyed Energy Balance Model. 

A reliable method for estimating soil surface 

temperatures on a half-hourly basis was demonstrated in the 

previous section. This method is now used to estimate the 

temperature depression (To - Td ) in the EBM, replacing the sine 

wave approximation repre.ented by Equation 5-21. Once the 

value of (To - Td) was available, it was no longer necessary 

to use assumptions number 6 [that the quantity (T! - ~) was 

approximated by T!(To - Td)], and number 7 [that T! was 

constant over a 24 h period]. Substituting Equations 5-12 and 

5-14 into Equation 5-8 and rearranging resulted in: 

[6-10] 

Using the estimated ML and ref. dry soil surface 

temperatures, the value of (To - Td ) was calculated and 

Equation 6-10 was numerically integrated with a 30 minute time 

step. Integration .tarted at the time of weighing on the 

first day after irrigation and was started and stopped at 7 

AM on every day thereafter resulting in estimates of 

evaporation for the period. between weighings of the KL's. 

Integration was carried out for nighttiae as well as daytime 

but, since the dew point was never reached, only positive 

valu.s of evaporation were su.aed. 

Regression of actual vs. estiaated evaporation with dWlUly 
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variables for the treatments showed a marked improvement in 

estimation (R2 = 0.66 vs. R2 = 0.55 for T
0 

and Td based on the 

sine functions of Equations 6-6 and 6-7) (Figure 6-7, Table 

6-3). This model still overestimated evaporation but less so 

than the model based on Equation 5-23 (Table 6-1). The new 

energy balance model (called EBM1) consisted of Equations 6-8, 

6-9 and. 6-10. 
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Fiqure 6-7. Comparison of evaporation estimated using (T
0 

-

Tq) c~lculated with Equation 6-5 (Sine function) (r2 = 0.49, 
s1mple regression) to that estimated using (T0 - Td) based on 
scaling from field soil temperatures using IR thermometer 
maxima and minima and Equations 6-8 and 6-9 (Thermistor) (r2 

= 0.64, simple regression). 
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Table '-3. 
Regression analyses for daily evaporation, E, (ma) with the 
estimated evaporation, Ent' (ma) fro. nuaerica~ integration of 
Equation 6-10, as the independent variable; and dummy 
variables for length ~nd wall type treat.ents. Aerodynamic 
resistance, r - 126 (U) - .96. Sumaation started at time of first 
weighing and from 7 AM to 7 AM thereafter. Negative values 
neglected. 

Model: E. - bo + b,Ent 

rl - 0.635, n - 136. 
parameter estimate 

intercept 
E.st 

-0.924 
0.765 

std. error 

0.163 
0.050 

significance 

0.000 
0.000 

Model: E. - bo + b,x, + blxl + ~x] + b4x4 + b5Xs + b6Ent 

+ b'6X'6 + bZ6xU + ~x]6 +b46x46 + b56x56 

See Appendix E for uplMlltlon of .. l. 

2 r - 0.659, n - 136 
parameter estimate std. error significance 

intercept -0.752 0.461 0.105 
x, 0.008 0.661 0.990 
Xl 0.241 0.594 0.685 
x] -0.638 0.602 0.291 
x4 0.016 0.569 0.978 
Xs -1.056 0.678 0.122 

Ent 0.697 0.132 0.000 
X'6 -0.015 0.201 0.940 
Xu -0.019 0.191 0.921 
x]6 0.163 0.174 0.349 
X46 0.015 0.168 0.930 
~ 0.342 0.191 0.076 

Equations: 
E. - -0.744 + 0.682 Ent' 10 ca, steel 
E. --0.511 + 0.678 E.t , 10 ca, pl.stic 
E. - -1.390 + 0.860 E.t , 20 ca, steel 
E. - -0.737 + 0.712 Ent , 20 ca, pl.stic 
E. - -1.809 + 1.039 E.t , 30 0., steel 
E. - -0.752 + 0.697 E.t , 30 em, p1.stic 
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Aerodynamic Resistance/Transfer Coefficients. 

The improved energy balance model (EBM1) presented in the 

previous section still over-estimated evaporation though less 

so than the original EBM. Also, EBM1 was still rather 

inaccurate. Examination of the soil to air temperature 

differences in Figures 3-5 through 3-8, shows that atmospheric 

conditions were stable at night and unstable during the day. 

The single aerodynamic resistance equation (Equation 5-11) 

would not be expected to perform well under both stability 

conditions, causing inaccuracy. Also, as previously stated, 

Equation 5-11 may underestimate r with a resulting over

estimation of E by the EBM1. In this section the effects of 

the aerodynamic resistance, r, on EBM1 will be investigated. 

Much of the literature deals with the inverse of r, which is 

the transfer coefficent, D. In what follows keep in mind 

that: 

D - l/r [6-11] 

stability Corr.ction. 

The transfer coefficient can be corrected with equations 

that include the soil to air te.perature diff.r.nc. (T. - T.). 

Kr.ith and S.ll.rs (1975) publish.d .quations for the transf.r 

co.ffici.nt over bare .oil in Arizona. For neutrally stable 

conditions the tran.fer coefficient for .en.ible h.at flux, 

0.., i •• qual to that for .o .. ntUII flux, D.: 
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[6-12] 

where k is von Karmann's constant - 0.4, u is the horizontal 

wind speed [m/s] at the height z, and zo is the roughness 

length in the same units as z. The roughness length was taken 

to be 0.03 cm for bare soil, as they did. 

For unstable conditions the value of Dh may be several 

times that of D. and was given by Kreith and Sellers as: 

[6-13] 

where u is in m/s and is measured at 2 m and (T. - T.) is in 

°e. For stable conditions ~ is smaller than D. and was given 

by: 

[6-14] 

The transfer coefficient can also be given in terms of the 

resistance used by Ben-Asher et al. (1983) by inverting 

Equation 5-11: 

~ - 1/r - 0.0079 uO.
96 [6-15] 

Values of ~ calculated fro. equations 6-12, 6-13, 6-14 

and 6-15 were plotted versus wind speed for several different 

values of (T. - T.) (Fiqure 6-8). Equation 5-11 overpredicts 

the transfer coefficient for bare soil as would be expected 
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since it originated from data for sugar beets. For example, 

the roughness length for crops is empirically given as 

(Rosenberg et al. 1983, Eq. 4.4): 

where z
0 

and h are in meters and h is the crop height. For a 

30 em tall sugar beet crop Equation 6-16 gives z~ = 3.9 em 

and, for wind speed measured at 2 m, Equation 6-12 reduces to: 

0. 06 

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

Ul 
'-....... 

s 
"-----" 

0.04 

~ 
w 
0 
u 
~ 0.02 w 
~ 
c.n 
z 0.01 
..:::t: 
~ 
~ 

0. DO 
0 

.... a · 
... o···· 

2 4 6 8 

WIND SPEED (m/s) 

-- + = Ben-Asher 

-- · = Dm , dT = 0 
············ o = Dh , dT = 10 

------ o = Dh, dT = 5 
--· o = Dh, dT = 2 

---I = Dh' dT = -2 

------ · I = Dh' dT = -5 
. .. . .. . .. . . I = Dh' dT =-10 

10 

Fiqure 6-8. Comparison of the transfer coefficient (inverse 
of the aerodynamic resistance) used by Ben-Asher et al. (1983) 
with that given by Kreith and Sellers (1975) for bare soil. 
Dm is for neutral atmospheric conditions; Dh is for unstable 
conditions [squares] or stable conditions [I • s] ; dT is the 
soil - air temperature difference. 

I 
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D. - 0.010 u [6-17] 

which is reasonably close to the inverse of Equation 5-11. 

The inverse of Equation 5-11 over-predicted the transfer 

coefficient for sensible heat flux when compared to the 

stability corrected transfer coefficients for bare soil 

published by Kreith and Sellers (1975) except at wind speeds 

less than 1 m/s and (T. - T.) qreater than zero. Here, it will 

be shown that the stability corrected transfer coefficients 

(Equations 6-12, 6-13 and 6-14) were not a qood replacement 

for the factor 1/r in EBM1 (Equation 6-10). However the 

transfer coefficient for neutral stability, Equation 6-12, 

does prove to be a qood replacement for 1/r and leads to an 

improved EBM. 

In order to use stability correction the EBM must be re

written with separate terms for sensible heat flux from dry 

and dryinq soils: 

I E dt - I [pCp (To - T.) 0..,0 - pCp (Td 

+ fa (T! - ~) ]/L. dt [6-18] 

where T. was the air t .. perature at 1.5.. Equations 6-12, 

6-13 and 6-14 were used to define 0..,0 with To replacinq T. and 

the sa.e equations were used to define o..,d with Td replacinq 

T.. The resultinq .odel consisted of Equations 6-8, 6-9, 
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6-12, 6-13 and 6-14, and 6-18. This model was numerically 

integrated with a 30 minute time .tep. Integration was 

started at the time of weighing on the first· day after 

irrigation and was started and stopped at 7 AM on every day 

thereafter. Integration was carried out for nighttime as well 

as daytime but negative values of evaporation were not summed. 

Regressing actual evaporation, E., against the predicted 

evaporation, EHt , resulted in the regression equation: 

E. - -1.26 + 0.87 EHt [6-19] 

The r2 value was lower (0.57 vs. 0.64, for simple regression) 

than obtained in the previous section and the intercept was 

farther from zero. The more negative intercept was caused by 

increased overestimation of evaporation for later days when 

evaporation was small. Conver.ely, on the first day after 

irrigation, e.timates of evaporation were le.s than those 

found in the previous .ection. 

Consideration of the field place.ent of .en.or., and of 

the reference dry .oil, provide. in.ight into the poor 

performance. Equation. 6-12, 6-13, and 6-14 are valid only 

within the internal boundary layer, a layer extending trom the 

ground upward within which the ao.entua tlux .hould be 

independent of height and within which a logaritmaic wind 

profile, characteri.tic ot the underlying .urtace, .hould 
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develop (Rosenberg et ale 1983>. This is because the 

derivation of Equation 6-12 assu.es the existence of a 

logarithmic wind profile which does not change from place to 

place in the field. The temperature difference (T. - T.> is 

only physically .eaningful under these conditions since 

computation of sensible heat flux by Equations 5-9 and 5-10 

implies an aerodynamic resistance or transfer coefficient that 

is single valued from the soil to the point of air temperature 

measurement. 

Air temperature was measured at a weather station at the 

east end of the field and was considered to be a good 

representation of the air temperature wi thin the internal 

boundary layer over the drying soil. Because the reference 

dry soil was in a small container (29 em diameter), isolated 

in the field of drying soil, the .easured air temperatures 

should not be used in Equations 6-13 and 6-14 to calculate Dh 

for the reference dry soil. In fact the thickness of the 

fully adjusted layer over the reference dry soil was only 

about 0.5 em (Rosenberg et ale 1983, Equation 4.7) so the air 

temperature relative to the reference would have to be 

.easured at less than 5 .. height in order to be useful in 

Equation. 6-13 and 6-14. 

In day ti.. the reference dry soil was a s .. ll, 

relatively hot, disk surrounded by a surface that was always 
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cooler and with air flow above which was always cooler. These 

circumstances suggest that buoyancy effects may have dominated 

in sensible heat transfer from the reference soil, in which 

case the effect of wind speed on the transfer coefficient 

might be reduced. 

Transfer Coefficient for Neutral Conditions and 
Second Improved Energy Balance Model. 

The stability corrected transfer coefficients proved to 

work poorly. One method of addressing this problem would be 

to use only Equation 6-12 to calculate the transfer 

coefficient, Dh, ignoring atmospheric stability conditions. 

Combining sensible heat flux terms in Equation 6-18 gave: 

(6-20] 

This model (call it EBM2), consisting of Equations 6-8, 6-9, 

6-20 and 6-12, was integrated under the conditions stated in 

the previous section. Regressing actual evaporation, E
8

, 

against the predicted evaporation, E resulted in the est 1 

regression equation: 

E8 = -0.84 + 1.60 EHt [6-21] 

with r 2 = 0.67. Regression using dummy variables for the ML 

treatments resulted in an R2 of 0.69 (Table 6-4). This model 
I 

was more accurate than EBM1 or the original EBM. Note that 
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the regression lines for steel and plastic ML's were a great 

deal different (Table 6-4). When a dummy variable was used 

only to differentiate wall material the regression line for 

plastic ML's was (Figure 6-9): 

E
8 

= -0.55 + 1.43 E
6

t 

The corresponding equation for steel ML's was: 

Ea = -1.25 

7 
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r2 = 0.62 

------- + = Steel. 

r2 = 0. 73 

[6-22] 

[6-23] 

Fiqure 6-9. Regression of actual evaporation vs. that 
estimated using Equation 6-20 numerically integrated from 7 
AM to 7 AM, using the transfer coefficient for neutral 
atmospheric conditions (Equation 6-12). 
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The slopes of these lines were significantly different at the 

5 percent level of probability. 

Obviously the model did not account for all physical 

differences between ML's. The difference is probably 

accounted for by a combination of the greater heat flux in 

steel ML's and the differences in sensible heat flux between 

plastic and steel ML's (sensible heat flux from exposed edges 

of steel ML's might be siqnificant but would not be reflected 

by the model). At 1.60, the slope for the regression of E. 

vs. EHt was the largest of any found so far. The model was no 

longer overestimating but now underestimated evaporation, at 

least when evaporation rates were high. The R2 value of 0.69 

(for regression of E. vs. EHt with dummy variables) 

represented a considerable improvement over the R2 of 0.55 

found for the original model. 
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Table '-4. 
Regression analyse. for daily evaporation, E, (am) with the 
estimated evaporation, E. t , (mm) fro. numerica~ integration of 
Equation 6-20, as the independent variable; and dummy 
variables for length and wall type treatments. Transfer 
coefficient given by Equation 6-12. Suaaation from 7 AM to 
7 AM but started at ti.e of first weiqhing. Negative values 
neglected. 

Model: E. - bo + b,E. t 

r2 - 0.668, n - 136. 
parameter estimate 

intercept 
E •• t 

-0.842 
1.602 

std. error 

0.148 
0.098 

significance 

0.000 
0.000 

Model: E. - bo + b,x, + bzxz + ~x3 + b4x4 + bsxs + b6E. t 

+ b'6X'6 + b26x26 + ~x36 +b46x46 + b56Xs6 

See Append! x E for .xplenet! on of .:!del. 

r2 - 0.694 I n - 136 
parameter estimate std. error significance 

intercept -0.672 0.415 0.108 
x, -0.100 0.596 0.868 
Xz 0.215 0.536 0.690 
Xl -0.554 0.540 0.308 
X4 0.071 0.512 0.890 
Xs -1.102 0.612 0.074 

E.t 1.463 0.257 0.000 
X'6 0.038 0.390 0.923 
XZ6 -0.032 0.371 0.932 
X36 0.286 0.334 0.394 
X46 -0.013 0.325 0.967 
Xs6 0.767 0.371 0.041 

Equations: 
E. - -0.772 + 1. 501 E.t , 10 CJI, steel 
E. - -0.458 + 1.431 B.tl 10 CJI , pl.stic 
E. - -1.226 + 1.749 E.t , 20 CJI, steel 
E. - -0.601 + 1.450 B.t , 20 CJI, pl.stic 
E. - -1.774 + 2.231 B.tl 30 em, steel 
E. - -0.672 + 1.463 B.t , 30 em, pl.stic 



Empirical Tranafer Coefficient and 
Third Improved Energy BAlance Model. 
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Use of Equation 6-12 to calculate the transfer 

coefficient for aenaible heat flux produced the belt results 

so far from the EBM. However, Equation 6-12 alsumed the 

presence of a logarithmic wind profile between the points of 

measurement of air temperature and soil temperature, a 

condition which did not exist in the case of the reference dry 

soil. It was possible that an empirical fit of the transfer 

coefficient function would improve model performance by better 

reflecting the conditions of the Itudy. 

An empirical transfer coefficient function for the 

reference dry loil, ~o' wal defined, al in Equation 6-15, in , 

terms of the wind Ipeed, u, [m/I] measured at 1.5 m: 

[6-24] 

where Co and c, were fitted coefficients. The tranlfer 

coefficient for drying soil, ~,d' was taken equal to that for 

neutral conditions (Equation 6-12). The coefficients used in 

the original EBM were Co - 0.00794 and c, - 0.96 for D. in m/s. 

The EBM thul consisted of Equations 6-8, 6-9, 6-18 and 6-12 

with Equation 6-24 describing the transfer coefficient for dry 

loil. 

A simple search was done for the -best- coefficients by 
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varying both coefficient. over a range of value., using the 

EBM to estimate E for all MLls on all days (9 days, 17 MLls) 

for each pair of coefficient value. and calculating the r2 and 

sum of squared error, SSE, fro. regre.sion of actual versus 

estimated E, for each pair of coefficient values. The range 

of values was 0.0500 to 0.0013 for Co and 1.00 to -0.2 for c,. 

The pair of coefficient. resulting in the lowest SSE were 

taken as the "best" coefficients. The .odel was integrated 

with a 30 minute time step. Integration began at the time of 

first weighing and was started and stopped at 7 AM on every 

day thereafter. Negative values of evaporation were not 

summed. 

The lowest value of SSE was 68.04 for Co - 0.00485 and c, 

- -0.18. A negative exponent in Equation 6-24 would give a 

value of Dho - ~ for zero wind speed, clearly an unrealistic 
• 

result but one made possible by the fact that the anemometer 

calibration used always gave wind speeds at or above 0.447 

m/s. When c, was li.ited to zero or positive values in the 

search the lowest value of SSE vas 68.12 for Co - 0.00427 and 

c, - zero. Both sets of values for Co and c, gave practically 

the aame value. of 0...0 when used in Equation 6-24 (Figure 

6-10), and gave nearly identical results when used in the EBM. 

The latter set with zero exponent vas chosen for use in the 

EBM since it is aore realistic at low wind speeds. Thus a new 
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model (call it EBM3) conaisted of Equations 6-8, 6-9 and 6-18 

with ~.d described by Equation 6-12 and ~.o described by: 

~ 
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[6-25] 

EquatIon 6-15 

EquatIon 6-12. 
VI th z = 150 CI 

and Zo = 0 03 cm 

b1 = 0 
b 0 = 0 00427 

b1 = -0 18 

bO = a 00485 

Wiqure '-10. Tranafer coefficient for sensible heat flux as 
predicted by two functions fro. the literature and the best 
fit functions fro. Experi .. nt 2 data. 
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Using EBM3 to estimate evaporation and regressing E. 

versus Eat resulted in: 

E. - -0.378 + 1.419 Eat [6-26] 

with r2 - 0.704. For regression of E. versus Eat' with dummy 

variables for the treataents, the RZ was 0.734, the highest 

so far attained (Table 6-5, Figure 6-11). 

Regression of E. vs. Eat for steel wall type only 

resulted in: 

E. - -0.690 + 1.62 Eat [6-27] 

with r2 - 0.79, and a similar regression for plastic gave: 

E. - -0.135 + 1.25 Eat [6-28] 

with r2 - 0.63. Regression lines found for the 3 lengths 

showed that the slopes for plastic MLIs were similar in value 

and the intercepts generally closer to zero than for steel 

(Table 6-5). This aodel appears to account for the important 

differenc.s betwe.n plastic MLis of different lengths. 

Although the range of slopes and intercepts for the 3 lengths 

of steel MLIs i •• till large, the.e differences aay be due to 

heat flux for which the aodel would not be expected to 

account. The aodel undere.tiaated evaporation on 4 of 8 days, 

tending to underestiaate evaporation early on and overestimate 

on the later days after irrigation (Table 6-6). 



209 

Table '-5. 
Regression ana1ys.s for daily evaporation, E, e .. > with the 
estimated evaporation, E.t , emm> fro. nuaerica\ integration of 
Equation 6-18 as the independent variable: and dumay variables 
for length and wall type treat.ents. Transfer coefficient for 
reference dry soil, Oh,O - 0.00427. 

Model: E. - bo + b,E.t 

rZ - 0.704, n - 136. 
parameter estimate 

intercept 
E •• t 

-0.378 
1.419 

std. error 

0.114 
0.079 

significance 

0.001 
0.000 

Model: E. - bo + b,x, + bzxz + ~x] + b4x4 + bsx, + b6E.t 

+ b'6x'6 + bZ6xZ6 + b]6x]6 +b46x46 + b56Xs6 

z r - 0.734, 
parameter 

intercept 
x, 
Xz 
x] 
x4 
X, 

Equations: 
E. --0.313 + 
E. - -0.037 + 
E. - -0.636 + 
E. - -0.179 + 
E. - -1.180 + 
E. - -0.236 + 

n - 136 
estimate 

-0.236 
-0.077 

0.199 
-0.399 

0.058 
-0.944 

1.287 
0.027 

-0.077 
0.218 

-0.012 
0.772 

1.315 E.t , 
1.211 E.t , 
1.506 E.t , 
1.275 E.t , 
2.059 E.t , 
1.287 E. t , 

std. error significance 

0.325 
0.446 
0.413 
0.418 
0.397 
0.471 
0.210 
0.308 
0.300 
0.270 
0.264 
0.300 

10 CII, 
10 CII, 
20 CII, 
20 CII, 
30 CJI, 
30 CII, 

steel 
plastic 
steel 
plastic 
steel 
pl.stic 

0.468 
0.864 
0.630 
0.340 
0.885 
0.047 
0.000 
0.930 
0.799 
0.421 
0.964 
0.011 
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riqur. 1-11. Evaporation from MLI. r.gr •••• d again.t 
predictions from mod.l u.in~ Equation 6-18. Corr.cted for 
time of first weighing. R - 0.734 for mod.l with dummy 
variables for ML tr.atments. Exchange coefficient for 
reference dry .oil, 0..,0 - 0.00427. 

The value of zero for the .xpon.nt in Equation 6-25 

indicate. that wind .pe.d had negligible .ff.ct on .en.ible 

heat flux fro. the dry .oil. Thi. r •• ult .upport. the id.a 

that buoyancy .ff.ct. w.r. of .uch gr.at.r iaportanc. for the 

reference dry .oil than for the fi.ld a. a whol.. Equation 

6-25 can b. con.id.r.d the dry .oil tran.f.r co.ffici.nt 
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Tabla ,-,. 

Average daily estimated evaporation (E .. }) from EBM3, average 
daily evaporation .easured by MLls (~ and the difference 
(Oiff) (mm) • 

Day 92 93 95 96 97 98 99 100 

E .. t 2.80 1.56 0.98 0.81 1.24 0.86 0.73 0.68 
EML 3.62 1.93 0.91 1.12 1.20 0.74 0.93 0.23 

oiff 1-0.82 -0.37 0.07 -0.31 0.04 0.12 -0.20 0.43 

function for unstable conditions since only positive half 

hourly values of evaporation were summed while finding the 

best fit coefficients. For the most part positive values 

occurred when the air was unstable. 
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Reprise of Model Assumptions. 

Of the 11 assumptions originally made for the model the 

following were rejected or replaced. The sine function 

approximation of soil surface temperatures (assumption 5) was 

rejected since it resulted in large overestimates of the (T
0 

- Td) term. Estimates of T
0 

and Td based on thermistor and IR 

thermometer measurements were generated on a half-hourly basis 

replacing the sine function. The assumption that To,min = Td,min 

(assumption 7) was shown to be incorrect by up to 4 °C and was 

no longer needed once the T0 and Td estimates were available. 

The assumption that [ (T~ - T~) = T! (T0 - Td) ] (assumption 6) was 

shown to be a very good approximation if T! was taken as· the 

instantaneous average of dry and drying soil temperatures. 

However, the assumption that T! was constant over a 12 h 

period (assumption 8) was shown to cause an error of about 

15%. Both assumptions 6 and 8 were no longer necessary once 

half-hourly temperature estimates were available. The 

assumption that wind speed was constant during daytime 

(assumption 9) was shown to introduce large errors in 

prediction and was rejected. 

wind speeds were used. 

Instead, half-hourly average 

The assumption that all energy flux terms were in phase 

with soil heat flux (assumption 10) is questionable. Latent 

heat flux, solar radiation and soil surface temperature were 
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obviously in phase and the first two were positive during 

daytime (Figures 6-4, 4-5 and 3-5 through 3-8). While in 

theory soil heat flux aay peak as much as 3 hour. earlier than 

soil temperature (Ben-Asher et a1. 1983), data pre.ented in 

Chapter 4 showed that .oi1 heat flux beca.e po.itive at about 

the same time as the radiation fluxes but peaked and became 

negative sooner, i.e. before sunset (Figure 4-5). Also, the 

assumption that latent heat flux was negligible except for the 

hours during which soil heat flux was positive (a •• umption 11) 

is questionable. However, both a.sumptions 10 and 11 were 

unnecessary once integration was performed over a 24 hour 

rather than a 12 hour period. 

Assumption 1, embodied in Equation 5-7: 

I [Go - Gd + I<ln(ao - ad)] dt « I L.E dt 

may be more likely to hold if integration i. perforaed over 

the full diurnal period .ince the .oil heat flux tera will 

balance to zero over 24 hour. un1e.. there i. gro.. heating 

or cooling of the .oil. However, in this .tudy gro •• cooling 

of the .oil by irrigation water did occur. Moreover, all 

three i.proved energy balance .odel. (EBM1, EBM2 and EBM3) 

performed better if negative value. of evaporation were 

neglected during integration. Thi •• ean. that perforaance was 

better if integration was performed only during dayti.e, i.e. 
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over about a 10 hour period. 

For the half of the diurnal period during which soil heat 

flux is positive, Fox (1968) showed the plausibility of 

Equation 5-7 based on the possibility that the greater 

positive heat flux in drying soil would be balanced by the 

larger amount of radiative energy available to the drying soil 

due to its lower albedo. This is possible if integration is 

for the period of positive heat flux and for times when the 

surface of the drying soil is moist. After first stage drying 

has ended, the soil surfaces have nearly the same albedo. 

Consequently the radiative terms in 8 would balance although 

the heat flux term would likely not balance over periods of 

positive soil heat flux. Thus, for integration over 12 hours, 

the assumption loses plausibility when first stage drying ends 

(after the second day in this experiaent). For integration 

over 24 hours the assumption is plausible for all times after 

first stage drying ends due to the facts that 1) the 

individual soil heat flux teras aay each balance to zero; and, 

2) the radiative tera should be zero due to similar albedos. 

Integration of the L.R.S. of Equation 5-7 over 24 hours during 

first stage drying would likely result in a non-zero sum due 

to the inequality of albedos, but the assumption aight still 

be plausible if the latent heat flux tera were auch larger 

than the combined heat flux and short wave radiation terms 
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during first .tage drying. In the next section it will be 

shown that neither argument holds for the conditions of this 

study. 

At this point only 4 assumption. (numbers 1 through 4 

above) were nece.sary for the .odel. No data were collected 

that would allow challenge to the assumption that aerodynamic 

resistance was stationary in space (assumption 3) but there 

may be a problem with using the quantity (To - T.) for 

calculating sensible heat flux from the reference dry soil 

when the air temperature, T. , was .easured outside of the 

internal boundary layer existing over the bucket holding the 

reference. The aerodyna.ic resi.tance equation (number 2, 

Equation 5-11) was replaced by the .ore appropriate Equations 

6-12 and Equation 6-25 which i.proved the .odel fit. AS8uming 

that 80il emis.ivity was con.tant at 0.95 (assumption 4) would 

introduce little error as e.i •• ivity varied within the 

expected range of 0.98 to 0.95. The a •• umption, that the 

transfer coefficients .ay be given by Equation. 6-12 and 6-25, 

may be somewhat inaccurate. But, the fir.t a •• umption, 

represented by Equation 5-7, i. now the a •• umption .o.t likely 

to lead to .odel inaccuracy. The following .ection will 

examine the .oil heat flux and .hortwave radiation ter.. in 

Equation 5-7. 
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Neglected Terms in Energy BAlAnCe Model. 

At this point three steps hAve been taken to improve the 

EBM. First, integration was changed from a daily basis to A 

half-hourly time step thus improving the interaction between 

wind speed, which determines the tran.fer coefficient for 

sensible heat flux, and soil t.mperatur. which is related to 

the energy available for sensible, latent, longwave and soil 

heat fluxes. Second, an accurate method for predicting 

surface temperatures in MLls and the reference dry 80il was 

demonstrated. The method, consisting of Equations 6-8 and 6-9 

was used to substitute for Equation 5-21 (which was the sine 

WAve ApproximAtion for surfAce temperAtures) resulting in 

EBMI. FinAlly, the transfer coefficients for .ensible heAt 

flux from dry and drying soils were found to be better 

represented by Equations 6-25 and 6-12, r.spectively, 

resulting in EBM3 which consi.ted of Equation. 6-18, 6-12, 

6-25, 6-8 and 6-9. 

Th •• e improvements l.ad to an R2 value of 0.73 when E •• t 

from EBM3 was r.gr •••• d against E., with dummy variables to 

eliminate the eff.ct. of ML tr.ata.nt.. Th •• ame regr ••• ion 

using E.t fro. the original EBM gave an R2 of only 0.55. EBM3 

i •• till .om.what i.pr.ci •• ( ••• point .catt.r in Figur. 6-11) 

And t.nds to und.r •• ti .. t. .vaporation i .. ediat.ly aft.r 

irrigation and ov.r •• ti.at. it lat.r on. 
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The remaining assumptions likely to cause model 

inaccuracy are that the transfer coefficients can be given by 

Equations 6-25 and 6-12, and the assUllption that thOe soil heat 

flux and reflected shortwave radiation terms in Equation 5-7 

are negligible. The following subsections will examine first 

the soil heat flux term, then the solar radiation term, and 

finally the combined effect of these terms in Equation 5-7. 

Soil Temperature and Heat Flux. 

If there is no net soil warming or cooling then the 

diurnal net soil heat flux is zero, a priori. In an irrigated 

field it is unlikely that such a condition would exist since 

the addition of large amounts of water can greatly change both 

soil temperature and heat capacity. Considerable differences 

between plastic and steel ML I S in net soil heat flux were 

shown in Chapter 4 where it was also shown that net heat flux 

in plastic MLls was close in aagnitude to that in the field 

soil. In fact the largest net heat fluxes calculated for 

plastic MLls and field soil were identical at 0.84 .. per day. 

In this section estimates will be aade of the heat flux in a 

dry soil so that an evaluation of the heat flux term in 

Equation 5-7 aay be .. de. 

For a dry soil, the daily net soil heat flux should be 

that amount associated vith the annual cycle of soil heating 



218 

and cooling plus any daily deviation. due to cloudine.. and 

air temperature changes. Matthia. and Warrick (1987) 

presented equations describing the annual .ubsurface soil 

temperature at 5 em under bare .oil for two locations in 

Arizona. The Yuma location was quite dry, receiving only 65 

mm of rain during the year of the .tudy, and the .ilty clay 

soil was similar to that in the present study. Annual air 

temperature and in.olation patterns are similar at Yuma and 

Marana. Ignoring the diurnal cycle, the annual cycle of 

temperature at Yuma was well repre.ented (RZ - 0.975) by two 

harmonics: 

T(x,t) - Ao + A, exp(-(x-x' )<iy,) .in (wt + B, - (x-x' )<iy,) 

+ Az exp (- (x-x' ) <iyz) .in (2wt + Bz - (x-x') <iyz) 

[6-29] 

where, Ao is the annual .ean t .. perature at depth x', A, and 

Az are the amplitudes of temperature for terms 1 and 2, B, and 

Bz are the respective pha.e angle. at depth x', the damping 

depths in em are: 

<iy, _ (wI (3650» 1/Z 

<iyz - (2wl (3650) ) 1/Z 

o is the theraal diffu.ivity [caZ dO'], t i. ti .. [d], and w 

- 2w/365. For .. an daily t .. perature at x'-5 ca, Ao-26.40, 

A,-10.33, Az-1.42, B,-4.32, and Bz-5.95. OVer a one year 
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period, the effective thermal diffusivity was found to average 

110 cm2 d-1 with std. dev. = 80 cm2 d- 1
• 

Equation 6-29 is a solution to the diffusion equation for 

heat conduction in one dimension (Equation 4-1, Chapter 4) The 

soil heat flux, G, is given by Equation 4-2, Chapter 4 as 

G = -k aTiax where k is the thermal conductivity [J d-1 cm-1 

K- 1
] • . This is Fourier's law of heat conduction for constant 

conductivity. Differentiating Equation 6-29 with respect to 

x (x is positive downward) gives 

aTiax = -A1dy1 exp (- (x-x I) dy1) sin (wt + a, - (x-x I) dy1 + 1lj 4) 

-A2dy2 exp (- (x-x') dy2 ) sin ( 2wt + B2 - (x-x') dy2 + ur 14) 

[6-30] 

Replacing aTiax in Equation 4-2 with the R.H.S. of Equation 

6-30, letting x = 0, and using the amplitudes and phase angles 

given above, we have the soil heat flux at the surface: 

G = 1 o • 3 3 kdY1 exp ( 5~1 ) sin ( 2 7rtl 3 6 5 + 4 • 3 2 + ,. 14 + 5dy1 ) 

+ 1.42 kdy2 exp(5dy2 ) sin(47rtl365 + 5.95 + 71'14 + 5dy2 ) 

[6-31] 

Assuming an average water content of o. 05 m3 m-3 the heat 

capacity was evaluated as 1. 23 MJ m-3 K- 1 using Equation 4-4. 

Combining this with the effective diffusivity of 110 cm2 d-1 

gives a the:pnal conductivity of 135 J cm- 1 d-1 K- 1 • Evaluation 
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i i k J d-1 _-1 .-1 and a _ 110 _2 d- 1 of Equat on 6-31 u. n9 - 135 __ n __ 

shows that the daily net .oil heat flux, re.ulting from the 

annual temperature cycle, never exceeds an absolute value 

equivalent to 0.06 mm of water (Figure 6-12). In early April 

the calculated daily net heat flux was about 0.02 .. per day, 

a negligible amount. 

Diurnal deviations from the annual temperature cycle in 

dry soil may be caused by phenomena including cloudine.. and 

regional air temperature changes. In Chapter 4 the daily net 

soil heat flux in drying soil was calculated to average 0.67 

mm with a low of 0.26 mm on the day after irrigation and a 

high of 0.84 mm. This leads to the conclusion that the heat 

flux term in Equation 5-7 aay have been as large as 0.8 mm per 

day. 
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Wiqure '-12. Daily net soil heat flux (mm of water 
equivalent) due to the annual temperature cycle, from Equation 
6-31. 
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Reflected Short 'Aye RAdiAtion. 

The previous discussion deAlt with the soil heAt flux 

terms in Equation 5-7: 

I [Go - Gd + Kfn(oo - ad)] dt « I L.E dt 

Here, the possible range of values of the short wave radiation 

term, Kfn(ao - ad)' will be discussed. The largest values of 

this term will occur immediately after irrigation when the 

albedo, ad' of the drying soil is much lower than that of the 

dry soil, ao ' When the soil has reached stage III drying 

there will be virtually no difference in albedo and the value 

of the short WAve radiation term will be zero. The value of 

albedo for a clay loam soil, similar to the one studied here 

but located in Phoenix, Arizona (Idso and Reginato 1974, raked 

soil), varied from 0.26 when dry to 0.12 when wet. 

Unfortunately, the rate of change of albedo varies widely 

making it difficult to predict how the value of (00 - ad) in 

Equation 5-7 will VAry with tiae. After irrigation in summer 

in a semi-arid cliaate the soil aldedo aay equal that of a dry 

soil within 5 dAYS or less while during winter in the s .. e 

climate it aay be up to 3 weeks before the soil surface dries 

sufficiently so thAt 00 equals ad' Moreover, the albedo of the 

drying soil mAy chAnge quickly during the daylight hour. 

varying from near wet soil values to near dry soil values in 
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a single day; and then, with re-wetting ot the soil surface 

at night, albedo may again be close to that ot a wet soil the 

next morning (Idso et al. 1974). 

Not only may albedo vary with soil water content but it 

also varies with the solar zenith angle with albedo being 

highest near dawn and dusk (Monteith and Sziecz 1962, Idso et 

al. 1974, Aase and Idso 1975). But examination of the data 

of Idso et al. (1974, 1975) shows that the ditference between 

dry and wet soil albedos remains almost constant regardless 

of time of day or year. For a raked Avondale clay loam at 

Phoenix the ditterence in albedos, a o - aw' is 0.14. This 

soil has clay and organic matter contents similar to those of 

the Pima clay loam used in the present study. Since particle 

size and organic matter content are, along with water content 

and surface roughness, major determinants ot soil albedo 

(Bowers and Hanks 1965), the albedos ot the Pima and Avondale 

clay loams should be similar. 

Since surtace roughness ot the tield soil was similar to 

that of the raked Avondale clay loam, the ditterence in 

albedos, ao - aw - 0.14, was assuaed t·' be valid tor the Pima 

clay loam. Solar radiation, Ra, data tro. day 92 were used 

since it was cloudless and calculations were pertoraed by 

multiplying the halt-hourly average solar radiation by 0.14 

and sWlllDing the result tor all positive values ot Ra. The 
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maximum value of the radiation ter. in Equation 5-7 was thus 

found to be 1.36 mmld for the conditions of this study. 

Eyaluation of Neglected Terms. 

Both the heat flux and radiation terms in Equation 5-7 

have been investigated in previous sections. Equation 5-7 is: 

I [Go - Gd + Ktn(oo - 0d)] dt « I L.E dt 

and was the first assumption used in the formulation of the 

energy balance model used in this study to predict evaporation 

from bare soil. To the degree that Equation 5-7 is untrue the 

energy balance model will prove inaccurate. Because the 

albedos were not known for intermediate days the value of the 

L.H.S. of Equation 5-7 could only be predicted for days 

immediately after irrigation, when (00 - 0d) - 0.14 was 

assumed, and for days sufficiently far from irrigation that 

(00 - 0d) - O. From field observations the latter condition 

occurred by day 99. 

Table 6-7 gives the values of the individual ter.a in the 

L. H. S. of Equation 5-7 for days 92, 93, 99 and 100. The 

maximum value of dry soil net daily heat flux, calculated 

earlier, was used for all days. Net drying soil heat flux 

values were the average of values for MLls with closed bottoms 

from Table 4-11. The absolute value of the L.H.S. of Equation 
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'l'a))le '-7. 
Daily integrated values of terms in L.B.S. of Equation 5-7, 
in equivalent JIIJIl of water evaporated, co.pared to average 
evaporation from ML's [Ave. E) in JIIJIl. 

Radiation Beat flux Ave. , of 
Day ao-ad Term Go Gd Term L.B.S. E Ave. E 

92 0.14 1. 36 <-0.06 0.80 <--0.74 <-0.62 3.62 17' 
93 0.14 1.18 <-0.06 0.64 <--0.58 <-0.60 1.93 31' 

99 0.0 0.0 <-0.06 0.90 <--0.84 <--0.84 0.93 90' 
100 0.0 0.0 <-0.06 0.76 <--0.70 <--0.70 0.23 304' 

5-7 varied from a high of 0.84 JIIJIl on day 99 to a low of 0.60 

mm on day 93 when the radiation and heat flux terms most 

nearly canceled. Since the ML's were weighed late on day 92 

it is probably feasible to assume that average evaporation was 

closer to 7 mm, the maximum value recorded and slightly less 

than the potential ET for that day. With that assumption the 

L.B.S. would be 9' rather than 17' of the R.B.S. in Equation 

5-7 for the first day after irrigation. On the .econd day 

after irrigation the L.B.S. is 31' of the R.B.S. If the value 

of (ao - ad) were taken to be .aaller on the .econd day, as it 

well .ight be, this percentage would be .aaller. 

In principle, if the value. of the L.B.S. of Equation 5-7 

were added to the average aodel e.tiaate. then the e.ti.ates 

should be corrected to aore accurately reflect average actual 

evaporation. Addition of the 0.62 am value of the L.B.S. for 
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day 92 to the estimated evaporation of 2.70 mm (EBM3, Table 

6-6) gave 3.42 IOD, much clo.er to the •• a.ur.d av.rage 

evaporation of 3.62 IOD. performing the .ame addition for day 

93 gave 2.16 IOD, fairly clo.e to the actual average 

evaporation of 1.93 Mm. For day. 99 and 100 the re.ults were 

not so convincing. Addition of the L.H.S. values to the 

average estimated evaporation for days 99 and 100 gave values 

of -0.11 and -0.02, re.pectively, when .vaporation from MLls 

averaged 0.93 and 0.23 mm for the same days. A possible cause 

for this behavior is that net .oil heat flux in the dry soil 

was higher than that calculated u.ing Equation 6-31. This 

could easily be true .ince the ref.r.nce soil was buried in 

the relatively cooler field and net heat flux in the field was 

considerably larger than that calculat.d by Equation 6-31 (see 

Table 4-11). 

The value L.H.S./R.H.S. may incr.as. for a time after 

irrigation as the evaporation rate decrea.e •• ore rapidly than 

the L.H.S., but it i. cl.ar that, a. the radiation t.rm 

becomes smaller and the heat flux t.ra b.co •••• or. n.gativ., 

the absolute value of the L.H.S. beco... z.ro at .ome 

und.t.rmined ti.. aft.r irrigation. Aft.r this ti.. the 

radiation t.rm goe. to z.ro and the h.at flux t.ra beco ••• 

incr.a.ingly negative (up to a point), while the av.rage 

evaporation d.cr.a.... On the 9th day aft.r irrigation the 
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L.H.S. was 304' of the measured evaporation. These 

calculations show the L.H.S. to be a auch larger percentage 

of daily evaporation than did the calculations of Ben-Asher 

et al. (1983) who found the L.H.S. to attain a maximum of 55' 

of daily evaporation on the 11th day after irrigation. The 

idea of the L.H.S. being positive immediately after 

irrigation, then going through zero to become negative on 

later days, is consistent with the behavior of EBM3 which 

tended to underestimate evaporation immediately after 

irrigation and to overestimate later on (Table 6-6). 

Several conclusions seem warranted. The assumption 

represented by Equation 5-7 was, for the most part, not true 

for the conditions of this experiment. There may be 50me 

conditions for which Equation 5-7 is true. If soil warming 

or cooling is small and evaporative demand is large then 

Equation 5-7 may be more or Ie •• valid, becoming increasingly 

valid a. the soil surface dries and albedo approaches its dry 

soil value. High evaporative de.and is most likely to occur 

during summer in an arid or seai-arid cliaate, but irrigation 

in summertime is likely to cool the soil aarkedly with a 

resulting large net daily heat flux. In winter the value of 

(00 - 0d) is likely to r_ain high for aany days with different 

effects vis-a-vis Equation 5-7 depending on the concurrent 

magnitude of soil heat flux. 
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Summary. 

Both energy balance models EBM2 (Equations 6-8, 6-9, 6-20 

and 6-12) and EBM3 (Equations 6-8, 6-9, 6-25, 6-12 and 6-18) 

were significant improvements over the original EBM. This 

improvement resulted from three major changes in the model. 

Integrating with a half hour time .tep, instead of a 12 hour 

time step, allowed better interaction between temperature and 

wind speed effects. The introduction of a relatively easy 

method of accurately estimating soil surface temperature at 

small time intervals at many points in the field (Equations 

6-8 and 6-9) resulted in much better predictions of 

evaporation. Likewise, the introduction of more appropriate 

forms of the transfer coefficient for sensible heat flux 

(Equations 6-25 and 6-12) improved model performance. A 

computer program incorporating these features is listed in 

Appendix G. In the next chapter estimate. from both EBM2 and 

EBM3 will be compared to actual evaporation measured during 

Experiment 3. 

With these change. the number of assumption. needed to 

formulate the model dropped from 11 to 4 resulting in a aore 

physically based, less e.pirical .odel. The four assumptions 

still necessary to the .odel were the first four enumerated 

in Chapter 5 with the exception that the aerodynamic 

resistance of assumption 2 was traded for the transfer 
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coefficients of Equations 6-25 and 6-12 for dry and drying 

soils, respectively. 

It was found that the soil heat flux and shortwave 

radiation terms should not be neglected (Equation 5-7, 1st 

assumption). Attention should be placed on .ethods of 

estimating these terms. Field estimates of albedo may be made 

by eye, especially if the limits of albedo are known for the 

soil, and could be accurate enough for first order estimates 

of the radiation term. But the development of a portable hand 

held device, similar to the infrared thermometer in concept, 

would be very helpful. If such a device could be incorporated 

into the infrared thermometer both temperature and albedo 

could be measured simultaneously. 

The soil heat flux term in Equation 5-7 could be measured 

at one location and data recorded on the same device used to 

record weather data. If heat flux were relatively invariable 

in space this approach would appreciably improve the estimates 

of evaporation from the energy balance model. Even if only 

the soil heat flux term were evaluated the .odel would be 

substantially improved since the radiation term is largest 

when daily evaporation is largest and thus has relatively less 

influence on the percent error than does the soil heat flux. 

Measurement and/or .odeling of soil heat flux in the reference 

is also needed to adequately describe the heat flux term. 
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Since the dew point was never reached in the field, 

negative half-hourly values of evaporation were neglected when 

integrating the improved EBM's with the result that model 

performance improved slightly. This aaounted to a shortening 

of the period of summation from 24 hours to about 10 hours. 

Underestimation of evaporation by EBM3 on the first two days 

after irrigation was largely explained by considering 

estimates of the neglected terms. Addition of estimates of 

the neglected terms to predicted evaporation for the last two 

days resulted in negative values which were most likely due 

to underestimation of the heat flux in the reference dry soil. 

From the discussion on transfer coefficients it seems 

that Equations 6-25 and 6-12 did not fully describe sensible 

heat flux under our conditions. For instance, an attempt at 

stability correction of the transfer coefficient failed. 

However, the combined use of Equations 6-25 and 6-12 improved 

the predictive ability of the energy balance model greatly, 

with EBM3 explaining about 73 , of the variability in 

evaporation versus about 55 , explained by the original EBM. 

Experimental work should be done to accurately .easure the 

sensible heat flux fro. the reference dry soil. This problem 

seems daunting given the need to avoid interference with 

insolation and air .ov .. ent over the reference but perhaps 

eddy correlation techniques are a valid path. 
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Chapter 7. 

ENERGY BALANCE MODEL OF EVAPORATION: 
EXPERIMENT 3 

Two improved versions of the EBM were demonstrated in 

Chapter 5. These were EBM2 and EBM3, and they differed only 

in that EBM3 used a separate empirically fitted transfer 

coefficient function for sensible heat flux from the reference 

dry soil. In this chapter validation of EBM2 and EBM3 is 

attempted using the data from Run 2 of Experiment 3. Also, 

a fourth and final form of the EBM (EBM4) is introduced. EBM4 

features an empirical transfer coefticient function that was 

best fit using the Experiment 3 data set which was both larger 

and more precise than the Experiment ~ data set. 

The loss of soil temperature data precluded validaton 

against data from Run 1. The data consisted of daily ML mass 

changes measured between 7 and 8 AM each day; meteorological 

data gathered on a 15 minute interval at weather stations 

situated at opposite ends of the field; soil temperature data 

recorded on a 15 minute basis at 0, 15 and 30 em depth at a 

mid-tield location; and ML and reterence dry soil daily 

minimum and aaxi.ua te.peratures .easured by infrared 

thermometer. 'The 57 MLls were arranged in the field as shown 

in Figure 2-4. Irrigation was on day 328 and .eaaure.ents 

were taken on days 329 through 338. 
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validation. 

Both evaporation models (EBM2 and EBM3) were numerically 

integrated on a 15 minute time step from 7:30 AM on each day 

until 7: 30 AM on the next day (approximate time of ML 

weighing). For each ML, soil surface temperatures, Td , were 

scaled from temperatures, FT, measured at 2 mid-field 

locations (thermistors '1 and '4) using the daily maximum and 

minimum IR temperatures. Equation 6-8 was used to scale the 

temperatures but the definition of FL.fn was changed depending 

on time of day: 

where 

b, = (MLIR... - MLIR.fn) / (FL.u - FL.fn) 

bo = MLIR... - b, (FL.u) 

[7-1] 

[7-2] 

[7-3] 

and where FL." was the maximum field soil temperature measured 

by thermistor. From 7: 30 AM to 1: 00 PM, FL.fn was the minimum 

field soil temperature .easured by thermistor on the current 

day. From 1: 00 PM until 7: 30 AM on the next day, FL.fn was 

defined as the minimum temperature .easured on the next day. 

This method gave better response to changing temperatures as 

cold or warm fronts .oved in than did the .ethod used in 

Chapter 5. 

Reference dry soil surface temperatures were scaled using 
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IR temperatures in the same fashion but, since no thermistor 

measurements were made of the reference temperature, the 

thermistor temperatures from the mid-field locations were used 

instead as the base for scaling. Only positive values of 

evaporation were summed since the dewpoint was never reached 

during Experiment 2. 

To evaluate model output, regressions of actual, E., 

versus estimated evaporation, EHt , were performed. Results 

varied depending on which thermistor location ('1 or '2) was 

used for surface temperature data; and, depending on which 

model was used (Table 7-1). The rZ value was lowest, at 0.67, 

for thermistor location '1 and EBM2, rising to 0.72 when 

thermistor '4 was used. This result indicated sensitivity to 

thermistor placement. Two problems were apparent in field 

use of the thermistors for surface temperature .easurements. 

First, the thermistor provides nearly a point .easurement 

whereas an areal average .easurement .ight be more appropriate 

for use in the EBM. Second, it was difficult to place and 

maintain the thermistors just beneath the surface. Depending 

on placement the thermistors could give a .easure.ent of 

temperature just below the surface or, if exposed to the sun, 

could give overestimates of surface teaperature. When EBM3 

was used, the difference in rl values was lower with values of 

0.76 and 0.78 when thermistors '1 and '4 were used, 
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respectively. 

Equations for regre.sion of actual evaporation versus that 
estimated by E8M2, E8M3 and EBM4 using either thermistor '1 
or '4 for temperature data. 

IDH~i ON 0 -
0.0022 u 

ThtU:::m1It~U: t1 
, 

EL - -1.192 + 1. 021 Ent , r2- 0.667 
~ ~u:m1ItQ[ t~ 
E - -1.162 + 1.023 Ent , 

r2 _ 0.720 • 
~DHJi °N,O - 0.00427 

~b~DD1ItQ[ '1 
E - -1.555 + 1.232 Ent , 

r2 _ 0.760 
~L~DD1ItQ[ t~ 
E. - -1. 462 + 1. 219 Ent , 

r2 _ 0.778 

EDH~i ON 0 - 0.00383 
~b~DD1ItQ[ '1 

, 

E - -1.452 + 1.227 Ent , 
r2 _ 0.767 

~LIDD1.tQ[ I~ 
E - -1.378 + 1. 218 Ent , 

r2 _ 
0.780 • 

The di fference between EBM2 and EBM3 was the use, in 

E8M3, of an empirically fitted function for the transfer 

coefficient for .ensible heat flux from dry .oil. The higher 

and more consi.tent r2 value. indicated both that the transfer 

coefficient function i.proved .odel performance and that its 

use tended to eliminate difference. due to the different 

thermi.tors. Regardle.. of the therai.tor u.ed for 

temperature data, 88M3 explained .ore of the variability in 

evaporation than did the tera (To,.. - Td, .. ). Regre •• ion of 

E. ver.us (To, .. - Td, ... ) re.ulted in an r2 value of 0.70. 

---~~-~ -~-
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The Experiment 3 data set was both larger (57 IL vs. 17 

ML) and more precise (weighing of IL'S was more precise for 

Experiment 3) than the Experiment 2 data set used in the 

fitting of parameters for the empirical transfer coefficient 

function developed in Chapter 6 (Equation 6-25). Therefore 

a second search was conducted for the "best" fit parameters 

in the function for the sensible heat flux transfer 

coefficient, ~,o' for the reference dry .oi1. 

this function had the form: 

Recall that 

where Co and c, were the parameters to be fitted. The values 

of Co and c, were varied from 0.005 to 0.002 and from 0.5 to 

-0.1, respectively. For every colibination of Co a:ld c" values 

of daily evaporation were estimated for the 57 IL'S and 9 days 

and the sum of squared error (SSE) was calculated for .easured 

vs. estimated evaporation. Te.perature data fro. theraistor 

'4 were used. Values of Co and c, resulting in the lowest SSE 

were considered the best fit values. The best fit values were 

0.00383 and -0.002 for Co and c" respectively. When the value 

of c, wa. fixed at zero the best fit value for Co was again 

0.00383. Therefore the value of c, was left at zero. 
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The best fit transfer coefficient function was thus 

established as: 

0,,0 - 0.00383 , [7-5] 

The r2 value was 0.780 for regression of e.timated vs. 

measured evaporation, only slightly better than that obtained 

when using Equation 6-25 for the transfer coefficient for dry 

soil (i.e. EBM3, Table 7-1). However, since the data set was 

judged better than that used previously, Equation 7-5 was 

adopted as the final form of the transfer coefficient 

function. The fourth improved energy balance model (call it 

EBM4) thus consisted of Equation 6-18 with dry and drying soil 

temperatures given by Equations 6-8 and 6-9, repectively, and 

with n and -h,d n given by Equations 
~,o 6-12 and 7-5, 

respectively. 

When temperature data from th.rmistor '1 were used with 

EBM4 to e.timate evaporation the r.gr ••• ion of E. vs. E .. t 

result.d in a regr.ssion r.lationship and r2 value that were 

n.arly id.ntical to those found using th.rmistor '4 data 

(Table 7-1). Comparing the r.sults using fir.t EMB2, then 

EBM3 and finally EBM4 (Table 7-1), .ach with an improv.d 

function d.scribing s.nsibl. h.at flux, it is cl.ar that the 

s.nsitivity to the sourc. of soil t •• peratur. data d.cr.a •••• 

Thu. it app.ars that, with a proper function d.scribing 0,,0' , 
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the model is nearly insensitive to the provenance of soil 

temperature data so long as those data are properly scaled 

using Equations 6-8 and 6-9. 
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------- = Equation 6-25. 

-- = Equation 7-5. 

Fiqure 7-1. Transfer coefficient for sensible heat flux as 
predicted by two functions from the literature and by the best 
fit functions obtained using data from Experiment 2 (Equation 
6-25) and Experiment 3 (Equation 7-5). 

Despite the small difference between Equations 6-25 and 

7-5, both of these best fit functions predict transfer 

coefficient ,values which are quite similar and much different 

from values predicted by Equation 6-15, which was used in the 
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original EBM, and Equation 6-12 which was used in EBM2 (Figure 

7-1). The fact that the best fit exponent was practically 

zero, when Experiment 3 data were used, supports the idea that 

wind speed was not important in determining the sensible heat 

flux from the reference dry soil. Clearly sensible heat flux 

from the reference was dominated by free convection. 

Consideration of Additional Teras. 

EBM4 underestimated evaporation on the first day after 

irrigation and overestimated on .ub.equent day. (Figure 7-2). 

Although data from the first day plotted .omewhat apart from 

that for later days there was no reason to omit the first day 

data. 

The shortwave radiation and .oil heat flux terms in the 

L.H.S. of Equation 5-7 were neglected in EBM4 as in all 

previous versions of the EBM. In Chapter 6 the.e term. were 

found to be important and corrective if included in the .odel. 

Thus the L.H.S. was e.ti.ated on a daily ba.i. for the Run 2, 

Experiment 3 data in order to .ee if it. inclu.ion would 

improve model e.ti.ate •• 

Net daily .hortwave radiation was calculated u.ing albedo 

value. for the Avondale clay 10 .. at Phoenix in early December 

for the day. i .. ediately after an irrigation of 25 ca (Id.o 

et ale 1974). Though the Run 2 irrigation was only 2.4 ca it 
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Regression . 

r2 = 0.7 8 

1 :1 line . 

Fiqure 7-2. Regression of measured versus estimated (EBM4) 
evaporation for Run 2, Experiment 3. 

was preceded by an irrigation of 2.3 em and 2 rains in the 

previous month and the soil was near saturation to at least 

the 30 em depth after irrigation. Therefore the rate of 

change of albedo observed in Phoenix was assumed to be close 

to that occurring for Run 2. The albedo for dry Avondale soil 

was o. 3 0. Daily albedos assumed for the drying soil are shown 

in Table 7-3. Net daily shortwave radiation was calculated 

from solar radiation, measured on a 15 minute interval, by 
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numerically integrating over 24 hours starting at 7:30 AM. 

Table 7-2. 

Apparent thermal diffusivities fro. harmonic analysis on 
7:30 AM to 7:30 AM data and on .idnight to midnight data. 
Second run 1986. 

T.-peretur. T...,. 
Dey Surfec:. 15C11 D I 15C11 r2 net G 30CII D I 30CII r2 net G 

7i30 to 7i30. 
327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 

10.46 
9.59 
8.30 
7.32 
8.33 
9.85 
9.70 
7.07 
7.77 
8.26 
9.78 

12.44 

o to 24 houCl. 
327 
328 
329 
330 
331 
332 
m 
334 
335 
336 
337 
318 

8.39 
7.31 
8.36 
9.41 

10.12 
7.67 
7.52 
1.17 
9.03 

10.30 

14.27 0.002313 0.67 
13.24 0.002697 0.12 
11.69 0.002559 0 •• 
11.09 0.002971 0.95 
11.23 0.002954 0.98 
11.51 0.002967 0.98 
11.81 0.002118 0.94 
10.94 0.002712 0.75 
10.51 0.002121 0.96 
10.51 0.002849 0.96 
10.90 0.002155 0.97 
11.52 0.003133 0.70 

12.22 0.001931 
11.21 0.002715 
11.30 0.003024 
11.46 0.003091 
11.93 0.002IW5 
11.42 0.002296 
10.64 0.002750 
10.63 0.002lI0 
10.8 0.002919 
11.30 0.003134 

0.11 
0.99 
0.98 
0.95 
0.97 
0 •• 
0.97 
0.96 
0.96 
0.93 

-0.509 
-0.787 
-0.554 
-0.630 
-0.462 
-0.209 
-0.378 
-0.625 
-0.357 
-0.342 
-0.017 
0.424 

15.91 0.001903 0.70 
15.11 0.001999 0.67 
13.99 0.00037'0 0.44 
13.17 0.002759 0.31 
12.17 0.003549 0.7'0 
12.11 0.003769 0.11 
12.98 0.003561 0.71 
12.69 0.002605 0.29 
12.19 0.003217 0.66 
12.03 0.003412 0.73 
12.06 0.003721 0.16 
12.21 0.004254 0.60 

14.51 0.00297'0 
13.51 0.003575 
13.04 0.003623 
12.95 0.003673 
13.01 0.003537 
12.98 0.003273 
12.42 0.003522 
12.19 0.003572 
12.14 0.003571 
12.34 0.0037'01 

0.52 
0.73 
0.99 
0.94 
0.17 
0.90 
0.96 
0.98 
0 .• 
0.14 

-0.329 
·0.555 
0.044 

-0.723 
-0.410 
-0.194 
-0.319 
-0.419 
-0.359 
·0.335 
0.000 
0.493 

-0.442 
-0.926 
·0.607 
·0.603 
-0.406 
-0.155 
-0.260 
-0.676 
-0.398 
-0.251 
-0.206 
0.051 

Prior to calculating soil heat flux, the apparent soil 

thermal diffusivity was calculated by the haraonic analysis 

method described in Chapter 4. Diffusivities were found for 

the 0 to 24 hour period of each day and also for the 24 hour 

period starting at 7:30 AM each day. Apparent diffusivities 

(Figure 7-3) were sensitive to three factors: 1) depth of the 

layer, whether 0 to 15 ca or 0 to 30 ca; 2) the starting ti.e 
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of the 24 hour period used in the analysis; and 3) large 

changes in average soil temperature from day to day (Figure 

3-26). 

Diffusivities for the surface to 15 em layer showed 

better correlation between actual and predicted temperatures 

than did those for the surface to 30 em layer (Table 7-2). 

Low correlations also occurred when there were large shifts 

in air and soil surface temperature, e.g. days 333-334. These 

problems were a direct result of the fact that the harmonic 

method assumed no net daily soil heat flux while in fact the 

net flux was not only non-zero but varied considerably from 

day to day. Apparent diffusivities calculated using data for 

the 0 to 15 em layer over the 7:30 to 7:30 period showed the 

least variability and reasonably high correlation coefficients 

for the harmonic method. Therefore these diffusivities were 

used in the heat flux calculations. 

Net daily soil heat flux was calculated as in Chapter 5 

using an implicit finite difference sche.e and numerically 

integrating over 24 hours starting at 7:30 AM. The dry soil 

net daily heat flux vas assuaed to be ne9ligible (see Equation 

6-31 results, Chapter 6). Net Go could not be calculated 

directly since no temperature .easur .. ents vere .. de in the 

reference dry soils. 
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Fiqure 7-3. Diffusivities calc~lated by the harmonic method 
for 24 hour periods starting at 7:30 AM [top] and at midnight 
[middle]. Net daily soil heat flux calculated with finite 
difference program using these diffusivities, for surface to 
15 em and surface to 30 em layers (bottom). 
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The sum of the shortwave and soil heat flux teras ranged 

from 1.5 mm on the second day after irrigation to -0.2 mm on 

the loth day (Table 7-3). The daily ML evaporation estimated 

by EBM4 was corrected by adding the sum of shortwave and heat 

flux terms to the evaporation estimated for each ML. This 

procedure caused the r2 value to decrease to 0.79 and caused 

the model to deviate further from the 1:1 line. 

Contrary to the results in Chapter 6, addition of 

estimated L.H.S. values on a daily basis did not improve model 

results. This may be due to errors in the L.H.S. values. As 

in Chapter 6, the heat flux in the reference dry soil could 

not be calculated since temperatures were not measured in the 

reference. The lack of improvement may also be due to the 

fact that the estimated L.H.S. values could not be calculated 

for individual locations but only as a general value for the 

field as whole. Applying the same corrective value to all 

MLls for each day may cause some evaporation estimates to be 

undercorrected while others are overcorrected. 

Plotting E. versus E .. t and E. vs. (To, ... - Td, ... ) on a daily 

basis was revealing in this regard (Figure 7-4). For four of 

the first five days the regression lines exhibited a large 

negative intercept. The s .. ller intercept for day 329 appears 

to be caused by only two outliers. As the soil dried the 

intercept approached zero. This is a clear example of the 
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Table 7-3. 

Estimated daily value. (ma) of shortwave radiation and soil 
heat flux terms neglected in the energy balance model, and 
percentage of average evaporation that is represented by these 
terms. 

Net , of 
Day a o ad Net R. Net Gd Go-Gd (R.+G) Ave. E. 

329 0.3 0.140 0.883 -0.554 0.554 1.44 25 
330 0.3 0.140 0.860 -0.630 0.630 1.49 44 
331 0.3 0.140 0.861 -0.462 0.462 1.32 60 
332 0.3 0.145 0.798 -0.209 0.209 1.01 37 
333 0.3 0.155 0.676 -0.378 0.378 1.05 66 
334 0.3 0.160 0.721 -0.625 0.625 1.35 113 
335 0.3 0.165 0.727 -0.357 0.357 1.08 90 
336 0.3 0.170 0.565 -0.342 0.342 0.91 101 
337 0.3 0.185 0.598 -0.017 0.017 0.62 62 

need for inclusion of the shortwave radiation and soil heat 

flux terms, net (R. + G) on an individual basis for each ML. 

Examination of the point cloud for any of the first five days 

shows that inclusion of net (R. + G) would tend to transform 

the cloud so that it's long axis would more nearly parallel 

the 1:1 line. This is because the value of net (R. + G) is 

larger for the wetter ML'., which .how higher evaporation and 

plot at the upper end of the cloud, while it i •• maller for 

the drier ML'. (See Table 7-3). 
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Fiqure 7-4. , oay by day regressions of measured evaporation 
vs. that estimated with EBM4. 
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Summary. 

The fourth improved energy balance model (EBM4) proved 

to be a reasonably qood estimator of evaporation and was 

better than all previous versions thouqh not much different 

from EBM3. Reqression of measured aqainst estimated 

evaporation resulted in an rZ value of 0.78 vs. r2 - 0.70 for 

regression of measured evaporation aqainst the quantity (To •• x 

- Td~)' A "best fit" function, for the transfer coefficient 
• 

for sensible heat flux from the reference dry soil, improved 

model performance and supported the idea that sensible heat 

flux from the reference was dominated by free convection and 

was little influenced by wind speed. The model was shown to 

be fairly insensitive to the exact location of soil 

temperature measurements, a result which should make future 

use of the model less problematic. 

It was shown that inclusion of soil heat flux and 

shortwave radiation terms on a daily basis, i. e. the same 

correction for each ML on a qiven day, did nothing to improve 

the model. Even so, it was clear that inclusion of soil heat 

flux and shortwave radiation teras would improve estimation 

by the aodel if these teras could be calculated for individual 

MLls or field sites since the coabined terms could equal as 

much as 113' of daily evaporation. 

Performance of EBM4 should i.prove under conditions of 
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high evaporative demand during which the dry and drying soil 

albedos would quickly become similar. Performance should also 

improve if soil heat flux is small and is constant from day 

to day. Conditions such as these would most likely be found 

in summer in Arizona, a time when closed crop canopies are 

more prevalent than is bare field soil. Work on estimation 

of soil heat flux and soil albedo in both the reference dry 

soil and drying soils is necessary for further model 

improvements. 
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TIME INVARIANCE 
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In Experiments 2 and 3 several field measurements were 

made on a daily basis for several irrigation cycles. For 

example, Figures 3-14, -16 and -18 gave a qualitative 

impression of the evolution over time of profile water 

contents for Experiment 2. Other parameters measured included 

catch can depths, change in storage due to irrigation, field 

and ML surface temperatures, and evaporation. This chapter 

will consider whether or not these parameters were time 

invariant. 

Time invariance refers to the tendency of values of a 

parameter, measured at various locations, to retain their 

relative ranking over time. For example, profile water 

contents measured at 5 locations in a field, designated A 

through E, might be ranked quantitatively as D, C, E, A, and 

B with location D having the highest value and location B 

having the lowest. If the profile water contents were 

measured some time later and the quantitative ranking remained 

the same then the profile water content could be considered 

time invariant. 

profile water 

measurements. 

This is true even though the .ean value of 

content aight have decreased between 

The utility of this concept lies in the possibilit¥ of 
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establishing 1) the time invariance of a particular parameter; 

and, 2) identifying particular locations that represent 

important statistics of the parameter such as the mean value. 

Although these two steps require a large number of 

measurements, future measurements are reduced to those at the 

locations identified in step two. 

Vachaud et ale (1985), using profile water content data, 

showed that some locations preserved their rank in the 

cumulative probability function with small variance in time. 

Particular locations could be as.ociated with the mean value 

or extreme values of profile water content. These authors 

used the Spearman rank correlation coefficient, r., to confirm 

the presence of time .tability (time invariance). The value 

of r. varies from -1 to 1 with value. near zero indicating a 

lack of both correlation and time invariance. The value of 

r. can be calculated by: 

r -• 
- -

1: (RtJ - RJ) (Rtf - ~) 
[8-1] 

where RtJ and Rtf are the ranks for location i at ti.es j and 

- -f, respectively, and RJ and ~ are the .ean ranks at ti.e. j 

and f, re.pectively. The su.aations occur for i - 1 to N 

where N i. the nuaber of locations. Average ranks are used 

in case of tie.. The test statistic for significance of the 
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correlation is: 

t* - (n - 2) 1,2 r.l(l - r:) 1/2 [8-2] 

where t* is assumed to come from a t distribution with n - 2 

degrees of freedom (SAS Institute Inc. 1987, p. 270). 

In order to identify those locations representative of 

certain statistics of the cumulative probability function, 

Vachaud et ale (1985) first defined the relative difference, 

6fj , for location i and time j as: 

where E [] is the expected value operator and So is the profile 

water content at location i and time j. They calculated 60 
for all times and locations and found the average relative 

difference over time, 6 f , for each location. Plotting of 6f 

versus rank, with error bars for the maximum and minimum 

relative difference at each location, allowed easy 

identification both of locations which represented the mean 

and extreme values and of locations which aaintained their 

relative rank with the .ost precision. 

Kachanoski and De Jong (1988) atte.pted to refine the 

definition of ti.e invariance by stating that ti.e invariance 

exists if the relative difference re.ains constant over ti.e: 

[8-4] 



Writing 8-3 for times j and f gives: 

&Ij - SI/E[Slj] - 1 

&If - SIf/E[SIf] - 1 

and substituting 8-5 and 8-6 into 8-4 gives 

Sif .:. SljE[SIf]/EfSlj] 
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[8-5] 

[8-6] 

[8-7] 

Equation 8-7 is a linear relationship between the profile 

w~ter content at different times with slope E[SIf]/E[SIj] and 

intercept of zero. If 8-4 holds then a simple correlation 

between Sif and Slj is a good test for time stability. 

Furthermore, a correlation between & Ij and & If should have a 

slope of 1 and intercept of 0 (Kachanoski and De Jong, 1988). 

For their data, Kachanoski and De Jong (1988) found that 

the mean relative difference remained constant over time but 

individual values did not re.ain constant even though the 

ranking remained almost the same. Thus 8-4 is a stronger 

criterion for time invariance than is the Spearaan rank 

correlation test suggested by Vachaud et ale (1985). Clearly 

if 8-4 holds for a data set then the ranking will re.ain 

constant over ti.e but ti.e stable ranking does not imply 8-4 

since the variance of &1 may change with ti.e. 

The choice of criterion is then a function of the results 

desired. If only the .ssurance of ti.e stability of the 
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location representing the mean is desired, then the criterion 

of constant ranking will suffice. However, if locations 

representing other statistics, for example 1 S.D. from the 

mean, are required then the stricter requirement of 8-4 is 

necessary. 

One other useful result was pointed out by Kachanoski and 

De Jong (1988). From 8-3 it is evident that 6fj is a linear 

transformation of Sfj. The'~efore the spatial autocorrelation 

of So and 6fj should be identical since linear transformation 

does not affect the autocorrelation. It follows that if 6fj 

is time invariant for j - 1, •••. N, in the sense of 8-4, then 

the autocorrelation of Sfl will also be time invariant. It 

also follows that the normalized semivariogram will be time 

invariant (but not the ordinary semivariogram), a fact which 

proves useful if it is desired to combine variograms from data 

sets measured on different days. 

In order to investigate the time invariance of variables 

measured in Experiments 2 and 3, the relative difference was 

calculated for each location, day and variable. For each 

location the mean relative difference over a given ti.e period 

was calculated and plots were aade of the aean relative 

difference versus rank. "Error" bars were plotted showing the 

maximum and miniaum values of relative difference for each 

location in order to illustrate the dispersion occurring for 
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a given data set. 

Linear correlations were performed on the relative 

differences comparing each day's data to all other days. The 

intercept and slope were determined as well as the 

significance of the correlation (probability that the slope 

- 0) and the probability that the slope - 1 (in order to test 

Equation 8-4). The test statistic for significance of 

correlation (Ho: b, - 0; H,: b, ~ 0) was: 

[8-8] 

where t* follows the t distribution with n - 2 degrees of 

freedom, P, equals 0, and Sb' is the sample standard deviation 

of b, given by Benjamin and Cornell (1970, Eq. 4.3.27). The 

same test statistic was used when considering the alternate 

hypotheses; Ho: b, - 1; H,: b, ~ 1; except that P, equaled 1. 

If the slope equaled 1 then the stricter condition for time 

invariance, implied by Equation 8-4, was met. 

The ranking test for ti.e invariance was applied by 

computing Spearaan rank-order correlations as discussed above. 

The Spearman calculations were done using the SAS statistical 

package and for.aulas and significance tests are given by the 

SAS Institute Inc. (1987). 
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Results, Experiment 2. 

Irrigation Related Parameters. 

For each location the mean relative differen~e, oij' for 

catch can depths was plotted versus the rank based on the mean 

value of 6ij (Figure 8-1). The error bars show the maximum and 

minimum value of 6ij for each location and the number below the 

error bar is the location code number. The spatial 

distribution of applied depths was quite invariant with time. 

Linear correlations showed that the data were highly 

correlated across irrigations (Table 8-1). Slopes were less 

than 1 and only close to 1 in one instance indicating that 

catch can depths were not time invariant by the stritcter 

criterion of Equation 8-4. 

Experiment 2, catch can depths at access tubes. 

- -

-1~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 

RANK 

Fiqure 8-1. Average relative difference for all irrigations 
of catch can depths at access tubes [squares], ranked and with 
bars showing maximum and minimum values, Experiment 2. 

I 
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'1'&1)le 8-1. 

Linear correlations and Spearaan rank-order correlations among 
catch can depths (em). All irrigations, Experiment 2. For 
linear correlations, from top to bottom, the numbers are the 
correlation coefficient, intercept, slope, probability that 
slope equals 0 (data sets uncorrelated), probability that 
slope equals 1. For Spearaan correlation. the numbers are 
Spearman's coefficient, r, and probability that ranks are not 
preserved. 

Irrigation\Irrigation 
Simple 1 r 
correlation intercept 

Spearman 
correlation 

2 

1 

2 

slope 
probe slope - 0 
probe slope - 1 

Spearman's r 
probe r - 0 

2 
0.8570 
-0.000 

0.766 
0.000 
0.028 

0.611 
0.000 

J 
0.8275 
-0.000 

0.798 
0.000 
0.074 

0.8900 
-0.000 

0.960 
0.000 
0.751 

0.600 
0.000 

0.729 
0.000 

Plots of the mean relative difference, for profile water 

content on the day after irrigation, .howed that this variable 

was also quite ti.e invariant (PiC)Ure 8-2). Linear and 

Spearaan rank correlations were highly .ignificant (Table 

8-2). Slope. were clo.e to 1, indicating that the.e data were 

time invariant by the criterion of Equation 8-4. 
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'1able 1-2. 

Linear correlations and Spearman rank-order correlations among 
profile water content. on the day after irrigation. All 
irrigations, Experiment 2. For linear correlations, from top 
to bottom, the numbers are the correlation coefficient, 
intercept, slope, probability that slope equals 0 (data sets 
uncorrelated) and probability that slope equals 1. For 
Spearman correlations the numbers are Spearaan's coefficient, 
r, and the probability that ranks are not preserved. 

Irriqation\Irriqation 
simple 1 r 
correlation intercept 

Spearman 
correlation 

2 

1 

2 

slope 
probe slope - 0 
probe slope - 1 

--.-

Spearman'. r 
probe r - 0 

2 
0.9755 
0.000 
1.015 
0.000 
0.888 

0.972 
0.000 

3 
0.9512 
-0.003 

0.930 
0.000 
0.503 

0.9777 
-0.000 

0.922 
0.000 
0.434 

0.961 
0.000 

0.990 
0.000 
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Fiqure 8-2. Average relative difference for all irrigations 
of profile water content on the day after irrigation 
[squares], ranked and with bars showing maximum and minimum 
values, Experiment 2. 

In contrast, the change in storage due to irrigation was 

not significantly correlated between irrigations 1 and 2, nor 

between irrigations 1 and 3 (Table 8-2). The correlation for 

change in storage between irrigations 2 and 3 was significant 

at the 10% level but the correlation coefficient, at 0.25, was 

much lower than those for catch can depths and profile water 

content, both of which were greater than 0.8 for all 

comparisons. Slopes were never close to 1. A plot of the 

relative difference showed a high degree of dispersion for the 

change in storage, especially at the high end (Figure 8-3). 

This dispersion may be due to cracks that were open prior to 

the first irrigation. After the first irrigation the soil 
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never dried enough for large cracks to open. The change in 

storage due to irrigation does not seem to be time invariant. 

Table 8-3. 

Linear correlations and Spearman rank-order correlations among 
data sets for change in storage (em) due to irrigation, for 
the 3 irrigations, Experiment 2. For linear correalations, 
from top to bottom, the numbers are correlation coefficient, 
intercept, slope, probability that the data .ets are 
uncorrelated (slope - 0) and probability that the slope equals 
1. For Spearman correlations the numbers are Spearman's 
coefficient, r, and probability that ranks are not pre.erved. 

Simple statistics 

Irrigation N 
1 57 
2 57 
3 55 

Me)n 
3.8~12 
0.8920 
0.7454 

Std Dey 
2.3182 
0.8507 
1.1025 

l[[igltigD~l[[igltigD 
Simple 1 r 
correlation intercept 

slope 
probe slope -
probe slope -

2 ------

Spearman 1 Spearaan' a r 
correlation probe r - 0 

2 ------

Median Minimum 
3.4287 
0.7991 
0.5105 

-0.4747 
-1. 5028 
-0.1961 

a 
0.0997 

0.000 
0.063 

0 0.461 
1 0.000 

------

0.304 
0.022 

------

Maximum 
11.8260 

5.0642 
6.8423 

J 
-0.0985 
-0.003 
-0.038 

0.475 
0.000 

0.2548 
0.002 
0.165 
0.060 
0.000 

-0.002 
0.990 

0.418 
0.002 
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Experiment 2, change in storage due to irrigation. 

-s~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 

RANK 

Figure 8-3. Average relative difference for all irrigations 
of change in storage due to irrigation (squares], ranked and 
with ·bars showing maximum and minimum values, Experiment 2. 

Profile Water Contents. 

Due to the large amount of space taken by the tables of 

linear and Spearman correlations, the remaining tables for 

this chapter are given in Appendix H. The daily distribution 

of profile water contents was also time invariant as the soil 

dried after irrigation (Table 8-4 (App. H], Figure 8-4) . 

Correlation coefficients (r) were 0.97 or better no matter 

which two days after a given irrigation were compared. For 

instance the coefficients, for data from the first day after 

irrigation correlated against that from the last day before 

the next irrigation, were 0.98 for both Irrigations 1 and 2. 

Profile wate'r contents for days from separate irrigations were 
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almost as well correlated with the lowest coefficient being 

0.94. 

Spearman rank order correlation coefficients were only 

slightly lower than the linear correlations (Table 8-5 [App. 

H]). The probability that ranks were not preserved between 

any two days was 0.0001 indicating a very high degree of time 

invariance for the ranking of profile water content in this 

data set. This result was confirmed by the fact that, for sa' 

of 136 linear correlations, the slope was not significantly 

different from 1 at the 10 % level of probability. Thus 

Equation 8-4 is confirmed for these data. 

1 

r:::r..:l 
Experiment 2 , all irrigat i ons , profile water content. 

u 
~ 
r:::r..:l 
0::::: 

r:::r..:l r:::r..:l 
C)~ 
...::X:: 1==--t 
0::::: 1--l 0 
r:::r..:l~ 
> 
...::X:: r:::r..:l 

> 
1--l 
~ 
..c:c: 
..........:::1 
r:::r..:l 
0::::: 

-1 
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 

RANK 

Piqure 8-4. Average relative difference for all days of daily 
profile water content [squares], ranked and with bars showing 
maximum and minimum values, all irrigations, Experiment 2. 
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Surface Temperature. 

Linear correlations on the midday soil surface 

temperature depression (To,.o - Td,.o) from different days at 

the 57 field location •• howed that correlation. were generally 

significant at the 10 , level but correlation coefficients 

were lower than those obtained for profile water content at 

the same locations (Table 8-6 [App. H]). Cloudiness on days 

80 and 84 caused low or negative correlations between data for 

those days and all others. Data from days after Irrigation 

1 did not correlate well with data from days after Irrigation 

2. Othendse data from days within one irrigation period 

generally was well correlated, with significance levels of 

0.01' or better. Days after Irrigation 2 were especially well 

correlated, reflecting the generally le.s cloudy conditions 

occurring then. How.v.r the slope was significantly diff.rent 

from 1 (10 , level) for all but 2 of the correlations, showing 

that these data were not time invariant by the criterion of 

Equation 8-4. 

Sp.arman rank correlation coefficients computed for the 

same .urface t_perature data behaved .iailarly to the Pear.on 

corr.lation., indicating that a. long a. clear .kie. prevailed 

the ranking of .oil .urface teaperature. in the field was 

relatively tiae invariant (Table 8-7 [App. H]). 

Plotting the relative difference. .howed a high degre. 
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of dispersion for this data set (Figure 8-5) even with cloudy 

days 80 and 84 omitted. Maxima and minima of the relative 

difference did not include zero for only 8 of the 57 

locations. 

Hidday temperature depression, Experiment 2, all irrigations . 

-1~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 

RANK 

Fiqure 8-5. Average relative difference for (T
0 

ma -. Tq,max> 
(squares), ranked and with bars showing maximum and m1n1mum 
values, all irrigations, Experiment 2. Days 80 and 84 
omitted. 

Separate plots of the relative differences for 

Irrigations 1 and 2 showed that the more sunny conditions for 

Irrigation 2 resulted in a decrease in dispersion and in more 

stable ranking (Figure 8-6). These data were the average of 

50 readings taken at 1 s intervals as the IR thermometer was 

rotated in a circular pattern to scan the area around each 

access tube. As discussed in Chapter 3 the variance of 

individual readings tended to be higher than the variance of 

I o 

temperature across the f1eld. It should be interesting to 
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compare these results with those obtained in Experiment 3 when 

IR temperatures were obtained from spot readings of the ML 

surfaces. These data were time invariant by the ranking 

criterion but not by the stricter criterion of Equation 8-4. 

1 

t:LJ 
Hidday temperature depression. Experiment 2. Irrigation 1. 

L) 
z 
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~ 
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oe::::c: 
.........:::1 
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Hidday temperature depression. Experiment 2. Irrigation 2. 

32 
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Fiqure 8-6. Average relative difference for (T
0 

ma - . Tq,max> 
[squares], ranked and with bars showing maximum and m1n1mum 
values. Experiment 2, top - Irrigation 1, bottom - Irrigation 
2 • I 
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Experiment 3 Results. 

Surface Temperature. 

Spearman rank order correlations on .idday ML surface 

temperatures (To,.x - Td,~) are shown in Table 8-9 (App. H). 

These data were obtained by pointing the infrared thermometer 

directly at the soil surface in the ML with no .ove.ent of the 

thermometer. This procedure was in contrast to that used in 

Experiment 2 when the infrared thermometer was moved in a 

circular pattern to scan the soil surface around each access 

tube site. For Irrigation 1 in Experiment 3 the 57 locations 

were identical to tho.e used for access tube p1ace.ent in 

Experiment 2. For Irrigation 2 all locations were displaced 

1. 5 m east. 

Despite the difference. in .easure.ent .ethod the 

Spearman correlations on Experi.ent 3 data showed the same 

general pattern (Tabla 8-9 [App. H) as was just seen for 

Experiment 2 surface temperature data. For the days after 

each irrigation rank correlations were usually significant at 

the 0.001 level. Notable exceptions were for days 311 and 317 

which were overcast and produced so.e negative correlations. 

A1ao day 329, which was the day after Irrigation 2, was not 

wall corra1ated with subsequent days. As discussed later thia 

may be an artifact of the extraction procedure for ML's on the 

first day after irrigation. Ranks were not well preserved 
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across irrigations, with many low correlations between days 

after Irrigation 1 and days after Irrigation 2. Rank 

preservation might not be expected in this case since the 

sampling locations were moved. It ia intereating to note that 

movement of only 1.5 m was aaaociated with the loss of 

correlation, indicating that the data were not highly 

autocorrelated even at this small distance. 

Linear correlations showed the aame pattern (Table 8-8 

[App. H]). Although correlations were uaually highly 

significant for days after either Irrigation 1 or 2, they were 

often not aignificant for days from different irrigations. 

Slopes ranged from 0.01 to 4.61. Only a few alopea were ahown 

equal to 1 at the 10 'level. Aa for Experi.ent 2 temperature 

data, these data .eet the ranking criterion for time 

invariance but not the criterion of Equation 8-4. Plots of 

the relative difference ahowed a high degree of diapersion for 

data from both Irrigationa but auch aore diaperaion for 

Irrigation 1 data (Figure 8-7). 



266 

Run 1, Experiment 3, midday temperature depression . 
-

-4~~~~~~~~~~~~~~~~~~~~ 
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Run 2, Experiment 3, midday temperature depression . 
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Fiqure 8-7. Average relative difference for (T
0 

ma - Tct max> 
[squares], ranked and with bars showing maximum ana minimum 
values. Experiment 3, top - Run 1, bottom - Run 2. 
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Evaporation. 

Daily evaporation for Experiment 3 was m.asured at the 

57 field locations using microlysimeters. Spearman rank 

correlations of daily ML evaporation showed that ranks were 

well preserved after each irrigation, usually to the 0.0001 

significance level (Table 8-11 [App. H]). But ranks were not 

at all preserved between irrigations. These data were even 

more clear cut than the temperature data. Also there was not 

good correlation between data for the first day after 

Irrigation 2 (day 329) and subsequent days. Day 329 was 

unusually cold and the ML's were extracted and weighed before 

dawn. They then were left standing on the soil surface until 

the last ML was weighed. Only then were the ML's returned to 

plastic lined holes. It .ay be that the ML's were chilled 

during the intervening ti.e with those extracted first being 

exposed the longest and chilled the most. Such treatment 

could have skewed the evaporation esti.ates for day 329. This 

may explain the poor correlation between the temperatures and 

evaporation .easured on day 329 and those on subsequent days. 

Linear correlations also showed data fro. a given post 

irrigation period to be well correlated with siqnificance 

levels usually better than 0.0001' (Table 8-10 [App. H]). 

Correlations between irrigations were often not siqnificant 

at the 10 'level. Slopes were quite variable and generally 
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were not equal to 1 at the 10 % level. Plots of the relative 

differences showed a high degree of dispersion in both data 

sets (Figure 8-8). 
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Fiqure a-a. Average relative difference for daily evaporation 
from ML's [pquares], ranked and with bars showing maximum and 

.minimum values, Experiment 3, top - Run 1, bottom - Run 2. 
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piscussion. 

The only variable shown to be unequivocally time 

invariant was the profile water content. The profile water 

content data presented here were more clearly time invariant 

than those presented by Kachanoski and De Jong (1988) and 

ottoni (1984). This may be related to the facts that 1) the 

soil was bare (it supported vegetation in the 2 studies 

cited): and 2) the soil was fine textured in the surface and 

apparently had a low drainage rate. Textures ranged from 

"moderately fine textured" (Kachanoski and De Jong 1988) to 

a sandy loam (ottoni 1984) in the .tudies cited. Van 

Wesenbeck et al. (1988) have shown that vegetation (in their 

case a corn crop) can selectively remove water from different 

areas of the soil resulting in a decrease in the temporal 

persistance of spatial patterns of soil water content. 

Data for profile water contents of a silty clay, 

presented by Vachaud et ale (1985), appear to be similar to 

those pre.ented here. Contrary to the report of Kachanoski 

and De Jong (1988), the linear correlation of relative 

differences for profile water contents had a slop. that was 

clo.e to 1, often significantly so, showing that these data 

were tiae invariant according to the criterion of Equation 8-4 

proposed by those authors. 
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The lack of correlation tor the change in storage due to 

irrigation is a similar result to the lack of correlation for 

recharge reported by Kachanoski and De Jong (1988). 

Since protile water contents were very well correlated 

across irrigations tor Experiment 2, while midday surface 

temperatures were not, then protile wetness is probably not 

a good indicator of surface temperature nor of evaporation 

which is well correlated with midday surtace temperature. 

This does not mean that surtace water content is not well 

correlated with either temperature or evaporation since no 

data were presented on surtace water content. 

The lack ot rank correlation across irrigations, for the 

temperature and evaporation data of Experiment 3, indicates 

that the range ot autocorrelation tor these variables was 

smaller than 1.5 m. In the next chapter the autocorrelation 

range will be investigated more thoroughly. Although 

evaporation was well correlated (both Spearman and linear 

correlations) tor days atter a given irrigation, there was 

enough dispersion in the data to render problematic the 

picking ot a site representative ot the .ean. The same was 

true tor the surtace t .. perature data. Thus the time 

invariance ot surtace t .. perature and evaporation were not 

clearly established. 
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This chapter will examine the spatial variability of 

evaporation and some soil properties associated with 

evaporation, namely the soil surface temperature and profile 

water content. The change in storage due to irrigation will 

also be examined. Data sets that will be used are those that 

were used in Chapter 8: midday temperature difference between 

dry and drying soil, measured in Experiments 2 and 3; profile 

water contents and change in storage due to irrigation, 

measured in Experiment 2: and evaporation from ML's measured 

in Experiment 3. Each of these variables was measured at the 

57 field locations described in Chapter 2. 

Each variable was also measured at several different 

times following irrigation, usually on a daily basis. The 

temporal nature of these data sets complicates the analysis 

of spatial variability since the nature of this variability 

may change with time. However, as pointed out in the previous 

chapter, time invariance of a data set iaplies at least 

partial ti.e invariance of the spatial variability. This 

chapter will demonstrate one .ethod, the relative variogram, 

of combining data fro. several days into a single expression 

of the spatial variability. 

Several r.s.archers have studied the spatial variability 
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of soil water content and surface temperature (e.g. Vauclin 

et ale 1982, Viera et ale 1983, Yates and Warrick 1987, Mulla 

1988, Yates et ale 1988). Among tools used by these and other 

authors to describe spatial variability are the covariance, 

the autocorrelation function, the variogram and the 

covariogram. Use of these tools implies the hypothesis that 

sample values are not randomly distributed in space but are 

to some degree autocorrelated in space with samples taken 

closer together more likely to have similar values than those 

taken farther apart. Two reviews of spatial variability 

analysis, with examples pertaining to soil and water science, 

are by Vieira et ale (1983) and Warrick et ale (1986). 

Unless otherwise noted the following discussion derives from 

these two sources. 

The Yarioqram. 

The most useful tool for studying spatial variability may 

be the variogra. since it can be used in the kriging process 

to estimate values of the variable at unsa.pled locations in 

the field. The variogra., l(h), is defined by: 

l(h) - Var[Z(x) - Z(x + h)]/2 [9-1] 

where Var is the variance operator. The location vector, x, 

represents the position of each saaple value, Z(x), in 1, 2 
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or 3 dimensions. The separation vector, h, represents the 

distance and direction between sample pairs. The variogram 

is defined under the intrinsic hypothesis: 1) the expected 

value of Z(x) exists and has the same value over all subparts 

of the region of interest (no drift); 2) Var[Z(x) - Z(x +h)] 

is defined for all vectors, h, and is a unique function of h. 

The variogram may be estimated by the sample variogram, 

* 'Y which is: 

* N(h) 
'Y (h)= 1/[2 N(h)] :E [Z(x1 +h)- (Z(x1)]

2 

i=1 
[9-2] 

where N(h) is the number of sample pairs separated by ' the 

vector · h, and the x 1 are the samples so separated. In 

practice the vector h is defined as a class with upper and 

lower limits on the direction and distance. This has the 

advantage of increasing the precision of each estimate by 

increasing the number of sample pairs included in it. A 

disadvantage is that as class size increases the distance, h, 

to which 'Y*(h) pertains, becomes increasingly ill defined. 

Usually the average separation distance, for all data 

. . * pairs in a class, 1s used for h 1n plots of 'Y (h) vs. h for 

example. In practice, as class size changes the sample 

variogram may change radically. Therefore it is well to 

calculate 'Y~ (h) for a number of different class sizes in order 
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to choose that class .ize which i. mo.t appropriate (results 

in variogram. which look be.t to the u.er). Di.tanc. cla •• e. 

are often assigned in a regularly incr.a.ing fa.hion .uch that 

each class has identical width. wi th .ome data .et. this 

practice has the disadvantage of cau.ing .ome classes to 

• contain low number. of data pairs cau.ing "'f to be poorly 

estimated. It often happen. that the lower number. of data 

pairs occur for cla •••• at the low and high ends of .eparation 

distance. For use with kriging, information on the .hape of 

the variogram is mo.t important at the lower .eparation 

distances. One way to address this problem i. to assign class 

widths dynamically such that each cla.. contain. an equal 

number of data pair.. A di.advantage of this practice is that 

it may re.ult in .om. cla •••• b.ing very wide. 

The Relatiye Varioqram. 

It .ometime. happen. that .tationarity of the m.an exi.t. 

only over di.cr.t •• ubr.gion. of a larg.r r.gion. In this 

case the .ample variograa aay be •• tiaated by Equation 9-2 for 

each .ubr.gion but not for the larg.r region a. a whole. 

How.v.r, varioqraaa froa .ach .ubregion may be tran.form.d by 

dividing by the .quar. of the a.an r •• ulting in the r.lative 

variogram which i. d.fin.d for the kth r.gion a.: 

"'fit (h) - Var[Z(x) - Z(x + h)]/(2,,:) [9-3] 
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where ~k is the m.an for the kth r.gion (Cr ••• ie 1985). The 

• sample relative varioqram, 1k(h), is then: 

[9-4] 

Sample relative varioqrams from each region may then be 

compared and/or combined perhaps resulting in a more precise 

estimate of the basic varioqram shape than would be possible 

with the more limited number of samples occurring in anyone 

reg ion. The subreg ions discus.ed her. n •• d not occur in space 

but may also occur in time. The variable. to be examined in 

this chapter have the common characteri.tic that s.parate data 

sets are available for several different days and the mean for 

each day is different. Thu. the r.1ative varioqram may be a 

useful tool for reducing these data to a .ing1. varioqram and 

perhaps improving the varioqram estimation. 

Kriging. 

In order to use the .aap1e varioqram inforaation in 

kriging it is n.c •••• ry to .od.1 the ... p1. variogr... The 

n.gativ. of a v.riogr ... od.1 .u.t be • po.itiv. d.finit. 

function. Examp1 •• of .od.1. fitting this crit.rion are giv.n 

by Warrick .t a1. (1986). Giv.n the .amp1. va1u •• Z(x,) and 

a variogram mod.1 it i. po •• ib1. to •• ti.at. the ••• p1. va1u. 
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at an unmeasured location, xo ' using the kriging estimator: 

• II 
Z (xo) - 1: X,Z (x,) f·" , [9-5] 

where the Xf are constrained by: 

[9-6] 

Equation 9-6 is equivalent to stating that the expected value 

• of the error of estimation, [Z (xo) - Z (xo) ], is zero. The 

kriging equations result from minimizing the variance of the 

error of estimation subj ect to 9-6 with the result. that 

Equation 9-5 is a best estimator of Z(xo). 

If second order stationarity exists then not only is the 

mean of the error tera zero, but the covariance, Cov[Z(x),Z(x 

+ h)], exists and is uniquely defined for the separation 

distance, h. This is a stronger a •• \Dlption than the intrinsic 

hypothesis but under second order stationarity the kriging 

variance, a:(xo)' is: 

[9-7] 

where ~ i. a Lagrange multiplier which is e.timated along with 

the Xf by the kriging equation., and a2 i. the variance of the 

variable .ea.ured. Under .econd order stationarity the 
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[9-8] 

where C(O) is simply the variance of the measured variable and 

can be estimated by the sample variance. Thus if second order 

stationarity exists the covariance aay be used in place of the 

variogram in the kriging equations. This results in 

(",oll'.putational advantages for the matrix inversion. 

Cokriging. 

Cokriging is a form of kriging using samples from two (or 

more) variables, say Z, and Zz' measured at the same location. 

One of the variables may be undersampled with respect to the 

other so that at every location there is a sample for Z, but 

Zz is sampled at only some of the locations. If the variables 

are correlated cokriging may be used to estimate values of the 

undersampled variable at locations where the other variable 

was measured. Regardless of whether one variable is 

undersampled, the estimation variance of both variable. will 

be reduced by cokriging. 

Yates and Warrick (1987), using cokriging of soil 

moisture content and surface t .. perature, found that cokriging 

was worthwhile if the correlation coefficient exceeded 0.5. 

Nulla (1988) found that cokriging of water content and surface 

temperature reduced the cokriging estimation variance by one 
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half as compared to the kriging estiaation variance for water 

content. In the present study the aidday surface temperature 

difference between dry and drying soil was found to be highly 

correlated with evaporation on a daily basis. Therefore it 

may be possible to us. cokriging to i.prove the estimation of 

evaporation and/or reduce the number of ML based evaporation 

samples needed while continuing to sample surface temperature 

at all locations. Vauclin et ale (1983) and Viera et ale 

(1982) present the cokriging equations in some detail. 

Software. 

Sample variogram calculations were done using a program 

written by the author after that presented by Journel and 

Huijbregts (1978) and following suggestions by Scott R. Yates. 

This program allowed class sizes to be dynamically changed so 

that each class contained equal numbers of sample pairs. This 

technique facilitated variogra. esti.ation by ensuring that 

the lowest class contained sufficient pairs to be soaewhat 

independent of extr_e values. The prograa also allowed 

calculation of the s .. ple relative variogr ... 

After the sa.ple variogra.s were estiaated and .cdeled, 

kriging was done using the GEO-IAS software developed by the 

u. S. Enviroruaenta1 Protection Agency (Englund and Sparks 

1988) • This software uses the covariance function in the 
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kriging equation •• 

Although GEO-EAS allow. calculation of the sample 

relative variogram it provides no .eans of exporting the 

calculated value. thus frustrating any attempt to combine 

variograms from different region. (or day.). GEO-EAS also 

calculates the relative variogram differently from Equation 

9-4. Rather than dividing each variogam value by the overall 

mean squared, GEO-EAS calculates the mean only for those 

sample values used in a given class and divides the sample 

variogram for each cla.s by the mean squared for that class. 

Since this study was more concerned with changes in the mean 

from day to day than from class to class the method shown in 

Equation 9-4 was preferred. 
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statistical Distribution Tests. 

If the variable being studied is log-normally distributed 

interpretation of the sample variogram may be easier if the 

data are transformed (by taking the natural logarithm) before 

computing the sample variogram. The Kolmogorov-Smirnov test 

was used to find if the data were distributed significantly 

differently than normally or log-normally (Press et al. 1986). 

The null and alternate hypotheses are: 

HO: The variable has the specified distribution. 

H,: The distribution is other than specified. 

The decision rule is: 

Accept Ho if D ~ c 

where the statistic D is the largest of all absolute values 

of the differences between the specified CDF and the observed 

cUDlulative histogram, and c is the critical value of the 

statistic for a chosen level of probability. The observed 

value of the statistic is denoted by 'd'. 

In the following tables large values of the observed 

value, d, and small values of probability indicate that the 

sample is not noraally (or not lognoraally) distributed. The 

probability values are for Prob (D > d). If the null 

hypothesis is true then the observed value, d, should be 
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smaller than the Kg statistic, D. If the probability of this 

is small then the null hypothesis cannot be accepted (at 

whatever level of significance is desired). 

Table '-1. 

Ko1mogorov-Smirnov tests for catch can depths at acce.s tubes, 
3 irrigations, Experi.ent 2. 

Small values of probability indicate that the cUJllu1ative 
distribution of the data is significantly different from the 
normal distibution. For te.t. of log-normality, sample values 
that were zero or negative were excluded from analysis. 

Normal Log-Nonaal c for 
Irrig. KS d Probe D>d IS d Probe D>d N P(0.10. N) 

1 
2 
3 

0.1850 0.0404 
0.2309 0.0046 
0.1631 0.0963 

0.2472 0.0019 
0.3023 0.0001 
0.2264 0.0058 

57 0.1616 
57 0.1616 
57 0.1616 

Catch can depths measured at the 57 acce •• tube locations 

were neither normally nor log-normally distributed when tested 

at the 10' level of .ignificance (Table 9-1). However 

probabilities were much higher, approaching 10', for the test 

of normality so for practical purpose. these data were 

considered to be noraally distributed. 

The change in storage due to irrigation was al.o neither 

normally nor log-noraally distributed. The.e test. were 

significant at the 0.1' level of probability or better (Table 

9-2). 

Profile water content was .easured at the 57 locations 

on 17 different days. Only on the last day, day 105, was 
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Table '-2. 

Kolmoqorov-Smirnov te.t. for change in .torage due to 
irrigation, 3 irrigations, Experi.ent 2. 

Small values of probability indicate that the cWlulative 
distribution of the data is significantly different from the 
normal distibution. For tests of loq-nonaality, sample values 
that were zero or negative were excluded from analy.is. 

Tests for Normality. c for 
;U::~.1S11 IS ~ f~gb. D>~ Ii f(Q.J.Q. N} 

1 0.3456 0.0000 56 0.1630 
2 0.3417 0.0000 56 0.1630 
3 0.6938 0.0000 52 0.1692 

Tests for Log-Normality. c for 
1~~1gl IS ~ f~gb. D>~ Ii f(Q.J.Q. Ii) 

2 0.2646 0.0008 56 0.1630 
2 0.2884 0.0003 53 0.1676 
3 0.8934 0.0000 52 0.1692 

profile water content .hown to be di.tributed other than 

normally, and this test had a probability of 0.096, ju.t below 

the 10' level (Table 9-3). On 5 days the data were 

significantly different from loq-normally di.tributed and on 

other days probability levels were .ubstantially lower than 

for the normality te.ts. Thu. the.e data were a •• uaed to be 

normally di.tributed. 

The midday te.perature depre •• ion (To... - Td ... ) was 

measured on 20 day. during Experi.ent 2. Di.tribution. were 

.ignificantly different fro. noraal on each of the 3 day. 

after irrigation (day. 80, 92 and 100) and al.o on day. 96, 

100, 103 and 104 (Table 9-4). Te.t. for loq-nonaality .howed 
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'l'a):)1e 9-3. 

Kolmogorov-Smirnov tests for profile water contents, 
Experiment 2. 

Small values of probability indicate that the cWllulative 
distribution of the data ia significantly different from the 
normal distibution. For tests of log-noraality, sample values 
that were zero or negative were excluded from analysis. 

Tests 
Day 

77 
80 
81 
82 
83 
85 
90 
92 
93 
94 
95 
96 
98 

100 
102 
103 
105 

Teats 
Day 

77 
80 
81 
82 
83 
85 
90 
92 
93 
94 
95 
96 
98 

100 
102 
103 
105 

for Normality. 
KS d 

0.1267 
0.0963 
0.1065 
0.1042 
0.1008 
0.1332 
0.1284 
0.1297 
0.0949 
0.1337 
0.1305 
0.1221 
0.1375 
0.1439 
0.1321 
0.1284 
0.1708 

Probe D>d 
0.3196 
0.6658 
0.5489 
0.5664 
0.6085 
0.2638 
0.3041 
0.2926 
0.7053 
0.2601 
0.2859 
0.3635 
0.2403 
0.2046 
0.2928 
0.3463 
0.0963 

for Log-Normality. 
KS d 

0.1655 
0.1247 
0.1323 
0.1321 
0.1287 
0.1658 
0.1584 
0.1569 
0.1245 
0.1629 
0.1604 
0.1526 
0.1672 
0.1647 
0.1526 
0.1525 
0.1904 

Probe D>d 
0.0880 
0.3377 
0.2805 
0.2729 
0.3013 
0.0871 
0.1146 
0.1208 
0.3617 
0.0971 
0.1066 
0.1406 
0.0873 
0.1013 
0.1541 
0.1699 
0.0460 

c for 
PCO.10. Nl 

0.1616 
0.1616 
0.1630 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1645 
0.1616 
0.1616 
0.1616 
0.1630 
0.1645 
0.1645 
0.1676 
0.1692 

c for 
PCO.10. Nl 
0.1616 
0.1616 
0.1630 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1645 
0.1616 
0.1616 
0.1616 
0.1630 
0.1645 
0.1645 
0.1676 
0.1692 

N 
57 
57 
56 
57 
57 
57 
57 
57 
55 
57 
57 
57 
56 
55 
55 
53 
52 

N 
57 
57 
56 
57 
57 
57 
57 
57 
55 
57 
57 
57 
56 
55 
55 
53 
52 
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Table 1-4. 

Kolmogorov-Smirnov test. for midday te.perature depre.sion 
(To,MX - Td,MX)' Experiment 2. 

Small values of probability. indicate that the cumulative 
distribution of the data is significantly different from the 
normal distibution. For test. of log-normality, sample values 
that were zero or negative were excluded from analysis. 

T .. t. for MOrMllty. 

DIY !CS d 
80 0.a159 
al 0.1646 
82 D.0851 
83 0.0629 
84 0.1507 
85 0.oa15 
86 0.0730 
a7 0.0662 
92 O.25n 
93 0.1098 
94 0.1335 
95 0.1253 
96 0.1842 
97 0.1320 
91 0.1044 
99 0.0695 

100 0.2650 
102 0.2395 
103 0.2289 
104 0.2522 

Prpb, D~ 
0.0000 
0.0962 
0.8035 
0.9779 
0.1503 
0.8434 
0.9220 
0.9643 
0.0010 
0.4910 
0.2711 
0.3325 
0.0447 
0.2738 
0.5634 
0.9451 
0.0009 
0.0041 
0.0051 
0.0014 

c for 
"0.10. M) M 
0.1660 54 
0.1630 56 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1630 56 
0.1616 57 
0.1630 56 
0.1616 57 
0.1616 57 
0.1616 57 
0.1645 55 
0.1660 54 
0.1616 57 
0.1616 57 

T .. t. for LOI-MorMllty. 

II d 
0.a148 
0.1_ 
0.0910 
0.0111 
0.1941 
0.0995 
0.0954 
0.0113 
0.3122 
0.1447 
0.1512 
0.2124 
0.2132 
0.1695 
0.1425 
0.0761 
0.2157 
0.2651 
0.2682 
0.2991 

Prpb. D~ 
0.0000 
0.0382 
0.7332 
0.8479 
0.0272 
0.6251 
0.6769 
0.8452 
0.0000 
0.1837 
0.1546 
0.0117 
0.0123 
0.0755 
0.1970 
0.1960 
0.0003 
0.0010 
0.0005 
0.0001 

c for 
"0,10. M) I 
0.1660 54 
0.1630 56 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1616 57 
0.1630 56 
0.1616 57 
0.1630 56 
0.1616 57 
0.1616 57 
0.1616 57 
0.1645 55 
0.1660 54 
0.1616 57 
0.1616 57 

that for 11 of the 20 days the data were significantly 

different from log-normally distributed. 

appear to be normally distributed. 

OVerall the data 

During Experi.ent 3 .idday t_perature depression was 

measured on 15 days for Run 1 and 10 days for Run 2. On only 

4 of the 25 days were data significantly different fro. noraal 

(Table 4-5). On 7 out of 25 days the K-S tests showed that 

the data were significantly different from log-normally 
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distributed. These data seem to be normally distributed. 

Table '-5. 

Kolmogorov-Smirnov tests for midday t_perature depression 
(To,.x - Td,~), Experiment 3. 

Small values of probability indicate that the cumulative 
distribution of the data is significantly different from the 
normal distibution. For tests of log-nonaality, sample values 
that were zero or negative were excluded from analysis. 

Tuu for lIo~lity. -------

11_ I(S d 
Run 1. 
304 0.1718 
305 0.1870 
308 0.1379 
309 o.ona 
311 0.1209 
312 0.0710 
313 0.1010 
314 0.1160 
315 0.0624 
316 0.0666 
317 0.1058 
318 0.0790 
319 0.0757 
320 o.ona 
321 0.0806 

Run 2. 
329 0.1101 
330 0.2561 
]]1 0.1186 
332 0.1068 
333 0.1472 
334 0.1695 
]]5 0.0941 
336 0.0667 
3]7 0.1579 
]]8 0.1071 

c for 
Prob. D>d P(0.10. II) 

0.0735 
0.0391 
0.2373 
0.9]37 
0.3157 
0.9403 
0.6174 
0.4380 
0.9113 
0.9641 
0.5572 
0.8760 
0.9053 
0.9]34 
0.8602 

0.4947 
0.0011 
0.3990 
0.5]]9 
0.1693 
0.0755 
0.6935 
0.9615 
0.1167 
0.5222 

0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 

0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 

I 

56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 

57 
57 
57 
57 
57 
57 
57 
57 
57 
57 

Tutl for LOI'~l tty. 
cfor 

1(1 d Prob. D>d P(0.10. I) 

0.1095 
0.2155 
0.1642 
0.0134 
0.1375 
0.0967 
0.0911 
0.0779 
0.0975 
0.1225 
0.4365 
0.1_ 
0.1201 
0.0971 
0.1111 

0.1499 
0.2111 
0.1.' 
0.09Z5 
0.1015 
0.1341 
0.1]56 
0.0760 
0.2161 
0.1177 

0.5129 
0.0121 
0.0977 
0.1304 
0.2403 
0.6721 
0.7420 
0.1159 
0.6611 
0.3701 
0.0000 
0.3175 
0.3177 
0.6574 
0.4940 

0.1544 
0.0002 
0.0339 
0.7131 
0.5130 
0.2561 
0.2457 
0.1973 
0.0094 
0.0360 

0.1630 
0.1645 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1_ 
0.1630 
0.1630 
0.16]0 
0.1630 

0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 
0.1616 

I 

56 
55 
56 
56 
56 
56 
56 
56 
56 
56 
42 
56 
56 
56 
56 

57 
57 
57 
57 
57 
57 
57 
57 
57 
57 

Data for evaporation at the 57 locations w~re also taken 

for 25 days during Experi.ent 3. For 18 days the data were 

significantly different fro. nonaal in distribution (Table 

9-6). For 16 days the data were not log-nonaally distributed 
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at the 10% level of significance. These data appear to follow 

neither a normal nor log-normal diatribution. 

Table ,-,. 

Kolmogorov-Smirnov tests for evaporation C.m), Experiment 3. 

Small values of probability indicate that the cWllulative 
distribution of the data ia aignificantly different from the 
normal distibution. For testa of log-nonaality, aample values 
that were zero or negative were excluded from analysis. 

Tnta for lIo,...llty. -------

I. KS d 
Run 1. 
304 0.6686 
305 0.2180 
308 0.1876 
309 0.1014 
311 0.1590 
312 0.1620 
313 0.2090 
314 0.1710 
315 0.2028 
316 0.1734 
317 0.1152 
318 0.2196 
319 0.2705 
320 0.2854 
321 0.3046 

Run 2. 
329 0.6273 
330 0.1766 
331 0.0974 
332 0.1508 
333 0.1949 
334 0.2297 
335 0.2447 
336 0.2225 
337 0.2019 
338 0.1824 

c for 
Probe R>d P(0.10. II) 

0.0000 
0.0097 
0.0_ 
0.6121 
0.1171 
0.1057 
0.0150 
0.0757 
0.0200 
0.0689 
o.~n 
0.0090 
0.0006 
0.0002 
0.0001 

0.0000 
0.0570 
0.6514 
0.1497 
0.0263 
0.0067 
0.0028 
0.0016 
0.0192 
0.0450 

0.1645 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 

0.1676 
0.1616 
0.1616 
0.1616 
0.1616 
0.1660 
0.1645 
0.1645 
0.1616 
0.1616 

I 

55 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 

53 
57 
57 
57 
57 
54 
55 
55 
57 
57 

Tnt. for LOI'lor.llty. ---
c for 

KI d Prgb. R~ P(0.10. I) 

0.6043 
0.1413 
0.1935 
0.1015 
0.1548 
0.1092 
0.1314 
0.1296 
0.1823 
0.1_ 
0.1702 
0.2911 
O.30n 
0.2115 
0.3141 

O.53n 
0.2553 
0.1435 
0.1124 
0.1131 
0.191' 
0.1710 
0.1976 
O.ZJ54 
0.2397 

0.0000 
0.1705 
0.0302 
0.5251 
0.1368 
0.5161 
0 .• ' 
0.3040 
0.0414 
0.0383 
0.0711 
0.0002 
0.0001 
0.0002 
0.0000 

0.0000 
0.0012 
0.1913 
0.4671 
0.4599 
0.0577 
0.0613 
0.0273 
0.0036 
0.0029 

0.1645 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 
0.1630 

0.1676 
0.1616 
0.1616 
0.1616 
0.1616 
0.1660 
0.1645 
0.1645 
0.1616 
0.1616 

I 

55 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 

53 
57 
57 
57 
57 
54 
55 
55 
57 
57 
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Variograms. 

Sample variograms were calculated for each variable using 

different class widths. Class widths reported below are those 

that provided the most detail (smallest class width) without 

causing the variogram values to become excessively noisy. 

After trying classes with both equal class widths (unequal 

numbers of pairs in each class) and equal numbers of pairs in 
I 

each ·class (unequal class widths), it was decided to use 

classes with equal class widths since no discernible 

improvement resulted from using classes with equal numbers of 

pairs. 

Because the field was relatively long (220 m) and narrow 

(52 m) it was difficult to estimate the degree of anisotropy 

in the data. Therefore the data were all assumed to be 

isotropic (variograms have the same value for a given 

separation distance, h, regardless of the direction of h). 

Catch Can Depths. Variograms calculated for catch can 

depths showed about the same range of autocorrelation (20 m) 

for each irrigation in Experiment 2 (Figure 9-1, top). The 

spherical model was fit by eye with a nugget of zero and range 

of 20 m. The spherical model is: 

-
- {C0 + C1[1.5h/a- 0.5(h/a)

113
], 

')'(h) 
c0 + c1 , 

o s h s a 
[9-9] 

h > a 
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where Co is the nugget, C, is the sill minus the nugget, a is 

the range, and h is the separation di.tanco. The sill value 

was different for variograms from each irrigation. In 

contrast, the relative variograms for the 3 irrigations were 

quite similar, at least up to 30 m .eparation distance (Figure 

9-1, bottom). The range and nugget were again chosen as 20 

m and zero, respectively but a common sill value of 0.057 

could be chosen for all 3 irrigations. Between 30 and 45 m 

the variogram values for irrigations 1 and 3 were very similar 

but those for irrigation 2 were higher. For kriging the most 

useful variogram model information is contained within the 

range, so the discrepancies between variogram values at 

separation distances above 20 m should be of little concern. 

The class width was 7.5 m and there were 7 classes for these 

variogram calculations. 
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Change in Storage. Variograms calculated for the change 

in storage due to irrigation showed no discernible spatial 

dependence for any of the 3 irrigations in Experiment 2 

(Figure 9-2). Change in storage data were essentially random 

and there is no point in fitting a variogram model. Using 

smaller class widths, e.g. 5 m, for the variogram calculations 

was not successful in revealing spatial dependence at small 

separ~tion distances. 
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Fiqure 9-2. Sample variograms for the change in storage due 
to irrigation, 3 irrigations, Experiment 2. 
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Profile water Content. Relative variograms were 

calculated for profile water contents .eaaured on 16 days 

after irrigation during Experiment 2. Data from the 5 

locations within 1.5 m of the field edge were omitted from the 

analysis to avoid edge effects. A class width of 5 m gave the 

most informative variogram values. For .'paration distanc.s 

below 35 m a linear mod.l, with a nugget of 0.014 (the 

relative variogram is unitle.s) and slope of 0.00102, appeared 

appropriate (Figure 9-3). There is a change in d'pth to sand 

(increasing from the SE corner to the NW corn.r) which may 

explain the odd behavior of the variogram at separation 

distances above 35 m. Since the lin.ar model is only 

appropriate up to 35 m it would b. important to us. a kriging 

neighborhood of 35 m or 1.... Con.idering the large number 

of separate days data that w.r. combin.d to cr.at. the 

relative variogram, it ia remarkable how little di.p.rsion 

occurred about the mean .ample relative variogram values. 

This i. a re.ult of the high degree of time invariance for 

these data. 
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Figure 9-3. Sample relative variogram values for profile 
water content after irrigation, Experiment 2. Squares 
represent the average value for all days, error bars show 
maximum and minimum values. 

Midday Temperature Depression. The maximum temperature 

difference between the reference dry soil and drying soil, 

(T0 max - Td max> , was measured daily for Experiments 2 and 3. 
I I 

For Experiment 2 the drying soil temperature was obtained by 

scanning the area around the access tubes in a circular 

pattern while making 50 readings with the infrared 

thermometer, then taking the average reading. For Experiment 

3 drying soil temperatures were taken by pointing the infrared 
I . 

thermometer at the top of each ML and averaging 10 readings 
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made without moving the point of focus of the thermometer. 

Despite the difference. in technique there were more 

similarities than differences between the 2 experiment. in the 

spatial variability of (To, ... - Td, ... )' 

Sample variograms for Irrigations 1 and 2 of Experiment 

~ ~re shown in Figure 9-4. For the first 2 to 5 days after 

irrigation there appears to be some spatial dependence 

especially for the Irrigation 2 data. The range is difficult 

to discern but is perhaps 10 m. On later days there appears 

to be little spatial dependence. The instability of spatial 

dependence is illustrated by the relative variogram plot of 

Figure 9-5. It was not pos.ible to reduce the sample 

variograms for different days to a single relative variogram 

model. The average relative variogra. showed a s.all degree 

of spatial dependence. For these analyses and those to 

follow, the locations within 1.5 • of the field edge were 

omitted to reduce edge effects. Except for days immediately 

after irrigation these data could be considered spatially 

independent. 
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Fiqure 9-4. Sample variograms for (Tp max - Td max> I (top) after 
Irrigation 1, (bottom) after Irrigat1bn 2, Kxperiment 2. 
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Wiqure '-5. Relative variograms for (To,... - Td,.x) after 
Irrigations 1 and 2, Experiment 2. 

Experiment 3 data showed even less spatial dependence 

than did (To,... - Td .... ) data from Experiment 2. As for 

Experiment 2, the variance tended to be higher for data from 

days immediately after irrigation, declining thereafter 

(Figure 9-6). Again, it waa not possible to find a single 

variogram model that would fit relative variogra •• from all 

days (Figure 9-7). The average relative variogra. also showed 

no spatial dependence. 
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I'iqur. '-7. Sample relative variograms for (To ... - Td, ... ) for 
Experiment 3, (top) Run 1 and (bottom) Run 2. ' 
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Eyaporation. Daily evaporation was measured with ML's 

at the 57 field locations during Runs 1 and 2 of Experiment 

3. As for temperature data, sample variograms based on 

evaporation data showed little spatial dependence (Figure 

9-8). On the 4th and 5th days after the second irrigation 

there appears to be some spatial dependence but this was 

considered to be an anomaly since on all other days no spatial 

dependence was observed. 

For both Run 1 and Run 2 sample relative variograms 

showed the same lack of spatial dependence (Figure 9-9). 

These evaporation data appear to be randomly distributed with 

no spatial dependence. Because both temperature and 

evaporation data are spatially independent there is no reason 

to attempt kriging or cokriging with these data. 
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Fiqure 9-8. Sample variograms for evaporation, (top) Run 1 
and (bottom) Run 2, Experiment 3. 
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~i9Ure I-I. Sample relative var iogram. for evaporation, 
Experiment 3, (top) Run 1 and (bottom) Run 2. 
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Kriging. 

Ordinary (punctual) kriging was done using the GEOEAS 

program KRIGE. Before kriging, the variogram models were 

examined by cross-validation using the GEOEAS program XVALID. 

In the usual kriging procedure the e.timated value at the 

sample location is, by definition, equal to the sample value. 

Cross-validation is a procedure in which kriging is used to 

estimate the sample value at each sample location as it the 

value were not already known. The estimated and sample values 

are then compared. If the variogram model is a good one then 

the average estimated value should be close to the average 

sample value. * The error, [Z (xt ) - Z(xt )], should be close to 

zero. 

In practice a dimensionless error, called the reduced 

error, f r , is defined as: 

where O(x t ) is the kriging standard deviation. The reduced 

error should have a .ean close to zero and should have 

variance close to one it the variograa .odel is good (Viera 

et ale 1983). In the GEOEAS no.enclature the reduced error 

i. called the zscore and its .. an and standard deviation are 

reported. 
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Catch Can Depths. The usefulness of the re1ati ve 

varioqram depicted in Fiqure 9-1 (bottom) was tested as 

follows. Recall that in Chapter 8 the ranked sample locations 

were plotted vs. average relative difference. Examination of 

Fiqure 8-1 shows that location 17 was close to the mean 

relative difference and was stable over time. The sample 

values at location 17 were 3.99, 2.03 and 1.64 em for 

irrigations 1, 2 and 3, respectively. Assuming a zero nugget 

and constant range of 20 m, the spherical relative variogram 

model was scaled for each irrigation by multiplying the sill 

value by the square of the mean value of catch can depth for 

that irrigation, with the mean value .et equal to the value 

at location 17. Thus this procedure was also a test of the 

time invariance concept and location 17 as representative of 

the mean. 

Cross-validation resulted in mean reduced errors of 

0.043,0.075 and 0.048 for the 3 irrigations (Tabl. 9-7). The 

mean sample values were accurately reproduced with the largest 

error amounting to 1.6' of the .ean. The standard deviation 

of the reduced errors was close to 1 with the largest 

difference being 0.19 for Irrigation 3. Plotting of esti.ated 

vs. sample values for the 3 irrigations shows that points are 

clustered about the 1 to 1 line, a result of the .ean being 

successfully reproduced (Fiqure 9-10). 



303 
Ta):)l. 9-7. 

Cross-validation for catch can depth data, 3 irriqations, 
Experiment 2. Ordinary kriqinq usinq GEOEAS. 

Search Ellipse 
R Major : 

Parameters: 
35.0 
35.0 
0.0 
0.0 

Diatance type : 
Num. sectors 
Max pta/sector: 

Euclidean 
1 

R Minor : 8 
Anqle : Min pts to use: 1 
Min Dist: Empty sector a : o 

Variogram Model: Spherical 
Irrigation Nuqqet Sill 

1 0.0 0.907 
2 0.0 0.236 
3 0.0 0.153 

Ranqe (m) 
20.0 
20.0 
20.0 

Irrigation 

Minimum 
25th 'tile 
Median 
75th 'tile 
Maximum 
N 
Mean 
Std. Dev. 

Irrigation 

Minimum 
25th 'tile 
Median 
75th 'tile 
Maximum 
N 
Mean 
Std. Dev. 

Irrigation 

Minimum 
25th 'til. 
M.dian 
75th 'tile 
Maximum 
N 
Mean 
Std. Dev. 

1. 

2. 

3. 

Variable 
2.620 
4.035 
4.347 
4.825 
5.615 

52 
4.351 

.694 

Variable 
.805 

2.082 
2.254 
2.375 
2.831 

52 
2.192 

.404 

Variable 
.819 

1.543 
1.664 
1.850 
2.208 

52 
1.669 

.292 

Estimate 
2.810 
4.122 
4.362 
4.675 
5.103 

52 
4.393 

.477 

Estimate 
.999 

2.214 
2.254 
2.335 
2.718 

52 
2.229 

.280 

Estiut. 
.907 

1.597 
1.701 
1.784 
2.165 

52 
1.683 

.205 

Kriqinq 
Difference Std. Dey. 

-1.238 .261 
-.214 .361 
-.065 .487 

.323 .725 
2.292 1.134 

52 52 
.042 .566 
.592 .237 

Differ.nce 
-.768 
-.166 

.041 

.172 
1.480 

52 
.036 
.354 

Kriqinq 
Std. Dey. 

.133 

.184 

.249 

.370 

.579 
52 

.289 

.121 

Kriqing 
Diff.r.Dc. Std. Dey. 

-.607 .107 
-.177 .148 

.020 .200 

.169 .298 

.734 .466 
52 52 

.015 .233 

.276 .097 

Zscore 
-1.559 
-.474 
-.119 

.509 
2.021 

52 
.043 
.815 

Zscore 
-1.896 
-.720 

.171 

.596 
2.558 

52 
.075 

1.005 

Zscore 
-2.308 
-.908 

.129 

.667 
2.782 

52 
.048 

1.192 
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J'iqure '-10. Kriging estimates from cross-validation vs. 
actual catch can depths for 3 irrigations, Experiment 2. 

A disturbing tendency is that extreme values were 

estimated as being closer to the .ean than was actually the 

case. This results in the regression lines having a low 

slope, quite different from the 1 to 1 line. This is partly 

a result of the fact that kriging is a s.oothing process and 

the kriging variance will always be s.aller than the sample 

variance (Warrick et ale 1986). It .ay also be a result of 

undersampling in some areas of the field. The r2 values seem 

low but this is not unusual. For cross-val idation on 11 

different variables Viera et ale (1983) found r2 values 
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ranging from 0.30 to 0.48 for the regression of .stimated vs. 

sample values. The overall r2 value of 0.89 and regression 

line close to the 1 to 1 line were a result of the fact that 

the mean depth varied widely from irrigation to irrigation and 

that the mean was well estimated. On the basis of the values 

for mean and standard deviation of the reduced error, the 

procedure described above, for using the relative variogram 

and a time invariant sample location representing the mean, 

appears to be a good one. 

Kriging was done on a 5 by 5 m grid for the Irrigation 

1 catch can depths using a 35 m circular search pattern. The 

contour plot of kriged estimates is realistic (Figure 9-11) 

and, as expected, slightly smoother than the contour plot of 

measured values (Figure 9-13). The contour plot of aeasured 

values was created using an inverse weighting method according 

to the square of the distance to the 10 nearest neighbors. 

The kriging standard deviations range from near zero in areas 

of the field that were heavily saapled to 1.3 em at the NE 

corner which was far fro. any saaples (Figure 9-12). 
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Kriging estimates of catch can depth. 
Irrigation 1, Experiment 2. 
195. 

o. 
o. 50. 

NORTHING 

J'iCJUr. '-11. contour. ot kriging •• tiaat.. ot catch can 
depths, Irrigation 1, Experim.nt 2. Contour lin.s are on 0.3 
cm intervals. 
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Figure 9-12 ~ Kriging standard deviation, catch can depths, 
Irrigation 1, Experiment 2. Contour lines are on o. 1 em 
intervals. 
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Fiqure 9-13. Contours of measured catch can depths, 
Irrigation 1, Experiment 2. Contours are on 0. 3 em intervals. 
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Profile WAter Content. The relative varioqram model 

depicted in Figure 9-3 was tested by cross-validation using 

data from 5 days. Examination of Figure 8-4 reveAled that 

location 21 was closest to the mean profile water content and 

was stable over time. The value of profile water content at 

location 21 was therefore used to represent the mean profile 

water content. The relative varioqram model was scaled to fit 

each day's data by multiplying the nugget and sill values of 

the relative linear model by the square of the mean (Table 

9-8). 

In GEOEAS nomenclature the sill of a linear model is 

defined as the slope multiplied by the rAnge. Therefore the 

sill values for GEOEAS in Table 9-8 are the result of 

multiplying the slope by an appropriate range (35 m was used) 

and then multiplying by the square of the mean. Since the 

linear model does not hAve a maximum VAlue (a. do the 

spherical and gau •• ian .odels for example) it i. inappropriate 

to apply the sill concept here. The .ill and range are only 

used in GEOEAS to define the .lope of the linear .odel. 

The reduced .ean error and .tandard deviation fro. cro •• -

validAtion, u.ing the .odel. in Table 9-8, were in all ca.e. 

close to zero and 1, re.pectively (Table 9-9). The largest 

difference between .ean e.ti.ated and .ea.ured profile water 

content WAS 0.5'. Hi.toqra. plot. of the frequency of the 
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T&1»le 9-8. 

Linear varioqram model parameter. for profile water content 
scaled from relative varioqram nuqqet and .lope uainq depth 
at location 21 as repre.entative of the .ean depth. 

Mean Relative Relative 19~ 'IQEAS 181'1 i XVAL1a 
aA~ a.gtb IiYSlSltlt Slggl IiYSlSllt Sill BAnSiI Cia} 

77 22.70 0.014 0.00102 7.22 18.4 35 
80 27.57 0.014 0.00102 10.64 27.1 35 
81 26.87 0.014 0.00102 10.11 25.8 35 
82 26.61 0.014 0.00102 9.91 25.3 35 
83 26.16 0.014 0.00102 9.58 24.4 35 
85 25.57 0.014 0.00102 9.15 23.3 35 
90 26.13 0.014 0.00102 9.56 24.4 35 
92 27.61 0.014 0.00102 10.67 27.2 35 
93 27.06 0.014 0.00102 10.25 26.1 35 
94 26.99 0.014 0.00102 10.20 26.0 35 
95 26.98 0.014 0.00102 10.19 26.0 35 
96 26.58 0.014 0.00102 9.89 25.2 35 
98 26.57 0.014 0.00102 9.88 25.2 35 

100 26.34 0.014 0.00102 9.71 24.8 35 
102 26.90 0.014 0.00102 10.13 25.8 35 
103 26.67 0.014 0.00102 9.96 25.4 35 

error term showed the error term to be approximately normally 

distributed. Plottinq the esti.ated vs. .easured profile 

water contents .howed the point. to b. clu.tered about the 

mean (Fiqure 9-14). Point. for diff.rent day. tend.d to plot 

in the same positions showinq the .tability of profile water 

content over time. Thi. i. a .econd ca.e in which the u •• of 

a relative varioqra •• odel, in conjunction with a location 

known to be repre.entative of the •• an, has proven to be 

us.ful. 
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'1'&))le .-•• 

Cross-validation results for ordinary kriging on profile water 
contents for selected days, Experiment 2, using linear 
variogram models given in Table 9-8. 

Kriging 
IlA~ &Q. 
N 52 52 52 52 52 
Mean 27.946 28.009 .063 4.309 .001 
std. Dev. 5.586 3.542 5.008 .585 1.130 
IlA~ &~. 
N 52 52 52 52 52 
Mean 27.454 27.524 .071 4.159 .003 
Std. Dev. 5.542 3.610 4.762 .564 1.114 
IlA~ &~. 
N 52 52 52 52 52 
Mean 27.173 27.282 .109 3.997 .009 
Std. Dev. 5.394 3.605 4.570 .542 1.114 
IlA~ ~~. 
N 52 52 52 52 52 
Mean 27.821 27.944 .123 4.316 .011 
Std. Dev. 5.464 3.692 4.437 .586 1. 003 
IlA~ :LQQ. 
N 51 51 51 51 51 
Mean 26.892 27.015 .124 4.118 .013 
Std. Dev. 5.241 3.540 4.246 .541 1.005 
IlA~ :LQ~. 
N 50 50 50 50 50 
Mean 27.439 27.567 .128 4.218 .013 
Std. Dev. 5.295 3.535 4.318 .552 1.002 
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Fiqure 9-14. Kriging estimates from cross-validation vs. 
measured profile water contents for 5 days, Experiment 2. 

Kriging was done for day 92 as an example. Kriging was 

done on a 5 by 5 m grid using a 35 m circular radius search 

pattern. The kriged estimates are realistic and reflect the 

the fact that depth to sand was greater on the west end of the 

field where estimates were up to 36 em profile water content 

(Figure 9-15). By contrast, estimates at the east end of the 

field were as low as 20 em. A contour map of measured values 

was produced using the same method as for catch can depths. 

Contours of measured values were quite similar to those of 

'kriged values but less smooth (Figure 9-17). The kriging 
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standard deviation was evenly distributed with a few areas 

approaching zero where .ampling was heavy and with value. of 

7 and 8 em in the SW and NE corner., respectively, where 

sampling was very light (Figure 9-16). 
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.iqur. '-15. Kriging •• tiaat •• ot profile water cont.nt tor 
day 92, Irrigation 2, Experi •• nt 2. contour lin •• are at 2.0 
em intervals. 
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Kriging Std. Dev., profile water content. 
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riqure '-16. Kriging .tandard deviation for day 92 profile 
water content •• tiaation, Irrigation 2, Experi.ent 2. Contour 
lines are on 1.0 em interval •. 
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Figure 9-17. Contours of measured profile water content, day 
92, Irrigation 2, Experiment 2. Contours are on a 2.0 em 
increment. 
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SUmmary. 

Of five variables examined only catch can depths and 

profile water content showed consistent spatial structure. 

The variogram for catch can depths was fit well by a spherical 

model and that for profile water contents with a linear model. 

The relative variograms for both the.e variables were stable 

over time and allowed the fitting of a single relative 

variogram model to each data set with the result that the 

relative variogram model could be scaled to provide a model 

for any particular day's data by .imply multiplying the nugget 

and sill by the variable's mean squared. The usefulness of 

this was enhanced by the fact that the mean value could be 

reliably estimated by using a location identified as 

representative of the mean. These locations were identified 

by the time invariance analysis of Chapter 8. Thus a strong 

link was demonstrat.d betw.en the .xistence of time invariance 

for a variable and the u •• fu1n.ss of kriging on that variable. 

There was 1ittl. di.cernible spatial structure for 

evaporation nor for the change in storage due to irrigation. 

The structur. appar.nt for .vaporation data from day. 332 and 

333, Experi.ent 3, ia aaaociat.d with an influx of warm air 

causing •• an daily air t •• peratur. to ri •• 3°C. 

Data from .0.. day. • .... d to .how .patia1 .tructur. for 

the midday temperature diff.r.nc. betw.en dry and drying soil. 
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However, data from many other days showed no spatial 

structure. There appeared to be some structure on the warm 

day 333 during Experiment 3. There was more structure 

apparent for the first 2 days after Irrigations 1 and 2 of 

Experiment 2. It waa much warmer during the late March -

early April time period of Experiment 2 than during the 

November - early December period of Experiment 3. Thus it 

appears that the appearence of spatial structure associated 

with soil surface temperature may be linked to ambient 

temperature or potential evapotranspiration. 

The t here today - gone tomorrow t nature of spatial 

structure associated with evaporation and surface temperature 

data makes queationable the utility of apatial variability 

analysis of theae variables. In particular the idea, that 

cokriging using evaporation and temperature data could be used 

to reduce the number of ML samples needed to estimate 

evaporation, ia shown to be questionable due to the lack of 

time invariant spatial structure. 

Soil surface temperature is a rapidly changing 

environmental variable. In Chapter 3 it was shown that the 

aurface temperature at aidday could vary by up to 10°C over 

the 30 to 40 ainutes necessary to .. asure all 57 locations in 

the field. Chanqes in cloud cover and wind speed were 

aasociated with these teaperature chanqes. Such rapid 
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temperature variations render problematic the task of 

measurinq the apatial atructure of aoil aurface temperature. 

The qeostatistical approach was initially developed to atudy 

the spatial structure of ore qrades, a variable that chanqes 

with the millenia. It is perhaps askinq too much to apply 

these same techniques to labile environmental variablea. 
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Chapter 10 

SUMMARY AND RECOMMENDATIONS 

The studies reported here were centered on two methods 

of estimating evaporation from bare soil - a direct method 

using microlysimeters (ML'S) weighed daily, and an indirect 

energy balance approach which involved measurements of soil 

surface temperature, air temperature and wind speed. The 

performance of these methods was evaluated and improved. 

Additional studies reported included those on irrigation 

uniformity and the time invariance and spatial variability of 

irrigation related parameters including depth of water in 

catch cans, profile water content after irrigation, and the 

change in storage due to irrigation. 

The time invariance and spatial variability of 

evaporation (as measured by ML's) and soil surface temperature 

were also studied in an attempt to determine if microlysimeter 

and surface temperature .easure.ents could be used together 

to reduce the number of ML .. asure.ents needed by replacing 

them with temperature .easur .. ents. 

This chapter will suaaarize the results of these stUdies 

and reco .. end future actions. For .ore detail the reader is 

referred to the summaries and discussions at the ends of 

several chapters. 
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Microlysimeters 

Two types of wall material (steel and plastic) and three 

lengths (10, 20 and 30 em) were used in the ML study. Steel 

ML's were found to underestimate evaporation compared to 

plastic at the 20 and 30 em lengths with the 14' reduction in 

evaporation at the 20 cm length being significant at the 10' 

level. The lack of significance for the evaporation 

difference at 30 cm length was attributed to the loss of some 

repl icates and the imprecision with which microlysimeters were 

weighed in Experiment 1. A plot of cumulative evaporation vs. 

ML length showed signs of attaining a maximum for 30 cm 

plastic ML's but it could not be concluded that 30 em ML's 

were long enough to prevent inhibition of evaporation at some 

point during the 9 days under the conditions of this study. 

A sub-study of heat flux in ML's was conducted using 30 

cm steel and plastic ML's and with one half the ML's open at 

the bottom and connected with the underlying soil and with the 

other half capped on the bottoa with 6 am thick PVC plastic 

disks. Steel ML's conducted heat to the subsurface auch more 

quickly than did plastic with siqniticant ditterence. (1' 

level) in both phase (up to 3 hours earlier) and aaplitude (up 

to 1 °c larger) ot the diurnal t .. parature wave at 15 and 30 

cm depth.. Also, the amplitude ot surtace temperature in 

steel ML's was reduced by 2.7 °c compared to that tor plastic 
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ML's (significant at 1\ level). ML's with plastic bottoms 

exhibited subsurface temperature aaxi.u.s up to 1 °c warmer 

than those open to underlying soil. The warmer temperatures 

are attributed to the insulative effect of the plastic disks. 

Diurnal net soil heat flux was positive downward for all 

days but steel ML's averaged net heat fluxes 44\ higher that 

those in plastic ML's. This heat was lost to the evaporation 

process and was undoubtedly the reason for the lower 

evaporation measured by steel ML's. Net diurnal heat flux in 

plastic ML's was quite similar to that in nearby field soil 

and averaged 0.7 mm (equivalent water evporated) compared to 

1 mm for .teel ML's. Darker soil surtace. in steel ML's on 

several mornings atter irrigation lead to the hypothesis 

(unconfirmed) that higher subsurface teaperatures in steel 

ML's were causing significant nighttime vapor transport of 

water from the subsurface to the surface. 

Microlysi.eters were found to be difficult and time 

consUlling to install but easy to use after the first day. The 

study soil was so plastic when wet that ML's were installed 

before irrigation when the soil was solid enough to prevent 

much compaction. Initial extraction of 57 ML's required 16 

person hours even with tools designed especially for the 

purpo.e. A portable electronic balance with ± 1 g precision 

and 5000 g capacity and a custoa built portable wind screen 
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were necessary to kee~ weighing time and precision within 

acceptable limits (about 50 ainutes to weigh all 57). 

Recommendations. Microlysimeters should be built of non

heat conductive material. The PVC plastic used in this study 

served well and had a thermal conductivity close to that of 

dry soil. Conversely the bottoms of ML's should be sealed 

with material that conducts heat at least a. well as the 

surrounding soil. The plastic disks used in this study, and 

the rubber stoppers used elsewhere, disrupt the flow of heat 

to the subsurface and result in ML'. which are hotter at all 

depths than the surrounding soil. Though the effect on 

evaporation of this disruption was not aeasured it would be 

foolish to invite it. In Experiment 3, I succe.sfully used 

a thin non-stretching plastic tape known as "package sealing 

tape" to seal the ML bottoms. 

Microlysimeters should be at least 30 em in length to 

provide adequate storage of soil moisture if they are to be 

used to study evaporation over several days. In addition to 

the primary ML' s, which are extracted i_ediately after 

irrigation, other ML's should be installed (at the saae time 

as the primary ML's) but extracted on subsequent days. These 

ML's would serve aa a check on both the degree of drainage 

from the upper profile and on the accuracy of evaporation 

meaaurements from ML's that were extracted soon after 



324 

irrigation. 

More sophisticated .odeling of heat fluxes in micro

lysimeters should be attempted. A model based on the surface 

energy balance and including water as well as heat transfer 

would allow the results presented here to be extended to other 

regions with their unique weather conditions. Such a model 

could also serve to elucidate heat fluxes and their importance 

in larger weighing lysimeters. 

Energy Balance Models 

The energy balance model (EBM) of evaporation proposed 

by Ben-Asher et al. (1983) was u.ed a. a starting point for 

model testing and development. This model .tates that the 

latent heat flux from a drying soil must equal the difference, 

between a reference dry soil and the drying .oil, of net 

radiation and of soil and .ensible heat flux.s. Original 

model input. were the difference between maximum diurnal soil 

surface temperatures for the dry and drying .oils, (To .... -

Td ... ) , and average daily wind .peed. The original model was 
• 

shown to be a wor.e predictor of evaporation than was the 

quantity (To.... - Td .... ) alone. 

Three major improve.ent. were made in the EBM re.ulting 

in a more phy.ically ba.ed and more accurate model. Fir.t, 



325 

integrating with a half hour time step, instead of a 12 hour 

time step, allowed better interaction between temperature and 

wind speed effects. Second, the introduction of a relatively 

easy method of accurately estimating soil surface temperature 

at small time intervals at many points in the field resulted 

in much better predictions of evaporation. This method used 

infrared thermometer measurements of soil surface maximum and 

minimum temperatures at all locations in the field (2 

measurements per day at all locations) in conjunction with 

surface temperature measured at 1 or 2 locations at small time 

intervals and recorded on a dedicated data logger. 

The third improvement involved tinding more appropriate 

forms of the transfer coefficients for the sensible heat 

fluxes from reference dry and drying soils. A transfer 

coefficient function for bare soil due to Kreith and Sellers 

(1975) was used for sensible heat flux from the drying field 

soil and this improved model performance. Likewise a "best 

fit" function for the transfer coefficient, 0 .. ,0' for sensible 

heat flux fro. the reference dry soil improved the model. The 

empirical function indicated that sensible heat flux from the 

small and relatively hot disk, represented by the reference 

soil surface, was independent of wind .peed and thus probably 

due to free rather than forced convection. The.e improve.ents 

resulted in an increase of 18 percentage point. (0.55 to 0.73) 
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in the r2 value for regression of aeasured vs. estimated 

evaporation using Experiment 1 data. 

Validation of the model with the Experiment 3 data set 

resulted in an r2 value of 0.78 for the regression of .easured 

vs. estimated evaporation. This larger and more precise data 

set was used to again find a best fit function for 0H.O which 

was verified to be independent of wind speed and to have a 

constant value of 0.00383 m/s. The final EBM (EBM4) was 

relatively insensitive to the provenance of the soil 

temperature data measured at small time increments, performing 

equally well whether the measurements were made in a 

relatively wet or dry area of the field. 

All versions of the EBM omitted the soil heat flux terms 

and the shortwave radiation component of the net radiation 

terms in the energy balance formulation. The omitted terms 

were evaluated to be 31' and 25' of average .easured 

evaporation on the first day after irrigation for Experiments 

2 and 3, respectively. On later days the omitted terms were 

as much as 300' of average evaporation. An atteapt to correct 

.odel predictions, by adding a single daily value (equal to 

the omitted teras) to all EBM estiaates, failed. Possible 

reasons for the failure were that albedos were estiaated after 

the fact, and that heat flux in the dry soil could not be 

calculated directly because subsurface temperatures were not 
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measured in the reference. still it was clear that if the 

value of the omitted teras could be found for individual 

locations then the EBM would be improved. 

Inaccuracy of the EBM .ay also have been ti.d to the 

transient nature of .oil .urfac. temperature. Soil .urface 

temperatures at selected locations changed as much as 10°C 

over the 30 to 40 minutes required to .easure midday 

temperature at the 57 locations. The large.t fluctuations in 

surface temperature were caused by pas.ing clouds but abrupt 

changes in wind speed also appeared to affect t.mperature. 

ReCOmmendations. 

Further model improvements will depend on finding methods 

of estimating the omitted soil heat flux and shortwave 

radiation terms. Field .stimat.s of albedo .ay be made by 

eye, especially if the limits of alb.do are known for the 

soil, and could be accurate enough for fir.t ord.r .stimates 

of the radiation term. But the developm.nt of a portable hand 

held device, .imilar to the infrared thermometer in concept, 

would be very helpful. If such a d.vice could be incorporated 

into the infrared th.l'IIo.et.r both t •• per.tur. .nd .lbedo 

could b ••• asur.d .i.ultan.ou.ly. 

The drying .oil h •• t flux t.ra could be •••• ur.d .t one 

location and data r.cord.d on the .am. d.vic. u •• d to r.cord 

weather data. If h.at flux w.r. r.l.tiv.ly invariable in 
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space this approach would appreciably improve the estimates 

of evaporation trom the energy balance model. Measurement of 

soil heat flux in the reference is also needed. 

Experimental work should be done to accurately measure 

the sensible heat flux from the reference dry 80il. This 

problem seems daunting given the need to avoid interference 

with insolation and air movement over the reference but 

perhaps eddy correlation techniques are a valid path. 

Since soil surface temperatures are especially labile at 

midday, some thought should be given to ways to correct point 

measurements so that they are more truly representative of the 

maximum diurnal temperature at each point. Surface 

temperatures could be recorded continuously at two locations 

(say a relatively wet and a relatively dry area) on a small 

time interval (say one half minute) during the time that 

surface temperatures at field locations were being taken with 

the infrared therao.eter. Since temperatures at field 

locations were recorded on a Polycorder with timing capability 

it would be easy to synchronize readings and perform a 

correction on the te.peratures at each field location. 

Perforaance of EBM4 should i.prove under conditions of 

high evaporative de.and during which the dry and drying soil 

albedos would quickly beco.e si.ilar. Perforaance should also 

improve if soil heat flux is s.all and is constant from day 
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to day. Conditions such as these would most likely be found 

in summer in Arizona, a time when closed crop canopies are 

more prevalent than is bare field soil. 

Time Inyariance and Spatial Variability 

Time invariance occurs when the ranking of sample 

locations by sample values is stable over time. If a variable 

is shown to be time invariant it may be possible to reduce the 

number of samples needed because locations representative of 

the mean and of extreme values of a variable may be 

identified. If both ranking and dispersion are stable over 

time then the relative variogram will also be stable, a fact 

that has positive implications for the use of a single 

relative variogram to represent spatial variability of a 

variable for different days. 

Time InYAriAnce. 

Five variables .eAsured At 57 field lOCAtions were 

examined to see if they were ti.e invariant. Two of these, 

evaporAtion and soil surfAce aidday teaperature, were relAted 

to evaporation while two were irrigation related paraaeters -

catch can depths and the change in storAge due to irrigAtion. 

The fifth variAble, profile WAter content was exaained both 

as it related directly to irrigation (profile WAter content 
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on the day after irrigation) and in the context of longer term 

evaporation and drainage using data from succesive days after 

irrigation. 

Three measures of time invariance were used. The first 

two, simple correlation of data between days and Pearson rank

order correlations, gave similar results. Both methods gave 

correlation coefficients near one if the ranking of the data 

remained relatively constant. The third criterion was 

stricter and involved correlations between days of the 

relative difference values. The relative difference was 

defined as the sample value minus the mean with the difference 

then divided by the mean (Equation 8-4). Correlation values 

near 1 were again indicative of time invariance but regression 

slopes near one and intercepts near zero could also be 

expected if the standard deviation (dispersion) remained 

constant with time. 

The only variable shown to be unequivocally time 

invariant was the profile water content. The profile water 

content data presented here were aore clearly ti.e invariant 

than those presented by Kachanoski and De Jong (1988) and 

Ottoni (1984). Contrary to the report of Kachanoski and De 

Jong (1988), the linear correlation of relative differences 

for profile water contents had a slope that was close to 1, 

often significantly so, showing that these data were ti.e 
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invariant according to the criterion of Equation 8-4 proposed 

by those authors. Data for profile water contents of a silty 

clay, presented by Vachaud et ale (1985), appear to be similar 

to those presented here. 

The lack of correlation for the change in storage due to 

irrigation is a similar result to the lack of correlation for 

recharge reported by Kachanoski and De Jong (1988). Catch can 

data time invariant according to the ranking criteria but not 

according to the stricter criterion of Equation 8-4. 

Since profile water contents were very well correlated 

across irrigations for Experillent 2, while midday surface 

temperatures were not, then profile wetness i. probably not 

a good indicator of surface temperature nor of evaporation 

which is well correlated with midday surface temperature. 

This does not mean that surface water content is not well 

correlated with either temperature or evaporation since no 

data were presented on surface water content. 

For Experiment 3, evaporation was well correlated (both 

Spearman and linear correlations) for days after a given 

irrigation, there was enough dispersion in the data to render 

problematic the picking of a site representative of the .ean. 

The salle was true for the surface te.perature data. Neither 

variable was ti.e invariant by the stricter criterion of 

Equation 8-4. Thus the ti.e invariance of surface t_perature 
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and evaporation were not clearly established. Each sample 

location was moved 1.5 m we.t after the first irrigation of 

Experiment 3. The lack of rank correlation across 

irrigations, for the temperature and evaporation data, 

indicates that the range of autocorrelation for these 

variables was smaller than 1.5 m. 

Spatial Variability. 

Of five variables examined only catch can depths and 

profile water content showed consistent spatial structure over 

time. The variogram for catch can depths was fit well by a 

spherical model and that for profile water contents with a 

linear model. The relative variogram. for both these 

variables were stable over time and allowed the fitting of a 

single relative varioqram model to each data set with the 

result that the relative variogram model could be scaled to 

provide a model for any particular day's data by simply 

multiplying the nugget and sill by the variable's mean 

squared. The usefulness of this was enhanced by the fact that 

the mean value could be reliably eati.ated by using a location 

identified a. representative of the .. an. These location. 

were identified by the ti.e invariance analysis of Chapter 8. 

Thus a strong link waa de.onstrated between the exiatence of 

- time invariance for a variable and the usefulne.s of kriging 

on that variable. 
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There was little discernible spatial structure for 

evaporation nor for the change in storage due to irrigation. 

The structure apparent for evaporation data from days 332 and 

333, Experiment 3, is associated with an influx of warm air 

causing mean daily air temperature to rise 3 °e. 

Data from some days seemed to show spatial structure for 

the midday temperature difference between dry and drying soil. 

However, data from many other days showed no spatial 

structure. There appeared to be some structure on the warm 

day 333 during Experiment 3. There was more structure 

apparent for the first 2 days after Irrigations 1 and 2 of 

Experiment 2. It was much warmer during the late March -

early April time period of Experiment 2 than during the 

November - early December period of Experiment 3. Thus it 

appears that the appearence of spatial structure associated 

with soil surface temperature may be linked to high ambient 

temperature or high potential evapotranspiration. 

The 'here today - gone tomorrow' nature of spatial 

structure a.sociated with evaporation and surface temperature 

data makes questionable the utility of spatial variability 

analysis of the.e variables. In particular the idea, that 

cokriging u.ing evaporation and t .. perature data could be used 

to reduce the nUllber of ML ... ple. needed to e.timate 

evaporation, i •• hown to be que.tionable due to the lack of 
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time invariant spatial structure. 

Soil surface temperature is a rapidly changing 

environmental variable. In Chapter 3 it was shown that the 

surface temperature at midday could vary by up to 10 °c over 

the 30 to 40 minutes necessary to measure all 57 locations in 

the field. Changes in cloud cover and wind speed were 

associated with these temperature changes. Such rapid 

temperature variations render problematic the task of 

measuring the spatial structure of soil surface temperature. 

The geostatistical approach was initially developed to study 

the spatial structure of ore grades, a variable that changes 

with the millenia. It is perhaps asking too much to apply 

these same techniques to labile environmental variables. 

ReCOmmendations. 

The combination of time invariance and spatial 

variability analysis is useful for the prediction of slowly 

changing variables such as the profile water content for bare 

soil. other studies have indicated that the spatial 

variability of profile water content under plant cover in not 

constant so care aust be used in extending the results 

reported here to other conditions. Evaporation and aidday 

surface teaparature data were not clearly tiae invariant and 

had inconsistent spatial structure. Thus no reco .. endation 

for the use of these techniques can be aade for those 

variables. 
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Irrigation Uniformity 

Irrigation uniformity under the low pre. sure lateral move 

sprinkler used for this study was reasonable for .uch a 

systme. Christiansen's uniformity coefficient values were 

close to 0.83 for uniformity of both catch can data and of the 

profile water content after each of three irrigations. 

However, data on change in storage due to irrigation showed 

that the uniformity of profile water content. was not a direct 

result of the uniformity of application as .ea.ured by catch 

cans. Under different conditions of field topography the 

results could have been much different using the same 

sprinkler system. Future stUdies of irrigation uniformity 

under low pressure sprinkler, or other overhead systems that 

cause ponding, should include measurement of the profile water 

content as an indicator of uniformity rather than relying 

strictly on catch can data or data from other type. of .urface 

collectors. 
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APPBKDIZ AI Potential Evapotranspiration Calculations. 

Potential evapotranspiration was calculated using the 

Penman equation as modified by Doorenbos and Pruitt (1984) 

and Pruitt and Doorenbos (1977). 

ETp - R"W + (1 - W) f(U2) (e. - e.) [A1] 

where R" is the net radiation in mm, W is a dimensionless 

weighting factor defined below, f(U2) is the wind function in 

mm/kPa, and (e. - e.) is the atmospheric vapor pressure deficit 

in kPa. 

Pruitt and Doorenbos (1977) and others have recommended 

using the Penman and other combination type equations on an 

hourly or better basis for calculations rather than a daily 

basis. Use of an hourly basis assures that the wind function 

and vapor pressure deficit will be more closely synchronized 

and may eliminate the need for different wind functions for 

different climates. For hourly calculations Pruitt and 

Doorenbos (1977) gave a dayti.e wind function as 

f(U2) - 0.030 + 0.0576(U2) [A2] 

where Uz is wind speed in ./s at 2 • height. Wind speeds, 

which were taken at 3 • height, were corrected to Uz using the 

equation 

U2 - UyI(0.1877ln(3) + 0.87025) [A3] 
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(Gay and Greenberg 1982). The nighttime wind function given 

by pruitt and Doorenbos (1977) was: 

f(U2) - 0.0125 + 0.0439(U2) [A4] 

The daytime wind function was used when solar radiation was 

greater than zero, otherwise the nighttime wind function was 

used. 

The saturation vapor pressure e., kPa, was calculated 

using Murray's (1967) equation: 

e. = 0.61078 exp(17.2693882 T/(237.30 + T» [A5] 

where T is the average air temperature, °C, over the period 

of calculation, Le. 1 hour, 1/2 hour. The actual vapor 

pressure e., kPa, was calculated as 

e. - e. (RH/100) [A6] 

where RH was the percent relative humidity. 

The weighting factor W i. defined a. 

W - 11/(11 + -y) [A7] 

where 11 is the .lope of the .aturation vapor pre •• ure V8. 

temperature curve, Pa/oC, calculated by 

11 - 44.0381 + 3.08004 T + 0.~5353118 ~ 

+ 2.176223£-03 ~ [A8] 
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where T is defined as above and the third order polynomial is 

a regression fit (r - 0.99995) to data published by Fritschen 

and Gay (1979, pp. 132-133). 

The psychrometric constant, 1 [Pa/oC], is defined as 

[A9] 

(Fritschen and Gay 1979) where Cp is the specific heat of dry 

air (1005 J/kg/oC), L is the latent heat of vaporization 

(J/kg), and P is the atmospheric pressure, kPa, calculated 

from 

P _ (101.3) 10(·h/(18460 + 0.18 h + 72 T» [A10] 

(Conrad and Pollak 1950, p. 334) where h is elevation, m, 

above MSL, T is defined as above, and the air pressure at MSL 

is assumed to be 101.3 kPa. The latent heat of vaporization 

of water, L, is a function of temperature: 

L - 2500.25 - 2.365 T [All] 

where T is defined as above. 

The values of ETp calculated periodically were sWllDled 

for the 24 hour period fro •• idnight to .idnight to give daily 

ETp estimates. 

Since net radiation data were not available for the first 
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two days but solar radiation data were available, a regression 

analysis was performed relating net to solar radiation for the 

10 days for which both values were available on a half-hourly 

basis. A linear regression resulted in a .traight line that 

described neither the morning nor the afternoon relationship 

but bisected the two (Figure A-1). Though the R2 value of 

0.964 was high, the hysteresis in the relationship between R. 

and ~ clearly required separate equations, one for the 

morning and one for the afternoon, for good description. 

Polynomial models of 2nd, 3rd and 4th order were tried along 

with different times for dividing morning from afternoon. The 

apparent best relationships are graphed in Figure A-1. For 

times from midnight through 11:30 AM the equation relating ~ 

to R. was 

~ = -0.06768897 + 0.7351206 (R.) - 0.07090492 (R/) 

R2 - 0.997 [A12] 

For the period from 12:00 PM to midnight the equation was 

~ - -0.08696741 + 0.2344109 (R.) + 0.1955146 (R.Z) 

R2 - 0.994 [A13] 

Although the R2 value. for the.e equations are not .uch 

different froll that for the .ingle linear regre •• ion, the 

description of the ~ to R. relationship i. qualitatively 
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better. Monteith and Szeicz (1961) found a similar elliptical 

relationship between ~ and (1 - a)R
8 

over bare soil. 
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Fiqure 1-A. Linear and polynomial regressions of net 
radiation versus solar radiation for 10 days in April, 1985. 
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APPENDIX B. Comparison of approximate and exact forms of the 
Stefan-Boltzmann equation. 

The energy balance model of Ben-Asher et al. ( 1983) 

contained two assumptions for calculation of outgoing longwave 

radiation. The first was that (T! - T~) could be approximated 

by: 

[B1] 

where dT = (T0 - Td). This was shown in Equations 5-16, 5-17 

and 5-18 with the resulting approximation for outgoing 

longwave radiation (Equation 5-19): 

[B2] 

where T is in °K. The second assumption was that the value of 

~ varied little over the day so that ~ could be considered 

constant when Equation 5-23 was integrated. Here these 

assumptions are evaluated and the amount of error in Equation 

5-19 (B2) is shown analytically. 

The approximation in B1 can be arrived at by letting: 

[B3] 

and 

[B4] 
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so that: 

[B5] 

and 

Td = Trn - aTI2 [B6] 

Now, expanding T: T~ using Equations B5 and B6 gives: 

T: T~ = ( T rn + aT I 2 ) 
4 

- ( T rn - aT I 2 ) 
4 

T: T~ = ( T"; + T rna T + (aT) 
2 I 4 ) 

2 
- ( T"; - T rna T + (aT) 2 I 4 ) 2 

T: - T~ = 4T"!aT + Trn(aT) 
3 

[B7] 

and from Equations 5-14 and B6, an exact expression is: 

[BS] 

Comparing B2 and BS it is clear that the error in B2 and in 

5-19 is: 

[B9] 

Evaluation of the error occurring when 5-19 is integrated 

over -3 to 9 hours and over -3 to 21 hours was done with a 

computer program (listed below) that integrated Equations 5-19 

and BS with ,a 15 minute time step. Soil temperature maxima 
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and minima from day 96 of Experiment 2 (Figure 3-6) were used, 

and Equation 5-15 was used to predict te.peratures (sinusoidal 

diurnal temperature wave). In the original energy balance 

model the value of T. was assumed constant. This error was 

evaluated by defining T. as: 

(B10] 

where To and Td were the average daily temperatures of dry and 

drying soil, respectively. 

Two other cases were evaluated. The approximate form for 

10ngwave radiation given in Equation B2, but with Td taking 

the place of T.. And, the case where T. is defined as: 

(B11] 

where Td is the average daily drying soil surface temperature. 

For integration from -3 to 9 hours the term (Lo - ~) was 

under-estimated by 13.7 t when T. was assu.ed constant over 

the day and was defined by Equation B10 (Table B1). This was 

the definition used by Ben-Asher et a1. (1983). When T. was 

assumed constant and was defined by Equation 811 the tera (Lo 

- Ld) was under-estiaated by 14.8 t. Equation 82 with Td 

taking the place of T. and with T. - (To + Td)/2 

estimated (Lo - ~) by 2.8 t and 0.01 t, respectively. 

under-
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Program output. 

For integration from -3 to 9 hours: 
Enter the maximum reference dry soil surface temperature, deg. 
Enter the maximum drying soil surface temperature, deg. C 
Enter the minimum reference dry soil surface temperature, deg. 
Enter the minimum drying soil surface temperature, deg. C 
Calculate for 12 hours [1] or 24 hours [2]:?? 1 

C: ? 53 
? 46 

C: ? 8 
? 10 

Equation 82 with 811 gives 
Equation 82 with 810 gives 
Equation 82 with Tm = Td gives 
EquatiOn 82 with 84 gives 

1163554 
1178104 
1327753 
1365507 
1365630 

J/m"'2. 
J/m"'2. 
J/m"2. 
J/m"'2. 
J/m"2. 

Change 
from exact. 
-14.7973 X 
-13.7319 X 
-2.7736 X 
-0.0090 X 

The exact form (Eq. 88 or 5-14) gives: 

Taking 1 mm of water evaporated as equal to 2.4E06 J/m"2, 
Equation 82 with 811 gives .4848143 mm water. 
Equation 82 with 810 gives .4908765 mm water. 
Equation 82 with Tm = Td gives .5532303 mm water. 
Equation 82 with 84 gives .5689612 mm water. 
The exact form CEq. 88 or 5-14) gives: .5690125 mm water. 

For integration from -3 to 21 hours: 
Calculate for 12 hours [1] or 24 hours [2]:?? 2 

Equation 82 with 811 gives 
Equation 82 with 810 gives 
Equation 82 with Tm = Td gives 
Equation 82 with 84 gives 
The exact form (Eq. 88 or 5-14) gives: 

1267456 
1283305 
1480017 
1525404 
1525540 

J/m"2. 
J/m"2. 
J/m"2. 
J/m"2. 
J/m"2. 

Change 
from exact. 
-16.9176 X 
-15.8787 X 
-2.9841 X 
-0.0089 X 

Taking 1 mm of water evaporated as equal to 2.4E06 J/m"2, 
Equation 82 with 811 gives .5281067 mm water. 
Equation 82 with 810 gives .5347103 mm water. 
Equation 82 with Tm = Td gives .6166735 mm water. 
Equation 82 with B4 gives .6355851 mm water. 
The exact form CEq. 88 or 5-14) gives: .6356418 mm water. 
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For integration from -3 to 21 hours the results were 

similar (Table B1, Figure B1). Equation 5-19 was a close 

approximation of the exact form. The assumption that Tm is 

constant over the day was clearly unwarranted, resulting in 
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errors of about 15 %, although the absolute error appears to 

be only about 0.08 mm of water for sunny conditions in April. 

>~<- Exact and Equation 82 
Equation 82 -, ' with 84 . 
w1th Tm=Td . £ ~ 

n
~ ~ <- Equation 82 with 

810 and 811 . 

~ ~ 

~ ~ 

i \ • • • • I I 
I I 

Iii Iii 
i i 

i i 
Iii Iii 

I I 
llll llll • • • • 

-0 . 02~~~~~~~~~~~~~~~~~~ 

-3 0 3 6 9 12 15 18 21 

HOUR OF DAY 

l!. = Exact . 

+ = Equation 82 
with 84 . 

I Equation 82 
with Tm = Td . 

0 Equation 82 
with 810. 

X Equation 82 
with 811 . 

Used day 96 
temperature 
maxima & minima. 

Fiqure B-1. Comparison of long wave outgoing radiation (mm/s) 
for the exact form of the Stephan-Boltzmann equation and 4 
approximate forms. 



Program listing. 

'Program TEMPER.8AS 
CLS : PRINT 'Written in Microsoft (R) Quick8ASIC v. 4.0 by S.R. Evett. 
PRINT II 

PRINT II 

PRINT II 

PRINT II 

PRINT II 

PRINT 
PRINT II 

PRINT 
PRINT II 

PRINT 
PRINT II 

Program TEMPER.8AS tests the difference between 5 equations for 11 

long wave radiation from a soil surface by nunerically integrating11 

the equations over the interval ·1!8 day to 318 day, or over the11 

interval -1!8 day to 718 day. The equations are: 11 

[11 Lo-Ld = 4*e*s*(Tm)A3*(Tr-Td), Equation 82 with11 

Tm defined by 810. 11 

[2] Lo-Ld = 4*e*s*(Td)A3*(Tr-Td), Equation 82 with 11 

Tm replaced by Td. 11 

[3] lo·ld = 4*e*s*((Tr+Td)I2)A3*(Tr·Td), Equation 82 with 11 

Tm = (Tr+Td)l2. 11 

· [4] Lo-Ld = 4*e*s*TudA3*(Tr-Td), Equation 82 with 11 

Tm=Tud. 11 

· [5] Lo-Ld = e*s* [(Tr)A4 - (Td)A4l, Exact form (short). 11 

PRINT 
PRINT II 

PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
INPUT Hit 

where e=0.95, is the soil surface emissivity, taken to be constant. 11 

s=5.67E-08 JlslmA2/(degree IOA4, is the Stefan-8oltzmann11 

constant. 11 

Tr=instantaneous reference dry soil surface t~rature, Deg K. 11 

Td=instantaneous drying soil surface t~rature, Oeg K. 11 

Tm=average of average diurnal dry soil surface t~rature and11 

PRINT II 

PRINT II 

PRINT 
PRINT II 

PRINT 

average diurnal drying soil surface t~rature. 11 

Tud=average drying soil surface t~rature, Oeg. K.•• 
<CR> to continue: 11 , yS: CLS : PRINT 

The instantaneous reference dry soil surface t~rature11 

is estimated using: 11 

Tr = Tuo + dTo*sin(wt) 11 

PRINT II 

PRINT It 

PRINT II 

PRINT II 

PRINT II 

PRINT 
PRINT II 

PRINT II 

PRINT 
PRINT " 
PRINT 

where Tuo=(Tomax+Tomin)l2, is the average surface t~rature. 11 

dTo=(Tomax-Tomin)/2, is the aq>litude of the diurnal soil 11 

surface t~rature wave. 11 

and where lomax & Tomin are the maxinun & mininun diurnal 11 

reference dry soil t~ratures." 

The instantaneous drying soil surface t~rature11 

is estimated using:" 

Td = Tud + dTd*sin(wt) 11 

PRINT II 

PRINT II 

PRINT " 
PRINT II 

where Tud=(Tdmax+Tdmin)l2, is the average surface t~rature. 11 

dTd=(Tdmax-Tdmin)/2, is the aq>litude of the diurnal soil 11 

surface t~rature wave.•• 
and where Tdmax & Tdmin are the maxinun & mininun diurnal 11 

PRINT 11 drying soil t~ratures.•• 
PRINT 
PRINT •• Also, 
INPUT 11 Hit <CR> 
INPUT •• Enter 
INPUT " Enter 
INPUT 11 Enter 
INPUT " Enter 
Redo: 

w=2pil1440 min, is the frequency of the wave. 11 

to continue:", yS: CLS : PRINT 
the maximum reference dry soil surface t~rature, deg. 
the maximum drying soil surface t~rature, deg. C 
the minimum reference dry soil surface t~rature, deg. 
the minimum drying soil surface t~rature, deg. C 

INPUT •• Calculate, for 12 hours [1] or 24 hours [2] :'? 11 ; Calctime 
IF Calctime <> 1 AND Calctime <> 2 THEN GOTO Redo: 
IF Calctime = 1 THEN TimeMax = 540 ELSE TimeMax = 1260 

C: 

C: 

... 
I ... 
I ... 
I ... 
I 

Tuo =(lomax+ Tomin) I 2 + 273.15 'MeanT for ref. dry soil, Oeg. K. 
Tud = (Tdmax + Tdmin) I 2 + 273.15 1Mean T for drying soil, Deg. K. 

lomax 
Tdmax 
Tom in 
Tdmin 
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Tm = (Tuo + Tud) I 2 
dTr = (lomax - Tomin) 1 2 
dTd = (Tdmax - Tdmin) I 2 

•Average of Tuo and Tud1 Deg. K. 
1dT for ref dry soil. 

s = 5.67E-08 1 Jlsl~21(degree K)A4 1 

e = .95 
w = 2 * 3.141593 I 1440 
OPEN 11 0 11

1 '112 1 
11E:SB.out 11 

1dT for drying soil. 
is the Stefan-Boltzmann constant. 

•omega in radians per minute. 

PRINT '112 1 "Approx. [1 l 1 approx. [2] 1 approx. [3] 1 Exact [4] 1 (all in nm) 1 hours .•• 
FOR t = -180 TO TimeMax STEP 15 

Td = Tud + dTd * SIN(w * t) •degrees K. 
Tr = Tuo + dTr * SIN(w * t) 
dl = e * s * (6 * (Td) A 2 * (Tr - Td) A 2 + 4 * (Td) A 3 * (Tr - Td)) 
dl = dl + e * s * ((Tr - Td) A 4 + 4 * Td * (Tr - Td) A 3) 
dl1 = 4 * e * s * Tm A 3 * (Tr- Td) * 900 1900 sin 15 min. 
dl2 = 4 * e * s * Td A 3 * (Tr - Td) * 900 
dl3 = 4 * e * s * ((Tr + Td) I 2) A 3 * (Tr - Td) * 900 
dl4 = 4 * e * s * Tud A 3 * (Tr - Td) * 900 
dlS = e * s * (Tr A 4 - Td A 4) * 900 
dl6 = e * s * 4! * ((Tr + Td) I 2!) A 3 * (Tr- Td) * 900! 
dl6 = dl6 * (1! + (Tr- Td) A 2 I (4! * ((Tr + Td) I 2!) A 2)) 
dl1sum = dl1sum + dl1 
dl2sum = dl2sum + dl2 
dl3sum = dl3sum + dl3 
dl4sum = dl4sum + dl4 
dl5sum = dl5sum + dl5 
dl6sum = dl6sum + dl6 
•output energy flux in mmlh: 
PRINT '112 1 dl1 * 41 I 24000001 1 dl2 * 41 I 24000001; 
PRINT '112 1 dl3 * 4! I 24000001 1 dl4 * 41 I 24000001; 
PRINT '112 1 dl5 * 41 I 24000001 1 dl6 * 41 I 24000001 1 t I 60! 

NEXT . t 
CLOSE '112 
PRINT : PRINT •• OUtput is in file SB.OUT on disk E:\. 11 

PRINT II 

PRINT II 

PRINT •• Equation 82 with 811 gives : 11 ; dl4sum; 
PRINT USING 11'11##.'11##'1111 ; ((dl4sum - dl5sum) I dl5sum) * 100; 
PRINT 11 Equation 82 with 810 gives : 11 ; dl1sum; 
PRINT USING 11 '11##.'11##'1111 ; ((dl1sum- dl5sum) I dl5sum) * 100; 
PRINT 11 Equation 82 with Tm = Td gives : "; dl2sum; 
PRINT USING 11 '11##.'11##'1111 ; ((dl2sum - dl5sum) I dl5sum) * 100; 
PRINT 11 Equation 82 with 84 gives : 11 ; dl3sum; 
PRINT USING 11'11##.'11##'11'1; ((dl3sum - dl5sum) I dl5sum) * 100; 
PRINT 11 The exact form (Eq. B8 or 5-15) gives: 11 ; dl5sum; 
PRINT 

Change" 
from exact." 

J/mA2. n; 
PRINT II X11 

JlmA2. 11 ; 

PRINT II X11 

J/mA2. n; 
PRINT II X11 

JlmA2. ••; 
PRINT II X11 

JlmA2. II 

PRINT II 

PRINT II 

PRINT II 

PRINT II 

PRINT II 

PRINT II 

END 

Taking 1 nm of water evaporated as equal to 2.4E06 Jl~2 1 11 

Equation 82 with 811 gives 11 ; dl4sum I 24000001; 
Equation 82 with 810 gives "; dl1sum I 24000001; 
Equation 82 with Tm = Td gives 11 ; dl2sum I 2400000!; 
Equation B2 with B4 gives 11 ; dl3sum 1 2400000!; 
The exact form (Eq. B8 or 5-14) gives: 11 ; dl5sun I 2400000!; 

11 nm water. 11 

11 nm water. 11 

•• nm water. 11 

11 nm water. 11 

11 nm water. 11 
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APPENDIX c: Program NR. BAS for calculation of apparent 
diffusivities and positive soil heat flux using the harmonic 
method of Horton et al. (1983). 

Program listing. 

130 August88. Written in Microsoft QuickBASIC version 4.0 by Steve Evett. 
'Program NR.BAS employs an iterative procedure to find the diffusivity 
•at 15 minute intervals over a 24 hour period. Input are the coefficients 
'for a Fourier series representation of the surface temperature wave. 
•Procedure was based on reduction of s1.111 of squared error between predicted 
•and actual temperature at a given depth as published by Horton et al. 1983 
•soil Sci. Soc. Am. J. 1 47:25-32. 
'Changed 11 Aug. 88 to use average thermistor temperatures from files 9?t.ave 
•and 10?t.ave on disk 45. 

DIM a(15).1 c0(15) 1 phi0(15) 1 t(18 1 97) 1 hour(97), t1(8), t2(8) 
d = 15 'Initialize diffusivity. 

LPRINT 11Date: 11 ; DATES; 11 • Time: 11 ; TIMES 
WHILE yS <> 11411 

WEND 
END 

CLS : PRINT 
PRINT 11Program NR.BAS employs a Sllll of squares based iterative search11 

PRINT 11 to find the diffusivity at 15 minute intervals over a 24 hour period. 11 

PRINT 11Procedure was based on reduction of s1.111 of squared error between11 

PRINT 11predicted and actual temperature at a given depth as published by11 

PRINT 11 Horton et al. 1983. Soil Sci. Soc. Am. J., 47:25-32. 11 

PRINT 11 Input are the coefficients for a Fourier series representation of 11 

PRINT •1the surface temperature wave, thermistor based temperatures at one11 

PRINT 11depth, and the soil vol1.111etric water content. 11 

PRINT 11A bulk density of 1.48 is assll'lled. 11 

PRINT 
PRINT 11 Files needed are: 11 

PRINT •• 9?DRY.cof, 9?FLD.cof, 9?SOO.cof 1 etc. with Fourier series 11 

PRINT 11 from SAS 1 see disk 43 for surface wave and disk 31 for subsurface ... 
PRINT 11 93t.ave, 95t.ave, etc. with average thermistor measured 11 

PRINT 11sub-surface soil temperatures, see disk 45. 11 

PRINT 
PRINT II 

PRINT II 

PRINT II 

PRINT II 

Enter 1 to estimate thermal diffusivity. 11 

Enter 2 to calculate temperature at a given depth. 11 

Enter 3 to calculate soil heat flux.•• 
Enter 4 to quit: 11 ; 

LOCATE I I 1 
yS = INPUTS(1) 
IF yS = 11 111 THEN GOSUB CalcD 
IF yS = 11211 THEN GOSUB CalcT 
IF yS = 11311 THEN GOSUB CalcG 

CalcD: 
CLS : PRINT 
PRINT •• Enter input file name for Fourier series coefficients •• 
INPUT 11 for the surface temperature wave: 11 ; infileS 
OPEN 11 i 11 , #2 1 infileS 
LINE INPUT #2 1 id1S 
LPRINT : LPRINT •• 

1 
1st line of file 11 ; infi leS; 11 : 11 

LPRINT id1S 
LPRINT 11 The input coefficients are: 11 

i = 0 
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'a(O) is the average temperature, a(1) is the amplitude of •thefirst sine term, a(2) is the amplitude 
of the firstcosine •term, a(3) is the amplitude of the second sine term, etc. 
WHILE NOT EOF(2) 

INPUT #2, a(i): LPRINT USING •• #11111.#1:11:111111#11 ; a(i) 
i = i + 1 

WEND 
CLOSE #2 
nc = i: m = (nc - 1) 1 2 •nc is no. of coefficients. m is no. of terms. 
LPRINT •• NI.Jii)er of terms in Fourier series was"; m; 11 • 11 

FOR i = 1 TO nc - 1 STEP 2 
•convert amplitudes from sine+ cosine series to amplitude and phase 
•coefficients for sine series: 
phiOCCi + 1) I 2) = ATN(a(i + 1) I a(i)) 
cOCCi + 1) I 2) = a(i + 1) I SIN(phiO((i + 1) I 2)) 

NEXT i 
F$ = LEFTS(infileS, INSTR(infile$, 11 • 11 )) 

out$ = LEFTS(infile$, INSTR(infile$, 11 • 11 )) + 11pof 11 

OPEN 11o11 , ·13, outS 
LPRINT 11 The amplitude and phase coefficients are: 11 

PRINT 13, 11 Aq>litude (deg C) and phase (radians) coefficients for: 11 +outS 
FOR i = 1 TO m 

LPRINT USING 11 ###.######"; cO(i), phiO(i) 
PRINT 13, cO(i), phiO( i) 

NEXT i 
CLOSE #3 
INPUT 11 Enter the depth, z [em], at which to estimate d and teq:>. 
INPUT 11 Enter the input file name for temperatures at depth, z: "; 
INPUT 11 Enter the column for temperatures at depth, z. "; 
period = 24. 'Period set to 24 hours. 

'Read temperature data and compute average: 
OPEN 11 i 11 , #2, infile$ 
LINE INPUT #2, idS 
i = 0: tsum = 0 
WHILE NOT EOF(2) 

i = i + 1 
INPUT #2, day, hour(i) 
FOR k = 3 TO 18 

INPUT #2, t(k, i) 
IF k = col THEN tsum = tsum + t(k, i) 

NEXT k 
WEND 
CLOSE #2 
a(O) = tsum I •compute average temperature. 
PRINT 11 Average temperature at"; z; 11cm was"; a(O) 
PRINT 11 If this is incorrect then11 

: "; z 
infi le$ 
col 

INPUT 11 enter the average temperature at this depth : 11 ; aveT$ 
IF aveT$ <> 1111 THEN a(O) = VAL(aveT$) 
LPRINT : LPRINT 11 Temperatures at depth"; z; 11cm were from file: 11

; infile$; 
LPRINT 11

, column 11 ; col; 11 • 11 

LPRINT 11 The period was 24 h. The average temperature at 11 ; z; ••em was"; a(O) 
w = 2 * 3.141592653# I period 

'For each time estimate temperature at depth, z, and find squared deviation. 
PRINT : PRINT 11 Wait while processing •••••••• 11 ; 

ssybf = 10000: flag = 0: count = 0: dbest = 0 
d = .01: dbf = d 'Initial estimate of diffusivity. 
OPEN 110 11

, #3, 11e:difsse.out11 

PRINT #3, 11Sum of squared errors vs. values of diffusivity at depth" + STRS(z) + 11 11 + id1S 
jcount = 0 
D1st: 



PRINT 11 4 11 ; 

FOR j = 1 TO 20 
jcount = jcount + 1 
d = d - .001: sy = 0: ssy = 0 
IF d < 0 AND flag = 0 THEN PRINT 11Negative diffusivityl 11 : END 
IF d < 0 AND flag = 1 THEN EXIT FOR 
FOR i = 1 TO 96 

tefl1) = t(col, i) 
time = hour(i) 
GOSUB FindT 
sy = (temp - tzest) A 2 
ssy = ssy + sy 

NEXT i 
PRINT #3, d, ssy 
IF ssy > ssybf THEN 

If · flag = 0 THEN 
flag = 1: LPRINT 
LPRINT 11 Diffusivity (1st approx.) = 11 ; 

LPRINT USING 11#.######11
; dbf 

LPRINT 11 Sllll of squared error = 11
; 

LPRINT USING 11#.######11 ; ssybf 
IF jcount < 3 THEN 

PRINT 11Error 1. SSE not minimized. 11 

PRINT "Upper boln::t of"; dbf; 11 too low." 
END 

END IF 
dbest = dbf 

ELSE 
count= count+ 1: IF count= 10 THEN EXIT FOR 

END '" IF 
END IF 
ssybf = ssy: dbf = d 

NEXT j 
IF dbest = 0 THEN flag = 0: ssybf = ssy: dbf = d: GOTO D1st 
CLOSE #3 
'Now get closer approximation. 
IF dbest = 0 THEN PRINT "1st approx. of d was zero. 11 : END 
dincrernent = .0001: flag= 0 
d = dbest + .001: ssybf = 1000000 
PRINT "3 "; 
GOSUB D2nd 
dincrernent = .00001: flag= 0 
d = dbest + .0001: ssybf = 1000000 
PRINT 112 11 ; 

GOSUB D2nd 
dincrernent = .000001: flag= 0 
d = dbest + .00001: ssybf = 1000000 
PRINT "1"; 
GOSUB D2nd 
Dflag = 1 
RETURN 

D2nd: 
dbest = 0 
jcount = 0 
D3rd: 
FOR j = 1 TO 20 

jcount = jcount 1+ 
d = d - dincrement: sy = 0: ssy = 0 
IF d < 0 THEN PRINT 11Negative diffusivityl 11 : END 
FOR i = 1 TO 96 
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teq> = t(col, i) 
time = hour( i) 
GOSUB FindT 
sy = (teq> - tzest) A 2 
ssy = ssy + sy 

NEXT i 
IF ssy > ssybf THEN 

LPRINT •• Diffusivity = 11 ; 

LPR I NT USING 11tl. #1:11:11##11'1; el:>f; 
LPRINT •• to within +1-"; dincrement 
LPR I NT •• s1.111 of squared error =••; 
LPRINT USING 11tltltl.tltltl11 ; ssybf 
IF jcount <= 2 THEN 

PRINT "Error 2. SSE not minimized. Upper boln:l too low. 11 

INPUT 11Hit <CR>: 11 ; y$: END 
END IF 
dbest = dbf 
EXIT FOR 

END IF' 
ssybf = ssy: dbf = d 

NEXT j 
IF dbest = 0 THEN flag = 0: ssybf = ssy: dbf = d: GOTO D3rd 
RETURN 

CalcT: 
'For each time estimate t~rature at depth, z. 
'IF dbest = 0 THEN PRINT "1st approx. of d was zero.": END 
d = dbest •set diffusivity value. 
PRINT : PRINT 
IF Dflag <> .1 OR d <= 0 THEN 

PRINT 11 Thermal diffusivity (cmA2/s) must be found before t~ratures11 

PRINT 11 can be estimated. Use choice tl1 at Main Menu. 11 

PRINT 11 Hit any key to continue:" 
yS = INPUTS(1) 
RETURN 

END IF 
Dflag 0 
INPUT 11 Enter two letter identifier for output file: 11 ; typeS 
PRINT 11 T~rature values for 11 ; z; •• em depth are in fi le11 ; 

PRINT 11 E: 11 + LTRIMS(STRS(day)) + 11 tem11 + typeS + 11 • 11 + LTRIMS(STRS(z)) 
LPRINT : LPRINT 11 T~rature values for "; z; •• em depth are in fi le11 ; 

LPRINT 11 E: 11 + LTRIMS(STRS(day)) + ••tem11 + typeS+ 11 • 11 + LTRIMS(STRS(z)) 
OPEN 11 0 11 , #3, 11e: 11 + LTRIMS(STRS(day)) + 11 tem11 + typeS + 11 • 11 + LTRIMS(STRS(z)) 
PRINT #3, 11Time, t~rature & estimated teq>. at depth11 + STRS(z) + 11 11 + id1S 
FOR i = 1 TO 96 

teq> = t(col, i) 
time = hour(i) 
GOSUB FindT 
PRINT #3, time, teq>, tzest 

NEXT i 
CLOSE tl3 
RETURN 

FindT: 
'Estimate t~rature at depth, z, given the diffusivity, d. 
•calculate terms not including d 
FOR n = 1 TO m 

t1(n) = cO(n) * (z I 2) * SQR(n * w I (2 * 3600)) 
t2(n) = n * w * 'time + phiO(n) 

NEXT n 
dT = 0: tzest = 0 'Initialize dT and estimated T. 
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FOR n = 1 TO m 
t3 = z * SQR(n * w I (2 * d * 3600)) 
t4 = EXP(-t3) 
sind = SIN(t2(n) - t3) 
cosd = COS(t2(n) - t3) 
dT = dT + t1(n) * d" -1.5 * t4 * (sind+ cosd) 
tzest = tzest + cO(n) * t4 * sind 

NEXT n 
tzest = tzest + a(O) 
RETURN 

CalcG: 
CLS 

1Add average T to complete estimated T calc. 

PRINT 11Subroutine coqx.~tes the soil heat flux at a depth, z, using11 

PRINT 11equation 10 from Horton et. al. 1983. Estimating the soil heat 11 

PRINT 11 flux from observations of soil t~rature near the surface. 11 

PRINT 11Soil Sci. Soc. Amer. J. 47:14-20. 11 

PRINT 11 For 11 ; FS; 11 ••• 11 

INPUT 11 Enter the soil volumetric water content [m"31m"3]: 11 ; c 
•calculate volumetric heat capacity in Jlcm"31K: 
c = 2.01 * 1.48 I 2.65 + 4.19 * c 
PRINT 11 Enter the soil thermal diffusivity [cm"2 s"-11 •11 

INPUT 11 Hit <CR> to use value from diffusivity estimation: 11 ; d 
IF d = 0 THEN d = dbest 
IF d = 0 THEN 

PRINT 
PRINT 11 Diffusivity was zero. You may estimate diffusivity by11 

PRINT 11 taking choice #1 at the Main Menu. Hit a key to continue: 11 

yS = INPUTS(1) 
RETURN ' 

END IF 
IF z = 0 THEN 

ELSE 

PRINT 11 Enter depth at which diffusivity was calculated, 11 

INPUT •• or hit <CR> to return to Main Menu: 11 ; depth 
IF depth = 0 THEN RETURN 

depth = z •set depth equal to z in subroutine CalcD. 
END IF 
INPUT 11 Enter two letter identifier for output file: 11 ; typeS 
INPUT 11 Enter the depth, z, at which to estimate soil heat flux: 11 ; z 
period = 24 • Set period equal to 24 hours. 
w = 2 * 3.141592653# 1 period 
PRINT •• Enter the file name for ~l itude and phase coefficients. 11 

INPUT 11 Hit <CR> to use name assigned in diffusivity estimation: 11 ; infileS 
IF infileS = 1111 THEN infileS = outS 
LPRINT 
LPRINT 11 The soil heat capacity was 11 ; c; •• Jlcm"31K. 11 

LPRINT 11 The soil thermal diffusivity was 11 ; 

LPRINT USING 11#.######11 ; d; 
LPRINT •• cm"2 s"-1. .. 
LPRINT •• Soil heat flux was coqx.~ted for a depth of 11 ; z; 11 cm. 11 

OPEN 11 i 11 , #2, infi leS 
LINE INPUT #2, id1S 
LPRINT 11 1st line of file 11 ; • infi leS; 11 : 11 

LPRINT id1S 
i = 0 
WHILE NOT EOF(2) 

i = i + 1 
INPUT #2, cO(i), phiO(i) 

WEND 
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CLOSE 12 
m = i •nc is no. of coefficients. m is no. of terms. 
LPRINT 11 Nunber of terms in Fourier series was"; m; ••.•• 
pi = 3.141592653# 

'for each time estimate the soil heat flux, G. 
PRINT •• Soil heat flux vs. time is in fi le11 ; 

PRINT 11 E: 11 + LTRIMS(STRS(day)) + typeS+ LTRIMS(STRS(depth)) + 11 • 11 ; 

PRINT LTRIMS(STRS(z)) 
LPRINT 11 Soil heat flux vs. time is in fi le11 ; 

LPRINT II E: 11 + LTRIMS(STRS(day)) + typeS+ LTRIMS(STRS(depth)) + 11 • 11 ; 

LPRINT LTRIMS(STRS(z)) 
FS = ••e: 11 + LTRIMS(STRS(day)) + typeS+ LTRIMS(STRS(depth)) + 11 • 11 

FS = FS + LTRIMS(STRS(z)) 
OPEN 11 0 11 , '113, FS 
PRINT '113, 11Time and estimated flux (MJ/m"2/s) atn + STRS(z) + 11 em. 11 + id1$ 
9sum = 0: 9allsum = 0 
FOR i = 1 ·TO 96 

time = (i - 1) * .25 
GOSUB FindG 
•convert heat flux from Jlcm"21s to MJim"21s. 
91 = -9 I 100.! 
IF 9 > 0 THEN 9sum = 9sum + 9 I 100! 'Total heat flux into soil. 
9allsum = 9allsum + 9 I 100! •Total heat flux in and out of soil. 
PRINT '113, time, 91 

NEXT i 
CLOSE '113 
LPRINT : LPRINT 1' Positive heat flux was: 81 ; 

LPRINT USIN~ 11 '11###.11##81
; gsum * .25 * 3600; : LPRINT 11 MJim"2. 11 

h2o = 9sum * .25 * 3600 1MJim"2. 
'2.442 MJik9 of H20 translates to 1 mm of water since 1 k9lm"2 is 1 mm: 
h2o = h2o I 2.442 'k91m"2=mm water. 
LPRINT 11 Equivalent latent heat flux as depth of water is: "; 
LPRINT USING 111#.11##81 ; h2o; : LPRINT 11 mm.n 
LPRINT : LPRINT 11 Total 24 hour heat flux was: 11 ; 

LPRINT USING 81'11###.11##81 ; 9allsum * .25 * 3600; : LPRINT 11 MJim"2. 11 

h2o = 9allsum * .25 * 3600 1MJim"2. 
h2o = h2o I 2.442 1 k91m"2=mm water. 
LPRINT 11 Equivalent latent heat flux as depth of water is: n; 
LPRINT USING 81 '11#.11##81 ; h2o; : LPRINT 11 mm. 11 

RETURN 

FindG: 
'Estimate soil heat flux at depth, z, given the diffusivity, d. 
•calculate terms not including d 
9 = 0 •set g equal to zero. 
FOR n = 1 TO m 

t1 = cO(n) * c * SQR(n * w * d I 3600)'factor of 3600 converts to s. 
t3 = z * SQR(n * w 1 (2 * d * 3600)) 'Factor of 3600 converts to seconds. 
t2 = n * w * time + phiO(n) + pi I 4 - t3 
t4 = EXP(-t3) 
sind = SIN(t2 - t3) 
19 is in Jlcm"21s if d is in cm"21s and c is in Jlcm"31K: 
g = g + t1 * t4 * sind 

NEXT n 
RETURN 
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APPENDIX D: Program IMPLIC2 .BAS, a Crank-Nicolson type finite 
difference solution to one dimensional heat flow in a 
homogeneous medium with surface and bottom boundary conditions 
consisting of temperature known as a discrete function of 
time. Net and positive heat flux are computed. 

Program listing. 

1 ProgramiMPLIC2.BAS. 
'Written 1 September 1988 in Microsoft QuickBASIC (R) by S.R. Evett. 
•Basic program for CoqxJting soil t~rature and soil heat flux using an 
'implicit (Crank-Nicolson) finite difference scheme. 

ICEY OFF: CLS 
PRINT 11Program IMPLIC2.BAS. Program for coqxJting soil t~rature and net 11 

PRINT 11soil heat flux. Written in QuickBasic v. 4.0 by S.R. Evett, 11 

PRINT 11September 1988. Uses actual soil t~ratures11 

PRINT 11 for surface and 30 em boundary conditions, and ouputs net and11 

PRINT 11positive soil heat fluxes. 11 

PRINT 
PRINT ••For validation purposes the surface t~rature is a 11 

PRINT 11sine function of time, t, in hours: 11 

PRINT 11 T(O) = 20 + 15 sin(w(t - 6)) 11 

PRINT 11where 20 is the average and 15 the 8111Jlitude of the diurnal wave, 11 

PRINT 11 temperature is zero and increasing at 6 AM, and w = 2 pi/24. 11 

PRINT 11The temperature at 30 em is taken as constant and equal to the11 

PRINT 11average surface t~rature. The volLJnetric water content is11 

PRINT 11 taken to be 0.21 and thermal conductivityis calculated 
print 11by Campbell's (1985) method. 11 

PRINT 110therwise the surface and 30 em t~ratures are taken11 

PRINT 11 from the input files 9?t.ave and theta is from file Theta85.ave. 11 

PRINT 
PRINT 11Hit any key to continue ..... 
yS = INPUT$(1) 
CLS : PRINT 
PRINT 11 Files needed: 11 

PRINT 11 92t.ave, 93t.ave, ••• ,100t.ave, disk 45, 11 

PRINT 11 (or Valid.dat, disk 45, for validation run.) 11 

PRINT 11 Theta85.ave, disk 45. 11 

PRINT •• Diff85.ave, disk 45, unless diffusivities are calculated11 

PRINT 11 in program. 11 

PRINT 
Do validation (Y or N): 11 ; vS 

11Y11 THEN vS = 11Y11 

INPUT II 

IF vS = 
PRINT '' 
INPUT " 
INPUT II 

INPUT II 

INPUT It 

Use diffusivity values in file Diff85.ave to calculate thermal 11 

conductivity (1), or use Can¢ell's method (0): 11 ; DiffFlag 
Enter time step in seconds: 11 ; DT 
Enter Element depth in m 11 ; dx 
Enter rllllber of elements 11 ; m 

LPRINT DATES; 11 11 ; TIMES; 11 

LPRINT 11Time step [s] was11 ; DT 
LPRINT 11Element depth [m] was11 ; dx 
LPRINT 11 Nl111ber of elements was11 ; m 

Program IMPLIC2.BAS11 

nOcol = 4: n30col = 14 •columns for surface and 30 em field soil temperatures. 
n15col = 9 

DIM gam(m + 1) 
DIM W(m + 1) 

'Holding variable used in Gaussian elimination. 
•Not used. 



DIM T(m + 1) 
DIM TN(m + 1) 
DIM k(m + 1) 
DIM CP(m) 
DIM a(m + 1) 
DIM b(m) 
DIM c(m) 
DIM d(m) 
DIM z(m + 1) 
DIM day(14) 
DIM SurfTefl1)(96) 
DIM Tefl1)30(96) 
DIM hour(96) 
DIM ThetaV(14) 
DIM diffu(14) 

day(O) = 91 

•old temperature at node i, set to TN(i) at end of each loop. 
•New temperature at node i, calculated for each time step. 
•Element conductance at each node, i. 
•Element heat storage at node, i. 
1 Lower diagonal element. 
•Diagonal element. 
•upper diagonal element. 
•vector element. 
•Depth [m]. 

•Holds julian days to be modeled. 
•Holds surface soil temperatures from file. 
•soil temperatures at 30 em from file. 
•Holds time in hours from file. 
·~ater content for each day. 
1Diffusivity from harmonic analysis for each day [cmA21s1 

day(1) = 92: day(2) = 93: day(3) = 94: day(4) = 95: day(5) = 96: day(6) = 97 
day(7) = 98: day(8) = 99: day(9) = 100 
day(10) = 101: day(11) = 102: day(12) = 103: day(13) = 104 

BD = 1.48 
k(O) = 20 

•Bulk density [MglmA31 found in 30 em ML 1s. 
'Boundary layer conductance [~l(mA2 K)l. 

•calculate depths of layers and initialize temperature of each layer 
•to temperature at begining: 
IF vS = nyu THEN 

Tefl1)30(1) = 20 
Tefl1)15 = 23 
SurfTemP(1) = 19.589 

ELSE 
da = 0 
GOSUB GetTimeTefl1) 1Get temperatures for day 91. 

END IF 
FOR i = 0 TO m 

Z(i + 1) = z(i) + dx 1Depth (m], Z(0)=0, Z(10)=.3 m. 
•Initial temperatures are linearly interpolated between inital surface, 
1 15 em and 30 em temperatures from file: 
IF Z(i) < m * dx I 21 THEN 

T(i) = SurfTefl1)(1) + (Tefl1)15- SurfTefl1)(1)) * Z(i) I (m * dx I 21) 
ELSE 

T( i) = Tefl1)15 
T(i) = T(i) + (Tefl1)30(1) - Tefl1)15) * (Z(i) - m * dx I 21) I (m * dx I 21) 

END IF 
PRINT i, z(i), T(i) 

NEXT 
LPRINT 11Depth of slab was11 ; z(m); •• m. 11 

•set temperature of outer nodes to temperature at begining. 
T(m) = Tefl1)30(1) •old temperature. 
T(O) = SurfTefl1)( 1) • u 

TN(m) = T(m) •New temperature. 

•Initialize variables. 
da = 0 •oay number. 

•calculate constants for thermal conductivity equation [~lmiKl for a 
•typical low-quartz , mineral soil, after Campbell, Soil Physics with BASIC: 

MC = .31 •clay fraction for Pima clay loam. 
•Equation 4.27: 
C1 = .65 - .78 * BD + .6 * BD * BD 
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•Equation 4.25. Theta-v is missing here. Should it be??? 
C2 = 1.07 * 80 
•Equation 4.28. 
C3 = 1 + 2.64 I SQR(MC) 
•Equation 4.22. First constant is 0.03 in text not 0.3. Which is correct??? 
C4 = .03 + .1 * 80 * BD 

'Input water content for each day: 
OPEN 11 iu, #2, uE:theta85.aveu 
LINE INPUT #2, inS 
PRINT 11 First line of file E:theta85.ave was:u 
PRINT inS 
i = 0 
DO 

IF NOT EOF(2) THEN INPUT #2, d, ThetaV(i) ELSE EXIT DO 
PR.INT d, ThetaV( i) 
i = i + 1 

LOOP . 
CLOSE #2 

'Get diffusivities if desired: 
IF Diffflag > 0 THEN 

OPEN 11 iu, #2, uE:diff85.aveu 
LINE INPUT #2, inS 
PRINT uFirst line of file E:diff85.ave was:u 
PRINT inS 
i = 0 
DO 

IF NOT EOF(2) THEN INPUT #2, d, diffu(i) ELSE EXIT DO 
PRINT d, diffu(i) 
i = i + 1 

LOOP 
CLOSE #2 

END IF 

'Loop for number of days. 
IF vS = nyu THEN 

lowl im = 0: hil im = 13 
ELSE lowl im = 0 

hil im = 13 
END IF 
FOR da = lowlim TO hilim 

LPRINT 
IF v$ = uyu THEN LPRINT "Validation dayu; da ELSE LPRINT 11Dayu; day(da) 
Ti = 0 •start at time = zero and go for 24 hours. 
GOSUB FindCPandK •calculate element heat capacity and conductance. 
flip= 0 •set flag for begin & end times of positive flux. 
soilfluxsum = 0: posflux = 0 'Initialize fluxes to zero. 
Time1 = 0: Time2 = 0 'Initialize times to zero. 
IF vS = 11Y11 THEN 

OPEN 11o11 , #3, "E:Val id11 + LTRIMS(STRS(da)) + 11 .out11 

PRINT #3, "Day, hour, flux [Wim"2l. Validation rl.l'\.u 
ELSE 

OPEN 11o11 , #3, 11E: 11 + LTRIMS(STRS(day(da))) + Uflux.out11 

PRINT #3, 11Day, hour, flux [Wim"2l II 

END IF 
IF vS <> nyu THEN GOSUB GetTimeTemp 
FOR kk = 1 TO INJ<241 * 36001 I DT) 

IF da = 0 AND Ti = 11 THEN GOSUB FindCPandK 
IF da = 10 AND Ti = 13 THEN GOSUB FindCPandK 
GOSUB Calc 
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Ti = Ti + DT I 3600! 'Time [hl based on incrementing by DT. 
NEXT kk 
IF vS = 11Y11 THEN PRINT #13, 11Val idation day11 ; da ELSE PRINT #13, 11Day11 ; day(da); 11 • 11 

PRINT #13, 11 S1.111 of positive soil heat flux is: 11 ; 

PRINT #13, posflux * DT; 11 Jlnf'211 

PRINT #13, 11or an equivalent depth of water of 11 ; 

PRINT #13, posflux * DT l 2442000!; 11 11111. 11 

PRINT #13, 
PRINT #13, 11Begin and end times of positive flux were11 ; Time1; 11 and11 ; 

PRINT #13, Time2; 11 hours.•• 
PRINT #13, 
PRINT 113, 11Sllll of soil heat flux is: 11 ; soil fluxs1.111 * DT; " Jlnf'2•• 
PRINT #13, 11or an equivalent depth of water of 11 ; 

PRINT #13, soilfluxs1.111 * DT 1 24420001; •• 11111. 11 

CLOSE tl3 
LPRINT •• Sllll of positive soil heat flux is: 11 ; 

LPRINT posflux * DT; 11 Jlm"211 

LPRINT 11 or an equivalent depth of water of11 ; 

LPRINT posflux * DT I 2442000!; 11 mm. 11 

LPRINT 11 Begin and end times of positive flux were11 ; Time1; 11 and11 ; 

LPRINT Time2; •• hours. 11 

LPRINT 11 Sllll of soil heat flux is: 11 ; soilfluxs1.111 * DT; 11 Jlm"211 

LPRINT 11 or an equivalent depth of water of 11 ; 

LPRINT soilfluxs1.111 * DT I 2442000!; 11 mm. 11 

NEXT da 
END 

Calc: 
•New temper~tures at surface and at 30 em, from sine wave or from file: 

IF vS = nyu THEN 

ELSE 

•PRINT 11Val idation 11 ; 

TN(O) = 20 + 15 * SIN(.261799 * (Ti - 6)) 
TN(m) = 20 •Average temperature of surface = temperature at bottom. 

•Interpolate linearly to get temperature at time Ti: 
lEnd = INT(Ti I .25): tEnd = lEnd + 1 
ydif = SurfTemp(tEnd) - SurfTemp(lEnd) 
xdif = .25 
xinc = Ti - lEnd * .25 
TN(O) = SurfTemp(lEnd) + (ydif I xdif) * xinc 
ydif = SurfTemp(tEnd) - SurfTemp(lEnd) 
TN(m) = Temp30(lEnd) + (ydif I xdif) * xinc 
T(m) = Temp30(lEnd) + (ydif I xdif) * xinc 

END IF 

•calculate R.H.S.: 
d(1) = Rm * T(1) + r * T(2) + r * T(O) + r * TN(O) 
FOR i = 2 TO m - 2 

d(i) = r * T(i - 1) + Rm * T(i) + r * T(i + 1) 
NEXT i 
d(m - 1) = r * T(m - 2) + Rm * T(m - 1) + r * T(m) + r * TN(m) 

•calculate diagonal terms in L.H.S.: 
FOR i = 1 TO m - 1 

•c() is the upper diagonal term and equals the lower diagonal a(). 
c(i) = -r: a(i + 1) = -r 
b(i) = Rp 

NEXT i 

•oo elimination: 
bet = b(1) 
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TN(1) = dC1) I bet 
FOR i = 2 TO m - 1 

gam(i) = c(i - 1) I bet 
bet = b(i) - a(i) * gam(i) 
IF bet = 0 THEN PRINT 11Error11 : y$ = INPUTS(1) 
TN(i) = (d(i) - a(i) * TN(i - 1)) I bet 1 TN(m-1) is OK as is. 

NEXT i 

'Find new temperatures by back substitution, TN(m-1) already calculated above: 
FOR i = m - 2 TO 1 STEP -1 

TN(i) = TN(i) - gam(i + 1) * TN(i + 1) 
NEXT i 

•soil heat flux is combination of conductance through 1st layer and 
•storage i~ 1st layer: 

1soilflux = (Ki I OX)* (T(O) - T(1)) 1 Flux in WlmA2. 
•soilflux. = soilflux + CPi *OX* (T(O) - T(1)) •Flux in WlmA2. 
avetemp = ((T(O) - T(1)) + (TN(O) - TN(1))) I 2 1 Time averaged deltaT. 
soilflux = (Ki 1 dx) * avetemp 1 Flux in WlmA2. 
soilflux = soilflux + CPi * dx * avetemp 1 Flux in WlmA2. 
IF soilflux > 0 AND flip= 0 THEN flip= 1: Time1 = Ti 
IF soilflux < 0 AND flip= 1 THEN flip= 0: Time2 = Ti 
IF soilflux > 0 THEN posflux = posflux + soilflux •sum positive flux. 
soilfluxsum = soilfluxsum + soilflux •sum total flux. 
FOR i = 0 TO m 

T(i) = TN(i) •old temperatures set to new temperatures. 
NEXT 
IF Ti MOO 900 = 0 THEN 

IF vS = 11Y11 THEN PRINT #13, da; Ti; ELSE PRINT #13, day(da); Ti; 
PRINT #13, soilflux 

END IF 
RETURN 

GetTimeTemp: 
fileS= 11e: 11 + LTRIMS(STRS(day(da))) + 11 t.ave11 

OPEN 11 i 11 , #2, fileS 
LINE INPUT #2, inS 
PRINT 
PRINT "First line of file 11 + fileS+ •• is: 11 

PRINT inS 
i = 0 
WHILE NOT EOF(2) 

i = i + 1 
INPUT #2, Jday, hour(i) 
FOR ii = 1 TO 16 

INPUT #2, x 
IF ii = n15col - 2 AND i = 1 THEN Temp15 = x•Get 15 em temp. at start. 
IF 11 = nOcol - 2 THEN SurfTemp(i) = x 
IF ii = n30col - 2 THEN Temp30(i) = x 

NEXT ii 
WEND 
CLOSE #2 
RETURN 

FindCPandK: 
•use actual water content for all runs. 
wv = ThetaV(da) 
•set theta to .26 before irrigation on first day: 
IF da = 0 AND Ti < 11 THEN wv = .236 
•set theta to .3 after irrigation on 11th day: 
IF da = 10 AND Ti = 13 THEN wv = .3 
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PRINT "Day"; da; 11 , theta="; wv 
LPRINT 11 Vol~.metric specific heat is"; 
CPi = (20100001 * BD I 2.65 + 41800001 * wv) I 10000001 
LPRINT CPi; •• MJI(m"3 K) •11 

LPRINT •• Thermal conductivity is 
IF DiffFlag = 0 THEN 

... 
I 

•use Campbell's method for calculating thermal conductivity: 
Ki = (C1 + C2 * wv - (C1 - C4) * EXP(-(C3 * WV) A 4)) 

ELSE 
•use diffusivity values from harmonic analysis and CPi to calculate Ki: 

PRINT 11Used diffusivity values from harmonic analysis and CPi to calculate Ki:" 
Ki = (diffu(da) I 10000!) * CPi * 10000001 

END IF 
LPRINT Ki; 11 Jl(s m K). 11 

LPRINT 11 Diffusivity is 11 ; Ki 1 (CPi * 1000000! >; •• m"21s. 11 

r = (Ki· I (CPi * 10000001)) * DT I (dx * dx) 

Rm = 2 - 21 * r: Rp = 2 + 21 * r 
LPRINT ·11 r is 11 ; r 
IF vS = 11Y11 THEN 

•calculate analytical solution: 
sa = SQR(2) * CPi * 10000001 
sa = sa * SQR(2 * (Ki * 86400 I (CPi * 10000001 * 6.2831853#))) 
sa= sa* 15 I 2442000 'Amplitude of sine wave is 15 Deg. C. 
LPRINT "Analytical solution is"; sa; 11 11111. 11 

END IF 
RETURN 
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APPBlmIZ 81 Model for least squares linear regression 
analysis using dummy variables for the ML treatments. 

Least squares linear regression, with dummy variables 

def ined for the k treatments, can be used to perform one 

mul tiple 1 inear regression which generates regression 

coefficients (intercepts and slopes) for all k treatments (Nie 

et ale 1975, pp. 372-382). This procedure has the advantage 

of separating treatment effects from the effect of the 

independent variable while maximimizing the error degrees of 

freedom and thus the general level of significance of the 

regression. While k separate regressions could be performed, 

using the data from only one treatment for each regression, 

the individual regressions would have only (N/k) -2 error 

degrees of freedom (where the number of .ample. is evenly 

divided among the k treatments and there are N samples 

overall) whereas the single regre.sion with dummy variables 

would have N-2k degree. of freedom. The correlation 

coefficient. for the individual regre.sions would generally 

be lower than that for the multiple regre.sion and would not 

be good indicator. of the overall effect of the independent 

variable. 

The general linear .odel with du.ay variable. for k 

different treat.ent. can be written: 

[Ell 
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where Y is the dependent variable and X is the independent 

variable, and where the dummy variables XIJ are defined by 

XI j - 1, if treatment nwiber - i, 

= 0, otherwise. 

Also, the dummy variables X lkj are defined by 

X lkj - l(XJ), if treatment number - i, 

- 0, otherwise. 

For the ith treatment Equation E1 reduces to 

[E2] 

[E3] 

[E4] 

Note that Xlj and XlkJ are not defined for i-k in Equation E1. 

So, for the kth treatment Equation E1 reduces to 

[ES] 

Thus it is clear that k equation. are defined, one for each 

of the k treat .. ent •• 

At this point it should be clear that the .odel is 

nothing aore than a special case of the general aodel for 

multiple linear regression (Montgo.ery 1976, p. 316) (Neter and 

Wasseraan 1974, pp.297-338). Miniaizing the least square. 

function will be easier if the intercept tera i. redefined as 

(following Montgo.ery 1976) 
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[E6] 

Where X is the average of all X and x1 is the average of X for 

the ith treatment. This procedure also makes computer 

calculations easier since it reduces the tendency for overflow 

to occur. The redefined model is now 

Any one of the k equations defined for the k treatments 

is identical to the equation that would be generated if a 

linear regression were performed using the data from that 

treatment alone. This is obvious in the case of Equation E5 

and will be clear for Equation E4 if the intercept terms, b 0 

and b 1 , are combined and if the slope terms, bk and bik' are 

combined. 

In matrix form, the model represented by Equation ES is 

Y = xp + E [E9] 

where y is the vector containing the N dependent variable 

values, X is the N by 2k matrix containing the independent and 

dummy variables, p is the vector containing the 2k 

coefficients, and E is the vector containing the N error 

terms. As ~n example these matrices are shown below for a 

model with dummy variables for 6 treatments. 
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y - Y, -- Po . - ~, 

Y2 P, ~2 
Yl P2 ~l 

Pl 
P4 

Y. 
P5 
P6 

P'6 
P26 
P]6 
P46 
P56 

~. 

and 

Z - 1 1 0 0 0 0 (X, - X) (X, - x,) 0 
1 0 1 0 0 0 (X2 - X) 0 (X2 - x 2 ) 
1 0 0 1 0 0 (Xl - X) 0 0 
1 0 0 0 1 0 (X4 - X) 0 0 
1 0 0 0 0 1 (Xs - X) 0 0 
1 1 0 0 0 0 (X6 - X) (X6 - x,) 0 

. . . . . 
1 0 o 0 o 1 (X. - X) 0 0 

0 0 0 
0 0 0 

(Xl - xl) 0 0 
0 (X4 - x4 ) 0 
0 0 (Xs - i,) 
0 0 0 

• 

0 0 (X. - i,) 
[E1O] 
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Squaring the error term in Equation E9 gives E 1 E which 

is the sum of squared error terms. Minimizing E 1 E results in 

the normal equations in matrix form (Montgomery 1976) 

A x•xp = x•y [Ell] 

where p is the vector of regression coefficients. Multiplying 

both sldes of Equation Ell by (X 1 X)- 1 results in 

[El2] 

Solution of Equation El2 can be accomplished on a persona~ 

computer using the SAS, SPSS or other statistical progr~ms. 

The use,r must provide the dummy variables in the data set or, 

alternatively, direct the program to construct them using user 

-specified equations. Note that the first column in X, above, 

is filled with ones. This dummy variable is associated with 

the intercept and is automatically created by most statistical 

programs, thus the user need not create it. 

In the following example evaporation, E, was the 

dependent variable and the midday temperature depression, 

(T - T ) was the independent variable. o max d max ' I I 
There were 6 

treatments so 5 dummy variables associated with the intercept 

are defined, x1 through Xsi and 5 dummy variables associated 

with the slope were defined, x16 through x56 • The treatments 
I 

were designated as Tl, T2, T3, T4, and T5. No dummy variable 
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was necessary for treatment number 6. 

Model: E - bo + b,x, + b2x2 + b]x] + b,x, + bsXs 

+ b6 (To,.x - Td,.x) + b'6X'6 + b26x26 + ~x]6 

+ b46x46 + b56Xs6 [E13] 

where: x, - 1, if length-10 em and wall type is steel, T1, 
- 0, otherwise, 

x2 - 1, if length-10 em and wall type is plastic, T2, 
'""' 0, otherwise, 

x] - 1, if length-20 em and wall type is ateel, T3, 
- 0, otherwise, 

x4 - 1, if length-20 em and wall type is plastic, T4, 
= 0, otherwise, 

Xs '""' 1, if length-30 em and wall type is steel, T5, 
'""' 0, otherwise, 

X'6 - 1 (To,plex - Tit_x)' if length-10 em and wall type is 
s~eel, T1, 

- 0, otherwise, 
x26 - 1 (To - Td ), if length-10 em and wall type is 

p~stic ,'~2 , 
- 0, otherwise, 

x]6 - 1 (To,plex - TIt• x)' if length-20 em and wall type is 
s~eel, T3, 

- 0, otherwise, 
X46 - l(To - Td ), if length-20 em and wall type is 

p~stic ,'~4 , 
- 0, otherwise, 

x56 - 1 (To,,.. - Tit .. ), if length-30 em and wall type is 
a~eel, T5, 

- 0, otherwise. [E14] 

This model was analyzed using the SAS atatiatical 

programs on an IBM PC co.patible. In the following output the 

variables are defined aa OBS - sequential obaervation number; 

TRT - treataent nUllber; E __ - actual evaporation in _; 

Tdepress - (To,.. - Td, .. ); Xl through X5 are the dWlllY 

variables XI and X16 through X56 are the duaay variables XI'" 
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output from SAS. 

E.ctu.t (.) • (To,.X - Td, .. ) WI ~ for trHt--.tl. 

085 TRT E_'" X1 X2 Xl X4 X5 TDEPRESS X16 x26 X36 X46 X56 

1 4 4.98 0 0 0 1 0 26.47 0.00 0.00 0.00 26.47 0.00 
2 3 5.92 0 0 1 0 0 21.41 0.00 0.00 21.41 0.00 0.00 
3 5 6.97 0 0 0 0 1 21.57 0.00 0.00 0.00 0.00 21.57 
4 6 5.75 0 0 0 0 0 21.07 0.00 0.00 0.00 0.00 0.00 
5 1 4.01 1 0 0 0 0 24.52 24.52 0.00 0.00 0.00 0.00 
6 2 5.18 0 1 0 0 0 26.49 0.00 26.49 0.00 0.00 0.00 
7 3 4.53 0 0 1 0 0 27.65 0.00 0.00 27.65 0.00 0.00 
8 4 3.83 0 0 0 1 0 27.29 0.00 0.00 0.00 27.29 0.00 
9 1 3.14 1 0 0 0 0 26.40 26.40 0.00 0.00 0.00 0.00 

10 4 2.49 0 0 0 1 0 25.21 0.00 0.00 0.00 25.21 0.00 
11 5 3.83 0 0 0 0 1 25.94 0.00 0.00 0.00 0.00 25.94 
12 6 1.73 0 0 0 0 0 26.34 0.00 0.00 0.00 0.00 0.00 
13 1 3.48 1 0 0 0 0 24.19 24.19 0.00 0.00 0.00 0.00 
14 2 1.34 0 1 0 0 0 25.78 0.00 25.78 0.00 0.00 0.00 
15 3 1.92 0 0 1 0 0 26.37 0.00 0.00 26.37 0.00 0.00 
16 4 1.53 0 0 0 1 0 27.46 0.00 0.00 0.00 27.46 0.00 
17 2 0.96 0 1 0 0 0 27.78 0.00 27.78 0.00 0.00 0.00 
18 4 3.26 0 0 0 1 0 12.36 0.00 0.00 0.00 12.36 0.00 
19 3 1.39 0 0 1 0 0 12.46 0.00 0.00 12.46 0.00 0.00 
20 5 0.87 0 0 0 0 1 13.90 0.00 0.00 0.00 0.00 13.90 
21 6 0.96 0 0 0 0 0 13.46 0.00 0.00 0.00 0.00 0.00 
22 1 1.57 1 0 0 0 0 12.64 12.64 0.00 0.00 0.00 0.00 
23 2 1.73 0 1 0 0 0 11.70 0.00 11.70 0.00 0.00 0.00 
24 3 2.09 0 0 1 0 0 12.13 0.00 0.00 12.13 0.00 0.00 
25 4 3.64 0 0 0 1 0 11.03 0.00 0.00 0.00 11.03 0.00 
26 1 1.74 1 0 0 0 0 13.70 13.70 0.00 0.00 0.00 0.00 
27 4 2.30 0 0 0 1 0 10.46 0.00 0.00 0.00 10.46 0.00 
28 5 4.01 0 0 0 0 1 14.90 0.00 0.00 0.00 0.00 14.90 
29 6 2.49 0 0 0 0 0 11.37 0.00 0.00 0.00 0.00 0.00 
30 1 1.05 1 0 0 0 0 12.01 12.01 0.00 0.00 0.00 0.00 
31 2 1.53 0 1 0 0 0 11.07 0.00 11.07 0.00 0.00 0.00 
32 3 1.57 0 0 1 0 0 11.81 0.00 0.00 11.11 0.00 0.00 
33 4 0.96 0 0 0 1 0 10.45 0.00 0.00 0.00 10.45 0.00 
34 2 1.73 0 1 0 0 0 9.30 0.00 9.30 0.00 0.00 0.00 
35 4 3.26 0 0 0 1 0 11 .31 0.00 0.00 0.00 11.31 0.00 
36 3 1.39 0 0 1 0 0 11.63 0.00 0.00 11.63 0.00 0.00 
37 5 0.87 0 0 0 0 1 12.63 0.00 0.00 0.00 0.00 12.63 
38 6 0.96 0 0 0 0 0 12.41 0.00 0.00 0.00 0.00 0.00 
39 1 1.57 1 0 0 0 0 11.71 11.71 0.00 0.00 0.00 0.00 
40 2 1.73 0 1 0 0 0 10.06 0.00 10.06 0.00 0.00 0.00 
41 3 2.09 0 0 1 0 0 13.06 0.00 0.00 13.06 0.00 0.00 
42 4 3.64 0 0 0 1 0 10.59 0.00 0.00 0.00 10.59 0.00 
43 1 1.74 1 0 0 0 0 12.70 12.70 0.00 0.00 0.00 0.00 
44 4 2.30 0 0 0 1 0 10.61 0.00 0.00 0.00 10.63 0.00 
45 5 4.01 0 0 0 0 1 12.15 0.00 0.00 0.00 0.00 12.J3 
46 6 2.49 0 0 0 0 0 9.15 0.00 0.00 0.00 0.00 0.00 
47 1 1.05 1 0 0 0 0 10.15 10.15 0.00 0.00 0.00 0.00 
41 2 1.53 0 1 0 0 0 10.04 0.00 10.04 0.00 0.00 0.00 
49 3 1.57 0 0 1 0 0 11 •• 0.00 0.00 11.11 0.00 0.00 
50 4 0.96 0 0 0 1 0 10 •• 0.00 0.00 0.00 10.11 0.00 
51 2 1.73 0 1 0 0 0 1.63 0.00 1.63 0.00 0.00 0.00 
52 4 -0.96 0 0 0 1 0 6.75 0.00 0.00 0.00 6.75 0.00 
53 3 1.05 0 0 1 0 0 7.62 0.00 0.00 7.62 0.00 0.00 
54 5 0.17 0 0 0 0 1 9.34 0.00 0.00 0.00 0.00 9.34 
55 6 0.77 0 0 0 0 0 1.30 0.00 0.00 0.00 0.00 0.00 
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015 TRT E_'" X1 X2 X3 X4 X5 TDEPIESS .16 X26 X36 .46 .56 
56 1 0.70 , 0 0 0 0 7.13 7.13 0.00 0.00 0.00 0.00 
57 2 o.n 0 1 0 0 0 6.]7 0.00 6.]7 0.00 0.00 0.00 
58 ] 1.05 0 0 1 0 0 1.05 0.00 0.00 1.05 0.00 0.00 
59 4 1.]4 0 0 0 1 0 6.64 0.00 0.00 0.00 6.64 0.00 
60 , 1.22 1 0 0 0 0 7.16 7.16 0.00 0.00 0.00 0.00 
6' 4 0.96 0 0 0 1 0 5.62 0.00 0.00 0.00 5.62 0.00 
62 5 1.]9 0 0 0 0 1 7.21 0.00 0.00 0.00 0.00 7.21 
6] 6 2.11 0 0 0 0 0 6.'2 0.00 0.00 0.00 0.00 0.00 
64 1 1.22 1 0 0 0 0 7.0] 7.0] 0.00 0.00 0.00 0.00 
65 2 o.n 0 1 0 0 0 5.58 0.00 5.58 0.00 0.00 0.00 
66 ] 1.05 0 0 1 0 0 6.71 0.00 0.00 6.71 0.00 0.00 
67 4 1.15 0 0 0 , 0 6.72 0.00 0.00 0.00 6.72 0.00 
68 2 o.n 0 1 0 0 0 ].74 0.00 ].74 0.00 0.00 0.00 
69 4 1.]4 0 0 0 1 0 6.]] 0.00 0.00 0.00 6.]] 0.00 
70 ] 1.05 0 0 1 0 0 7.06 0.00 0.00 7.06 0.00 0.00 
71 5 1.05 0 0 0 0 1 1.24 0.00 0.00 0.00 0.00 1.24 
72 6 2.68 0 0 0 0 0 7.21 0.00 0.00 0.00 0.00 0.00 
71 1 0.70 1 0 0 0 0 6.71 6.71 0.00 0.00 0.00 0.00 
74 2 1.]4 0 1 0 0 0 ].76 0.00 ].76 0.00 0.00 0.00 
75 ] 1.]9 0 0 , 0 0 5.10 0.00 0.00 5.10 0.00 0.00 
76 4 1.5] 0 0 0 1 0 4.62 0.00 0.00 0.00 4.62 0.00 
n 1 0.70 1 0 0 0 0 6.]] 6.]] 0.00 0.00 0.00 0.00 
71 4 1. 15 0 0 0 1 0 4.16 0.00 0.00 0.00 4.16 0.00 
7'9 5 0.52 0 0 0 0 , 5.15 0.00 0.00 0.00 0.00 5.15 
SO 6 0.19 0 0 0 0 0 4.04 0.00 0.00 0.00 0.00 0.00 
a1 1 1.22 1 0 0 0 0 4.11 4.11 0.00 0.00 0.00 0.00 
82 2 1.'5 0 , 0 0 0 4.75 0.00 4.75 0.00 0.00 0.00 
8] ] 0.17 0 0 1 0 0 6.16 0.00 0.00 6.'6 0.00 0.00 
84 4 1.5] 0 0 0 1 0 6.]] 0.00 0.00 0.00 6.]] 0.00 
a5 2 1.]4 0 1 0 0 0 4.20 0.00 4.20 0.00 0.00 0.00 
16 4 2.68 0 0 0 1 0 7 •• 0.00 0.00 0.00 7 •• 0.00 
a7 ] 1.]9 0 0 1 0 0 9.01 0.00 0.00 9.01 0.00 0.00 

• 5 ].]1 0 0 0 0 1 11.00 0.00 0.00 0.00 0.00 11.00 
89 6 -o.n 0 0 0 0 0 1.66 0.00 0.00 0.00 0.00 0.00 
90 1 1.74 1 0 0 0 0 1.16 1.16 0.00 0.00 0.00 0.00 
91 2 0.11 0 , 0 0 0 5.11 0.00 5.11 0.00 0.00 0.00 
92 ] 0.52 0 0 1 0 0 6.69 0.00 0.00 6.69 0.00 0.00 
9] 4 0.96 0 0 0 1 0 6.06 0.00 0.00 0.00 6.06 0.00 
94 1 1.05 1 0 0 0 0 1.12 1.12 0.00 0.00 0.00 0.00 
95 4 0.11 0 0 0 1 0 4.94 0.00 0.00 0.00 4.94 0.00 
96 5 2.09 0 0 0 0 1 1.42 0.00 0.00 0.00 0.00 1.42 
97 6 2.49 0 0 0 0 0 5.02 0.00 0.00 0.00 0.00 0.00 
98 , 0.52 , 0 0 0 0 7.26 7.26 0.00 0.00 0.00 0.00 
99 2 1.15 0 1 0 0 0 6.09 0.00 6.09 0.00 0.00 0.00 

100 ] 1.22 0 0 , 0 0 7.45 0.00 0.00 7.45 0.00 0.00 
10' 4 o.n 0 0 0 1 0 7.01 0.00 0.00 0.00 7.01 0.00 
102 2 0.58 0 1 0 0 0 4.]7 0.00 4.]7 0.00 0.00 0.00 
10] 4 1.15 0 0 0 1 0 7.59 0.00 0.00 0.00 7.59 0.00 
104 ] 1.05 0 0 1 0 0 1.17 0.00 0.00 1.17 0.00 0.00 
105 5 -0.17 0 0 0 0 1 9 •• 0.00 0.00 0.00 0.00 9 •• 
106 6 1.71 0 0 0 0 0 7._ 0.00 0.00 0.00 0.00 0.00 
107 1 0.52 1 0 0 0 0 7.55 7.55 0.00 0.00 0.00 0.00 
101 2 o.n 0 1 0 0 0 6.20 0.00 6.20 0.00 0.00 0.00 
109 ] 0.52 0 0 1 0 0 6.71 0.00 0.00 6.71 0.00 0.00 
110 4 0.00 0 0 0 1 0 5.15 0.00 0.00 0.00 5.15 0.00 
1'1 1 0.70 1 0 0 0 0 7.51 7.51 0.00 0.00 0.00 0.00 
112 4 o.n 0 0 0 1 0 4.99 0.00 0.00 0.00 4.99 0.00 
11] 5 0.52 0 0 0 0 1 6.92 0.00 0.00 0.00 0.00 6.92 
1'4 6 0.11 0 0 0 0 0 5.10 0.00 0.00 0.00 0.00 0.00 
"5 , 1.05 , 0 0 0 0 7.11 7. '1 0.00 0.00 0.00 0.00 



368 

OIS TRT E_'" X1 X2 Xl X4 X5 TDEPRESS X16 X26 X36 X46 X56 
116 2 0.51 0 1 0 0 0 5.42 0.00 5.42 0.00 0.00 0.00 
117 3 1.22 0 0 1 0 0 1.34 0.00 0.00 1.34 0.00 0.00 
118 4 o.n 0 0 0 1 0 7.21 0.00 0.00 0.00 7.21 0.00 
119 2 0.96 0 1 0 0 0 5.26 0.00 5.26 0.00 0.00 0.00 
120 4 o.n 0 0 0 1 0 4.51 0.00 0.00 0.00· 4.51 0.00 
121 3 ·0.17 0 0 1 0 0 5.71 0.00 0.00 5.71 0.00 0.00 
122 5 0.87 0 0 0 0 1 6.96 0.00 0.00 0.00 0.00 6.96 
123 6 o.n 0 0 0 0 0 5.45 0.00 0.00 0.00 0.00 0.00 
124 1 0.70 1 0 0 0 0 5.52 5.52 0.00 0.00 0.00 0.00 
125 2 0.96 0 1 0 0 0 4.13 0.00 4.13 0.00 0.00 0.00 
126 3 1.39 0 0 1 0 0 5.23 0.00 0.00 5.23 0.00 0.00 
127 4 o.n 0 0 0 1 0 4.50 0.00 0.00 0.00 4.50 0.00 
121 1 0.87 1 0 0 0 0 6.14 6.14 0.00 0.00 0.00 0.00 
129 4 0.96 0 0 0 1 0 3.75 0.00 0.00 0.00 3.75 0.00 
130 5 0.87 0 0 0 0 1 5.76 0.00 0.00 0.00 0.00 5.76 
131 6 1.15 0 0 0 0 0 4.10 0.00 0.00 0.00 0.00 0.00 
132 1 1.22 1 0 0 0 0 5.45 5.45 0.00 0.00 0.00 0.00 
133 2 0.96 0 1 0 0 0 4.62 0.00 4.62 0.00 0.00 0.00 
134 3 0.87 0 0 1 0 0 6.96 0.00 0.00 6.96 0.00 0.00 
135 4 1.73 0 0 0 1 0 6.25 0.00 0.00 0.00 6.25 0.00 
136 2 1. 15 0 1 0 0 0 4.25 0.00 4.25 0.00 0.00 0.00 
137 4 ·0.19 0 0 0 1 0 5.27 0.00 0.00 0.00 5.27 0.00 
138 3 0.87 0 0 1 0 0 7.12 0.00 0.00 7.12 0.00 0.00 
139 5 0.00 0 0 0 0 1 8.50 0.00 0.00 0.00 0.00 8.50 
140 6 o.n 0 0 0 0 0 7.21 0.00 0.00 0.00 0.00 0.00 
141 1 0.70 1 0 0 0 0 6.67 6.67 0.00 0.00 0.00 0.00 
142 2 0.58 0 1 0 0 0 4.57 0.00 4.57 0.00 0.00 0.00 
143 3 ·0.17 0 0 1 0 0 6.68 0.00 0.00 6.68 0.00 0.00 
144 4 0.38 0 0 0 1 0 5.53 0.00 0.00 0.00 5.53 0.00 
145 1 0.35 1 0 0 0 0 6.14 6.14 0.00 0.00 0.00 0.00 
146 4 0.38 0 0 0 1 0 4.01 0.00 0.00 0.00 4.01 0.00 
147 5 '0.17 0 0 0 0 1 4.16 0.00 0.00 0.00 0.00 4.16 
144 6 ·0.19 0 0 0 0 0 2.51 0.00 0.00 0.00 0.00 0.00 
149 1 0.17 1 0 0 0 0 3.67 3.67 0.00 0.00 0.00 0.00 
150 2 o.n 0 1 0 0 0 3.29 0.00 3.29 0.00 0.00 0.00 
151 3 '0.52 0 0 1 0 0 5.81 0.00 0.00 5.11 0.00 0.00 
152 4 0.00 0 0 0 1 0 4.74 0.00 0.00 0.00 4.74 0.00 
153 2 0.19 0 1 0 0 0 1.95 0.00 1.95 0.00 0.00 0.00 
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Model: MOOEL3 
Dependent Vlrl~le: E_* 

AnllYila of Vlrlene. 

lui of ...." 
Source OF lquir" IquIr. f Vilue Prob>f 

Model 11 141.90230 12.90021 16.141 o.ooen 
Error 141 101.00623 0.76600 
C Toul 152 249.90853 

Root NSE 0.87522 R·aquere 0.5678 
Dep ... ." 1.40320 Adj R·aq 0.5341 
C.V. 62.37269 

Plr_t.r Eatl_t" 

Plr_ter Itandard T for NO: 
Vlrl~le OF Eatl_t. Error Plr_t.r-O Prob > ITI Type I IS Type II SS 

INTERCEP 1 0.285019 0.35555430 0.802 0.4241 301.253569 0.492226 
X1 1 ·0.396673 0.41292145 ·0.821 0.4128 0.456643 0.516824 
X2 1 0.288298 0.44206706 0.652 0.5154 1.662800 0.325719 
X3 1 ·0.699147 0.47106914 ·1.462 0.1458 0.723456 1.638270 
X4 1 0.041791 0.43501_ 0.112 0.9109 0.222222 0.0096l6 
X5 1 ·1.248569 0.54112277 ·2.2"8 0.0242 0.575069 3.974654 
TOE PRESS 1 0.123300 0.03013265 4.092 0.0001 124.099746 12.825699 
X16 1 0.017259 0.04125610 0.418 0.6763 0.001201 0.134049 
X26 1 ·0.046909 0.03167380 ·1.213 0.2272 6.335601 1.126979 
X36 1 0.045775 0.03912909 1.149 0.2524 0.260140 1.011795 
X46 1 0.001731 0.03738744 0.046 0.9631 2.166118 0.001643 
X56 1 0.117614 0.04433187 2.653 0.0019 5.391604 5.391604 

Standlrdlzed Vlrlene. 
Vlrl~le OF Eltl_te Tol.renee Infl.tlon 

INTERCEP 0.00000000 0.00000000 
X1 ·0.11132157 0.14771813 6.76964959 
X2 0.08599488 0.17621303 5.6~ 
X3 ·0.20154419 0.15073197 6.63429252 
X4 0.01619364 0.14703293 6.10119733 
X5 ·0.31475999 0.16053109 6.22932210 
TOE PRESS 0.63571371 0.12699213 7.17450369 
X16 0.06137511 0.14239259 7.0228J730 
X26 ·0.15815100 0.1I02I207 5.54616345 
X36 0.17244918 0.13614101 7.34532151 
X46 0.006l3I07 0.14056103 7.11434722 
X56 0.31653]05 0.14439113 6.92526312 

eovlrlene. of Iltl_t .. 

COVI IIITEReiP • 1 Xl Xl X4 X5 

IIITERCEP 0.1264111634 ·0.12641~ ·0.12641~ ·0.12641~ -0.12641~ -0.126411163 
X1 -0.126411163 0.2332131306 0.12641~ 0.1264111634 0.1264111634 0.1264111634 
X2 -0.126411163 0.1264111634 O.19542l2136 0.1264111634 0.12641~ 0.1264111634 
Xl ·0.126411163 0.1264111634 0.1264111634 0.2215501055 0_12641~ 0.1264111634 
X4 ·0.126411163 0.1264111634 0.1264111634 0.1264111634 0.1192422627 0.1264111634 
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X5 -0.126418863 0.1264188634 0.1264188634 0.1264188634 0.1264188634 0_3004385665 
TDEPRESS -0.008726157 0.0017261571 0.0017261571 0.0017261571 0.0017261571 0.0017261571 
X16 0.0087261571 -0.016617643 -0.001726157 -0.001726157 -0.001726157 -0.001726157 
X26 0.0017261571 -0.001726157 -0.013612171 -0.001726157 -0.001726157 -0.001726157 
X]6 0.0087261571 -0.001726157 -0.001726157 -0.015799901 -0.001726157 -0.001726157 
X46 0.0017261571 -0.001726157 -0.001726157 -0.001726157 -0.01323735 -0.008726157 
X56 0.0017261571 -0.001726157 -0.008726157 -0.001726157 -0.001726157 -0.020516068 

cava TDEPRESS X16 X26 X36 X46 X56 

INTERCEP -0.008726157 0.0017261571 0.0017261571 0.0017261571 0.0017261571 0.0017261571 
X1 0.0017261571 -0.016617643 -0.001726157 -0.001726157 -0.001726157 -0.001726157 
X2 0.0017261571 -0.001726157 -0.013612171 -0.001726157 -0.001726157 -0.001726157 
X3 0.0017261571 -0.001726157 -0.001726157 -0.015799901 -0.001726157 -0.001726157 
X4 0.0087261571 -0.001726157 -0.001726157 -0.001726157 -0.01323735 -0.001726157 
X5 0.0017261571 -0.001726157 -0.001726157 -0.001726157 -0.001726157 -0.020516068 
TDEPRESS 0.0009079763 -0.000907976 -0.000907976 -0.000907976 -0.000907976 -0.000907976 
X16 -0.000907976 0.001702066 0.0009079763 0.0009079763 0.0009079763 0.0009079763 
X26 -0.000907976 0.0009079763 0.0014956627 0.0009079763 0.0009079763 0.0009079763 
X]6 -0.000907976 0.0009079763 0.0009079763 0.0015163563 0.0009079763 0.0009079763 
X46 -0.000907976 0.0009079763 0.0009079763 0.0009079763 0.0013971205 0.0009079763 
X56 -0.000907976 0.0009079763 0.0009079763 o .0009079763 o .0009079763 0.0019653148 

Corretetton of E.tt .. te. 

COlI •• INTERCEP X1 X2 Xl X4 X5 

INTERCEP 1.0000 -0.7363 ·0.1043 -0.7437 -0.8173 -0.6487 
X1 -0.7363 1.0000 0.5922 0.5476 0.6018 0.4n6 
X2 -0.8043 0.5922 1.0000 0.5912 0.6574 0.5217 
Xl -0.7437 0.5476 0.5912 1.0000 0.6079 0.4124 
X4 -0.8173 0.6018 0.6574 0.6079 1.0000 0.5302 
X5 -0.6487 0.4n6 0.5217 0.4124 0.5302 1.0000 
TDEPRESS -0.8145 0.5997 0.6551 0.6058 0.6657 0.5213 
X16 0.5949 -0.8341 -0.4715 -0.4424 -0.4162 -0.]159 
X26 0.6346 -0.4672 -0.7962 -0.4720 -0.5187 -0.4117 
X36 0.6162 -0.4537 -0.4956 -0.8298 -0.5036 -0.3997 
X46 0.6564 -0.4133 -0.5210 -0.4882 -0.8139 -0.4258 
X56 0.5536 -0.4076 -0.4453 -0.4117 -0.4525 -0.8443 

COIIR' TDEPRESS X16 X26 X36 .46 X56 

INTERCEP -0.1145 0.5949 0.6346 0.6162 0.6564 0.5536 
X1 0.5997 -0.8341 -0.4672 -0.4537 -0.4ID -0.4076 
X2 0.6551 -0.4715 -0.7962 -0.4956 -0.5210 -0.4453 
Xl 0.6058 -0.4424 -0.4720 -0.1Z9I -0.4112 -0.4117 
X4 0.6657 -0.4162 -0.5117 -0.5036 -0.11St -0.4525 
X5 0.5213 -0.5159 -0.4117 -0.5997 -0.4258 -0.8443 
TDEPRESS 1.0000 -0.7J04 -0.1791 -0.7'565 -0.1060 -0.6797 
X16 -0.7J04 1.0000 0.5691 0.5526 0.5117 0.4964 
X26 -0.7191 0.5691 1.0000 0.5Ift 0.6ZIO 0.5296 
X36 -0.7'565 0.5526 0.5Ift 1.0000 0.6097 0.5142 
X46 -0.1060 0.5117 0.6ZIO 0.6097 1.0000 0.5471 
X56 -0.6797 0.4964 0.5296 0.5142 0.5471 1.0000 

lilt af 161 RI III IS I 
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The parameter estimates in the SAS output were the 

regression coefficients bo' b l and bit aa follows 

bo 0.285019 
b, -0.396673 
bz 0.288298 
b] -0.699147 
b4 0.048791 
b5 -1.248569 
b6 0.123300 
b'6 0.017259 
bu -0.046909 
b~ 0.045775 
b46 0.001731 
b~ 0.117614 

Following Equation E5, the regression equation for the 6th 

treatment was: 

Y - bo + b6X - 0.285 + 0.123 X 

where X - (To.u - Td ... >. For the 1st treat.ent the regression 
• • 

equation was (following Equation E4): 

y - bo + b, + b6X + b'6X 

y - 0.2850 - 0.3967 + 0.1233 X + 0.0173 X 

and subsi tuting X - (To • .u - Td .... >: 

y - -0.112 + 0.141(To .... - Td .... ) 

The other equation. were found in the .aae way. 
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APPBHDIZ~: Analysis of Covariance. 

The analysis of covariance (ANCOVA) on microlysimeter 

(ML) data in Chapter 4 was complicated by the fact that one 

of the independent variables (length) was quantitative. Even 

though the levels of length were tixed, it was desirable to 

handle it as quantitative in the ANCOVA since the actual 

values were different for steel and plastic ML's. The SAS 

program for statistical analysis on the IBM PC computer 

provides the GLM (General Linear Model) Procedure for ANCOVA 

when one or more of the independent variables is quantitative 

(a covariate) (SAS Institute Inc. 1985, p. 183). Non-

quantitative variables are called class variables or factors 

and are assigned levels such as A, Band C or 1, 2 and 3. 

These levels are handled by the use ot dummy (indicator) 

variables in the regression analysis which preceeds the 

ANCOVA. 

The microlysimeter experi.ent was set up with two class 

variables, one called walltype with two levels (steel and 

plastic) and the other being the blocks (call them A and B). 

There was also one covariate, length. This vas a randomized 

block design which can be aodeled tor ANOOVA as (Neter and 

Wasserman 1974, Eqtn. 23.29): 

Ylj - ~ •• + a l + f j + '(x1j - X . .> + f 1j 

i - 1 and 2; j - 1 and 2 

[F1] 
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where Ylj is the dependent variable (evaporation), " .. is the 

mean response, the a l are the block effects (a, for block A and 

az for block B), the f j are the wall type effects (f, for 

plastic and f z for steel), 6 is the regression coefficient for 

the covariate term (xlj - I . .>, I .. is the overall mean length, 

Xij is the covariate, length, and £Ij is the error term. 

Letting: 

X-- = xi- - I 1 J J •• [F2] 

and substituting into F1 gives the ANCOVA model: 

[F3] 

The corresponding regression model is (following Neter 

and Wasserman 1974, Eq. 23.31): 

[F4] 

where 

Ylj is the dependent variable (evaporation in mm) 

- 1, if the block i. A 
- 0, otherwi.e 

- 1, if walltype i. pla.tic 
- 0, otherwi.e 

Xlj - (Xlj - I . .>, where x lj i. the length in (3. 

and £ij is the error terJI. Variable. Xlj, and x ljZ are called 
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indicator or dummy variables. The regression model in matrix 

form is: 

[FS] 

where y is the vector matrix containing the response variable 

¥fj (evaporation in mm). The rectangular matrix, X, contains 

actual values of the independent variable Xfj ; the indicator 

variables, X fj1 and x fj2 ' representing the class variables; and 

an indicator variable, consisting of a column of ones, 

representing the intercept term, bo' in Equation F2. The 

vector matrix, I, contains the error terms and the vector, _, 

contains the coefficients to be estimated. 

For the first ANCOVA performed, matrix X would be (using 

data from Table 3-1): 

'" length block walltype 

1 0.89 1 1 
1 1.49 1 0 
1 11.49 1 0 
1 10.89 1 1 

X = 1 -8.51 1 0 [F6] 
1 -9.11 1 1 
1 1.49 1 0 
1 0.89 1 1 
1 -8.51 0 0 
1 0.89 0 1 
1 11.49 0 0 
1 10.89 0 1 
1 -8.51 0 0 
1 -9.11 0 1 
1 1.49 0 0 
1 0.89 0 1 
1 -9.11 0 1 
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The vector y would be: 

14.95 
13.76 
14.46 
14.19 

Y = 11.84 [F7] 
12.84 
12.37 
11.88 
11.32 
10.73 
13.06 
10.73 
11.67 
9.58 
9.58 
9.58 
9.01 

vector _ would be: 

-- [F8] 

Squaring the error term in Equation F5 gives c'c which 

is the sum of squared error terms. Minimizing c'c results in 

the normal equations in matrix fora (Montgomery 1976) 

[F9] 

where P is the vector of reqression coefficients. Multiplying 

both sides of Equation P6 by (X'X)"' results in the solution 
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for the regression coefficients: 

[FlO] 

Multiple linear regressions of this sort may be done easily 

using Procedure GLM (SAS Institute Inc. 1985. p. 246). 

To illustrate the procedure and to show that the result 

is the same as that produced by the SAS statistical package, 

the ANCOVA shown in Table 4-1 will be performed here using the' 

regression approach (Neter and Wasserman 1974. p. 755) which 

requires that the regression model parameters be known in 

terms of the ANCOVA parameters. Correspondences between the 
I 

ANCOVA and regression model parameters may be established by 

writing the ANCOVA model for observations from each level of 

each factor and writing the corresponding forms of the 

regression model. Since the dependent variable y 1j is the same 

in both cases the right hand sides of these equations may be 

equated yielding new equations giving regression coefficients 

in terms of ANCOVA model parameters. For example if an 

observation is from block B and the walltype is steel then the 

indicator variables are 0 and the regression equation is: 

while the corresponding ANCOVA model is: 

Y22 = #J. + a2 + 62 + f1X22 + f22 . [F12] 
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Equating the R.B.S. of F11 and F12 gives: 

[F13] 

since bo, b3 , ~ •• ' a2, 62 , and '1, are all constants, taking the 

derivative of F13 with respect to X22 gives: 

[F14] 

substituting F14 into F13 and subtracting like terms gives: 

[F1S] 

Similarly if the observation is from block Band walltype is 

plastic then the indicator variables are zero and and one. 

The regression equation is then: 

[F16] 

and the ANCOVA model is: 

[F17] 

Equating the R.B.S. of .. 16 and F17, .ub.tituting F14 and 

subtracting like term. give.: 

bo + b 2 - ~.. + a 2 + 6, [F1S] 

Substituting F15 and .ubtracting like terms give.: 
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b 2 = 6 1 - 62 [F19] 

Similarly we can find that: 

[F20] 

Equations F14, F15, F19 and F20 are a full set of 

corres.pondences between the parameters of the regression model, 

and those of the ANCOVA model. 

Testing of hypotheses concerning treatment effects 

requires fitting of the full regression model (Equation F4 ') 

and then fitting of a reduced model corresponding to ' the 

hypoth~sis to be tested. The test statistic is (Neter and 

Wasserman 1974, Eqtn. 3.66): 

* F = 
SSE(R) - SSE(F) SSE(F) 

[F21] 

where SSE(R) .and SSE(F) are the error sum of squares for the 

reduced and full models, respectively; and dfeR and dfeF are 

the error degrees of freedom for the reduced and full models, 

respectively. 

Fitting the full model {Equation F4) to the data in F6 

and F7 gave an error sum of squares {SSE{F)) of 16.3591 with 

dfeF of 13 {T~ble F1) • The COSTAT statistical package was used 

for the multiple regression analysis {CoHort Software 1988). 
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To test for block effects, the null and alternative hypotheses 

were: 

H2 : not all a 1 are zero, 

and we must construct the reduced model under H1 (F21 is true 

under · H1). From correspondence F20 we see that for the 

reduced model b 1 is zero so the reduced regression model is: 

Table Fl. 

MULTIPLE REGRESSION - Full model. 
Using: C:\COPLOT\ANCOVA1.DT 
Regression equation: 
E_nm = 10.991433849 

+ 0.0776405019*length 
+ 2.4942252197*block 
+ -0.5842421345*walltype 

RA2 = 0.7004220733 

Source ss df MS F p 

Total 
Regression 

length 
block 
wall type 

Error 

54.607211765 
38.248096484 
10.406126726 
26.401483593 
1.4404861651 
16.359115281 

16 
3 12.749365495 10.131461793 .0010 ** 
1 10.406126726 8.2693742975 .0130 * 
1 26.401483593 20.980308581 .0005 *** 
1 1.4404861651 1.1447024992 .3041 ns 

13 1.2583934831 

[F22] 

Fitting of F22 resulted in an SSE for the reduced model of 

42.0579 with df~ of 14 (Table F2). Equation F21 now yields: 

42.0579 - 16.3591 16.3591 
* F = = 20.42 [F23] 

14 13 13 
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The test statistic F* is distributed as F(1-p, (dfeR - dfeF> ,dfeF> 

and for the 10 % probability level we have F(90 %, 1, 13) = 

3.14 so we decide that the effects of blocking are significant 

at the 10 % level (blocking is still significant at the 0.001 

%level, see Table 4-1). 

Table F2. 

MULTIPLE REGRESSION - Reduced model testing block effects. 
Using: C:\COPLOT\ANCOVA1.DT 
Regression equation: 
E_mm = 12.232656785 

+ 0.1017667173*length 
+ -0.7116853329*walltype 

RA2 = 0.2298104819 

Source ss df MS 

Total 16 

F p 

Regression 
length 
wall type 

Error 

54.607211765 
12.549309653 
10.406126726 
2.143182927 

42.057902112 

2 6.2746548263 2.08867212 .1608 ns 
1 10.406126726 3.4639334546 .0838 ns 
1 2.143182927 0.7134107854 .4125 ns 

14 3.0041358652 

To test for walltype effects, the null and alternative 

hypotheses are: 

H1 : 61 = 62 = 0 

H2 : not all 6i are zero, 

and we must again construct the reduced model under H1 • From 

correspondence F19 we see that for the reduced model b2 is 

zero so the reduced regression model is: 

[F24] 
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Fitting of F24 resulted in an SSE for the reduced model of 

17.7996 with df~ of 14 (Table F3). Equation F21 now yields: 

17.7996 - 16.3591 16.3591 
* F = = 1.14 [F25) 

14 13 13 

The test statistic F* is distributed as F(1-p, (dfeR - dfeF) ,dfeF) 

and for the 10 % probability level we have F(90 %, 1, 13) = 

3.14 so we decide that the effects of wall type are not 

significant at the 10 % level. 

Table Fl. 

MULTIPLE REGRESSION - Reduced model testing walltype effects. 
Using: C:\COPLOT\ANCOVA1.DT 
Regression equation: 
E_nm = 10.667777698 

+ 0.0785099022*length 
+ 2.5247221358*block 

RA2 = 0.6740430271 

Source 

Total 

ss df MS 

16 

F p 

Regression 
length 
block 

Error 

54.607211765 
36.807610319 
10.406126726 
26.401483593 
17.799601446 

2 18.403805159 14.475227044 .0004 *** 
1 10.406126726 8.1847773165 .0126 * 
1 26.401483593 20.765676772 .0004 *** 

14 1.2714001033 

To test for length effects, the null and alternative 

hypotheses are: 

H1 : f7 = 0 

t 

H2: f7 is not zero, 
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and we must again construct the reduced model under H1• From 

correspondence F14 we see that for the reduced model b3 is 

zero so the reduced regression model is: 

[F26] 

Fitting of F26 resulted in an SSE for the reduced model of 

22.1175 with df~ of 14 (Table F4). Equation F21 now yields: 

22.1175 - 16.3591 16.3591 
* F = = 4.58 [F27] 

14 13 13 

The test statistic F* is distributed as F ( 1-p, ( dfeR - dfeF) , dfeF') 

and for the 10 % probability level we have F(90 %, 1, 1J) = 

3.14 so we decide that the effects of walltype are significant 

at the 10 % level. 

Table F4. 

MULTIPLE REGRESSION - Reduced model testing length effects. 
Using: C:\COPLOT\ANCOVA1.DT 
Regression equation: 
E_mm = 10.923552632 

+ 2.6678947368*block 
+ -0.6103947368*walltype 

RA2 = 0.5949713211 

Source ss df MS F p 

Total 
Regression 

block 
wall type 

Error 

54.607211765 
32.489724923 
30.916602042 
1.5731228801 
22.117486842 

t 

16 
2 16.244862461 10.282726789 .0018 ** 
1 30.916602042 19.569693053 .0006 *** 
1 1.5731228801 0.9957605255 .3353 ns 

14 1.5798204887 

Note that the F values that we calculated for the effects 
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of blocks, wall type and length are the aame aa thoae for type 

III sum of squares generated by Procedure GLM (Table FS) and 

given in Table 4-1. Note also that the R2 value of 0.7004 

from regression analysis of the full model is the same as that 

from Procedure GLM (Table FS). 



Table F5. 

OUtput from SAS Procedure GLM. 

SAS 14: 12 Monday, May 29, 1989 

General L;near Models Procedure 
Class Level Informat;on 

Class Levels Values 

BLOCK 2 0 1 

WALL TYPE 2 0 1 

Number of observat;ons ;n data set = 17 

SAS 14:12 Monday, May 29, 1989 2 

General L ;near Models Procedure 

Dependent Var;able: E_MM 
Sun of Mean 

Source DF Squares Square F Value Pr > F 

Model 3 38 0 24809648 12.74936549 10.13 0.0010 

Error 13 16.35911528 1.25839348 

Corrected Total 16 54.60721176 

R-Square c.v. Root MSE E_MM Mean 

0.700422 9.461813 1.121781 11.8558824 

SAS 14: 12 Monday I May 29, 1989 3 

General L;near Models Procedure 

Dependent Var;able: E_MM 

Source OF Type I SS Mean Square F Value Pr > F 

BLOCK 30.91660204 30.91660204 24.57 0.0003 
WALL TYPE 1 ~57312288 1.57312288 1.25 0.2838 
LENGTH 5.75837156 5.75837156 4.58 0.0520 

Source OF Type Ill SS Mean Square F Value Pr > F 

BLOCK 25.69878683 25.69878683 20.42 0.0006 
WALL TYPE 1.44048617 1.44048617 1.14 0.3041 
LENGTH 5. 75837156 5.75837156 4.58 0.0520 
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APPENDIX G: Program MOD19J.BAS for estimation of evaporation 
on a half-hourly basis using EBMl, EBM2 or EBM3. The program 
code is self-documenting. 

Program Listing. 

'Program M0019J.BAS 
•written by Steve Evett, 19 June 1989 in MicroSoft QuickBASIC (R) ver. 4.0b. 
'Program calculates latent heat flux using EBM1, EBM2 or EBM3 
•and Experiment 1 data. 
'Different formulas may be used to calculate 
•the transfer coefficient for sensible heat flux. 
'Latent heat flux (estimated evaporation) is calculated on a 30 minute basis. 

DECLARE SUB Regress (estE(), aE(), b(), r2, npX, sse) 

'All temperature variables are in degrees C: 
DIM estE(136) 
DIM aE(136) 
DIM b(3) 
DIM FieldT(196, 9) 
DIM D ryT( 196, 9) 
DIM cd(17, 9) 
DIM Tr(17, 9) 
DIM ToMax(17, 9) 
DIM ToMin(17, 9) 
DIM TdMax(17, 9) 
DIM TdMin(17, 9) 
DIM Ea(17, 9) 
DIM d(11) 
DIM Wind(96, 9) 
DIM Time(96, 9) 
DIM Tair(96, 9) 
DIM estD(136) 
DIM FLmaxT(9) 
DIM FlminT(9) 
DIM DryMaxT(9) 
DIM DryMinT(9) 

rho = 1.21 
Cp = 1005 
emis = .95 
s = 5.67E-08 

CLS : PRINT 

'Estimated evaporation [nm]. 
• Measured evaporation [nm] • 

'Regression coefficients. 
'Field soil surface temperature at 15 minute interval. 
'Dry soil surface temperature at 15 minute interval. 
•code number for each microlysimeter (ML). 
'Code number for ML treatment. 
'Maximum daily reference dry soil temperature (IR). 
'Minimum daily reference dry soil temperature (IR). 
•Maximum daily drying soil temperature (IR). 
'Minimum daily drying soil temperature (IR). 
'Measured evaporation (mm). 
'Julian day. 
'Wind speed at 3 m measured at 1/2 h intervals. 
'Time of weather station measurements. 
'Air temperature [Deg.CJ. 
'Estimated evaporation. 
'Maximum field soil temperature measured by thermistor. 
'Minimum field soil temperature measured by thermistor. 
'Maximum reference dry soil temperature by thermistor. 
'Minimum reference dry soil temperature by thermistor. 

•air density, 1.21 kg/mA3. 
•specific heat of air, 1005 J/kg/(degree K). 
•emissivity of soil, taken to be 0.95. 
•stefan-Boltzmann constant, J/s/mA2/(degree K)A4. 

PRINT 11 Program M0019J.BAS calculates latent heat flux using Equation 40c. 11 

PRINT 11 Program calculates latent heat flux using different formulas 11 

PRINT 11 to calculate the transfer coefficient for sensible heat flux. 11 

PRINT 
PRINT " 
PRINT II 

PRINT 11 

PRINT H 

PRINT 

These files must be placed on disk E: 11 

maxt1.dat, disk 95 11 

92t.dat to 101t.dat, disk 9511 

92w.dat to 101w.dat, disk 95. 11 

PRINT 11 Hit any key to continue ••• ": SLEEP 

GOSUB InputDir 1 'Get program parameters and choices from keyboard. 
PRINT : PRINT DATES, TIMES 



'Define Julian days for which Experiment 1 data exists. 
d(1) = 92: d(2) = 93: d(3) = 94: d(4) = 95: d(S) = 96: d(6) = 97 
d(7) = 98: d(8) = 99: d(9) = 100 

'IR temperature and actual evaporation data for each 
•microlysimeter on each day are in this file: 

temfileS = "E:maxt1.dat11 

'Get IR temperature, evaporation and weather data for each day: 
Ide = 0 
FOR j = 1 TO 9 

day = d(j) 
GOSUB GetTempTime 

NEXT j 
PRINT "There were"; kk; 11 actual evaporation values." 

'Get tempe·rature, evaporation and weather data for each 48 hour period. 
PRINT 11GOT TO 111 

FOR j = 1 ·To 9 
day = d(j) 

'Get wind speed, air temperature and time on the half-hour for day: 
windfile$ = 11e: 11 + LTRIMS(STRS(day)) + "w.dat" 
houre = 0: k = 0 
GOSUB GetWind 
windfileS = "e:" + LTRIMS(STRS(day + 1)) + 11w.dat 11 

GOSUB GetWind 
'Get actual field soil surface thermistor temperature & max. and min.: 

fileS= 11e:" + LTRIMS(STRS(day)) + "t.dat" 
GOSUB GetFieldT1 
fileS= , "e:" + LTRIMS(STRS(day + 1)) + 11 t.dat 11 

GOSUB GetFieldT2 
NEXT j 
PRINT "Thermistor max. & min. temperatures (Deg. C):" 
PRINT "Field max., Field min., Dry max., Dry min." 
FOR j = 1 TO 9 

PRINT FLmaxT(j), FLminT(j), DryMaxT(j), DryMinT(j) 
NEXT j 

Main: 
IF TranFlag = 3 THEN GOTO Main2 'Go search for best coeffcients for Dh,o. 
Main1: 
'Main program loop #1. 
PRINT "GOT TO Main-1. 11 

count% = 0 
OPEN "a", #3, outfileS 
FOR j = 1 TO 9 

day= d(j) 
'Do numerical integration forE for each day and all ML's: 
IF day <> 94 THEN GOSUB Numerlnt 

NEXT j 
CALL Regress(estD(), aE(), b(), r2, count%, sse) 
PRINT "Regression coefficients:"; 
PRINT USING 11##.##### "; r2, b(O), b(1); 
PRINT count%, sse 
CLOSE #3 
PRINT "Hit any key to continue: 11 : SLEEP 
GOSUB lnputDi r1 'Decide what to do now. 
GOTO Main 
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Main2: 
•Main program loop #12. 
PRINT "GOT TO Main-2. 11 

countX = 0 
EndbO = 1 + ABSCbOStart - bOEnd) I ABS(bOinc) 
Endb1 = 1 + ABS(b1Start - b1End) I ABS(b1Inc) 
FOR jj = 1 TO EndbO 

PRINT : COLOR 0, 7: PRINT jj; : COLOR 7, 0: -pRINT 
bO = bOStart + (jj - 1) * bOinc 
FOR kj = 1 TO Endb1 

b1 = b1Start + Ckj - 1) * b1Inc 
PRINT kj, bO, b1, TIMES 
FOR j = 1 TO 9 

day = d(j) 
'Do numerical integration forE for each day and all ML's: 
IF day <> 94 THEN GOSUB Numerint 

NEXT j 
CALL Regress(estD(), aE(), b(), r2, countX, sse) 
OPEN "a", #3, outfileS 
PRINT #3, USING 11 ..... #'11### 11 ; b(O), b(1); 
PRINT #3, USING 11#1.~ 11 ; r2; 
PRINT #3, USING ......... ## 11 ; sse; 
PRINT tf3 I usING .. ., • #'11###11 ; bO; 
PRINT #3, USING "##.####"; b1 
CLOSE tf3 
countX = 0 

NEXT kj 
NEXT jj 
GOSUB InputDir1 'Decide what to do now. 
GOTO Main . 

Numerint: 
w = 2 * 3.141593 I 24 
'Air temperature was measured at 1.5 m so calculate part of equation for 
•transfer coefficient for neutral conditions: 
logz2 = .16 * CLOGC150 I .03)) A -2 
•calculate estimated evaporation (mm) for each microlysimeter. 
FOR k = 1 TO 17 

'Numerical integration of estimated evaporation (mm) for this ML. 
StartFlag = 0 •set flag for integration to zero. 
IntCntX = 0 'Initialize integration period counter to zero. 
Eest = 0: EestD = 0 
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IF k = 0 THEN LPRINT "day, i, FieldTCi*2+1,j), DryTCi*2+1,j), time(i, j), RefT, MLT, Wind(i, j), 
Tair(i, j); ED" 

FOR i = 1 TO 96 
ED= 0 'Initialize evaporation for this time step to zero. 
'Decide if it's time to start integration: 
IF Time(i, j) >= StartTime THEN StartFlag = 1 
IF StartFlag = 0 THEN GOTO Endint 
• Increment counter for period of integration: 
IntCntX = IntCntX + 1 
'End integration if period is over: 
IF IntCntX > JntPeriod * 2 THEN EXIT FOR 

•correct wind speed from 3m to 1.5 m reference height: 
U1 = WindCi, j) * .879 •see Appendix A for fonmula. 
IF U1 <= 0 THEN 

PRINT "f,rror. Wind speed="; U1; 11 mts for time"; Time(i, j); 
PRINT 11 Day"; d(j) 
U1 = .00001 •set wind speed to arbitrarily low value. 

END IF 



'Calculate ML temperature, MLT, from field temp. & IR: 
GOSUB F i nci4L T 
•calc. Dry soil temp. from dry soil thenmistor temp. & IR: 
GOSUB Fincl>ryT 
'Calculate transfer coefficient for sensible heat flux 
•using formulas of Kreith and Sellers: 
Dm = U1 * logz2: DhML = Dm 
•calculate transfer coefficient for sensible heat flux from dry soil: 
DhDry = bO * U1 A b1 'Dh in mts. 
'If TranFlag=-1 then use Ben-Asher fonmula instead: 
IF TranFlag = -1 THEN DhML = DhDry 
dTML = MLT - Tair(i, j) 'ML - air temperature difference. 
dTDry = RefT - Tair(i, j) 'Dry soil - air temperature difference. 
IF TranFlag = -2 THEN 

•use stability corrected terms. 
IF dTML >= 0 THEN 

DhML = Dm * (1 + 14 * dTML 1 U1 A 2) A .33333 
ELSE 

DhML = Dm * (1 - 14 * dTML I U1 A 2) A -.33333 
END IF 
IF dTDry >= 0 THEN 

DhDry = Dm * (1 + 14 * dTDry 1 U1 A 2) A .33333 
ELSE 

DhDry = Om* (1 - 14 * dTDry 1 U1 A 2) A -.33333 
END IF 

END IF 
'Calc. LE flux based on (To - Td) estimated from field temp's. & IR. 
'LED is latent heat flux density in kWimA2 
•using thermistor & IR based (To - Td): 
T4 = (RefT + 273.15) A 4 - (MLT + 273.15) A 4 
Hterm = rho * Cp * (DhDry * dTDry - DhML * dTML) •use in MOD13J.BAS. 
LED = (Hterm + emis * s * T4) I 1000 
'ED is evaporation in mm for 112 hour. kglmA2=mm water. 
ED = LED * .5 * 3600 I 2442 
'Do not s1.111 if only positive values are to be sU'III'Ied and evap. is neg: 
IF ED < 0 AND PosOnly = 1 THEN GOTO Endint 
'Eest is total evaporation for day in mm. 
'If day is 92 then only integrate from time of 1st weighing. 
IF day = 92 THEN 

GOSUB PartDay 'Decide to s1.111 or not. 
ELSE 

EestD = ED + EestD 'Go ahead and s1.111. 
END IF 

Endint: 
IF k = 0 THEN 

LPRINT USING "#II "; day; i; 
LPRINT USING "#ll.tl "; Time(i, j); 
LPRINT USING "#ll.tllltl# "; FieldT(i * 2 + 1, j); DryT(i * 2 + 1, j); RefT; MLT; 
LPRINT Wind(i, j); Tair(i, j); ED 

END IF 
NEXT i 
'Put Eest in array for use in regression. 
count% = count% + 1 
estD(count%) = EestD 
'Print day, Code, treatment, est. evaporation (mm), & actual evap. (mm). 
IF TranFlag <> 3 THEN PRINT tl3, day, cd(k, j), Tr(k, j), EestD, aE(count%) 

NEXT k 
RETURN 
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Finci4LT: 
IF Time(i, j) < SplitTime THEN 

'for this day. Use minimum thenm. and IR temp. from this AM. 
fslope = (TdMax(k, j) - TdMin(k, j)) I (FLmaxT(j) - FLminT(j)) 
intercept = TdMax(k, j) - fslope * FlmaxT(j) 

ELSE 
• For rest of period use minimum thenm. & IR temp. from tomorrow AM. 
IF j < 9 THEN 

ELSE 

fslope = (TdMax(k, j) - TdMin(k, j + 1)) 
fslope = fslope 1 (flmaxT(j) - FLminT(j + 1)) 
intercept = TdMax(k, j) - fslope * FLmaxT(j) 

'For 6.5 hours of day 101 use same day 100 temps. 
fslope = (TdMax(k, j) - TdMin(k, j)) 1 (flmaxT(j) - FlminT(j)) 
intercept = TdMax(k, j) - fslope * FLmaxT(j) 

END IF 
END IF 
•calc. ML temp. from field temp.: 
MLT = intercept + fslope * FieldT(i * 2 + 1, j) 
RETURN 

FhlCf>ryT: 
IF Time(i, j) < SplitTime THEN 

'For this day. 

ELSE 

dslope = (ToMax(k, j) - ToMin(k, j)) I <DryMaxT(j) - DryMinT(j)) 
intercept = ToMax(k, j) - dslope * DryMaxT(j) 

'for next day. 
IF j < 9 THEN 

ELSE 

dslope = ToMax(k, j) - ToMin(k, j + 1) 
dslope = dslope 1 (DryMaxT(j) - DryMinT(j + 1)) 
intercept = ToMax(k, j) - dslope * OryMaxT(j) 

• For 6.5 hours of day 101 use same day 100 temps. 
dslope = (ToMax(k, j) - ToMin(k, j)) 1 (OryMaxT(j) - DryMinT(j)) 
intercept = ToMax(k, j) - dslope * DryMaxT(j) 

END IF 
END IF 
•calc. Dry soil temp. from dry soil thermistor temp. & IR: 
RefT = intercept + dslope * DryT(i * 2 + 1, j) 
RETURN 

GetWind: 'Get wind and time for 6 to 24 hours for a day. 
'Get half-hourly wind speed in mJs at 3m height, and time. 
OPEN 11 i 11 , #2, windfile$ 
LINE INPUT #2, idS 
WHILE NOT EOF(2) 

k = k + 1 
houre = houre + • 5 
Time(k, j) = houre 
'Get wind at 3m (m/s). Get air temperature [Oeg.C]: 
INPUT #2, x, h, Tair(k, j), Wind(k, j) 

WEND 
CLOSE #2 
nwind% = k 
PRINT 11 There were"; nwind%; "variables from file"; windfileS 
RETURN 
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GetTefi1)Time: 
'Get te~J1)eratures and actual evaporation for each microlysimeter for day: 

. OPEN 11 i 11 , t2, temfileS 
LINE INPUT t2, idS 
PRINT idS 
k = 0 
DO WHILE NOT EOF(2) 

INPUT t2, thisday, Code, trt, pmt, amt, maxtdry, mintdry, Emm, U3 
IF thisday = day THEN 

k = k + 1 
cd(k, j) = Code 'Code for each microlysimeter. 
Tr(k, j) = trt 'Treatment number. 
TdMin(k, j) = amt 'Minimum drying soil surface temperature, Deg.C. 
TdMax(k, j) = pmt 'Maximum drying soil surface temperature, Deg.C. 
ToMax(k, j) = maxtdry 'Maximum dry soil surface temperature, Deg.C. 
ToMin(k, j) = mintdry 'Minimum dry soil surface temperature, Deg.C. 
Ea·(k, j) = Emm 'Actual evaporation for each ML in mm, Deg.C. 
IF day <> 94 THEN kk = kk + 1 
IF· day <> 94 THEN aE(kk) = Emm 

END IF 
IF thisday > day THEN EXIT DO 

LOOP 
CLOSE #2 
nML% = k 
PRINT 11 There were"; nML%; 11 variables in file 11 ; temfileS 
RETURN 

PartDay: 
SELECT CASE cd(k, j) 
CASE 25 

IF Time(i, j) > 9.25 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 26 

IF Time(i, j) > 9.5 THEN Eest = E + Eest: EestD =.ED+ EestD 
CASE 27 

IF Time(i, j) > 9.75 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 28 

IF Time(i, j) > 10! THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 29 

IF Time(i, j) > 10.25 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 210 

IF Time(i, j) > 10.5 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 211 

IF Time(i, j) > 10.75 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 212 

IF Time(i, j) > 11! THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 15 

IF Time(i, j) > 13.25 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 16 

IF Time(i, j) > 13.5 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 17 

IF Time(i, j) > 14! THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 18 

IF Time(i, j) > 14.25 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 19 

IF Time(i, j) > 14.25 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 110 

IF Time(i, j) > 14.5 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 111 

IF Time(i, j) > 14.75 THEN Eest = E + Eest: EestD =ED+ EestD 
CASE 112 

IF Time(i, j) > 151 THEN Eest = E + Eest: EestD =ED+ EestD 
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CASE 113 
IF Time(i, j) > 15.25 THEN Eest = E + Eest: EestD =ED+ EestD 

CASE ELSE 
PRINT "ERROR. First day code not fOUld. Sun not performed." 

END SELECT 
RETURN 

'Get field & dry soil surface temperature for this day. 
GetFieldT1: 
OPEN "i", #12, fileS 
LINE INPUT #12, idS 
k = 0 
FLminT(j) = 60 
FLmaxT( j) = 0 
DryMinT(j) = 60 
DryMaxT( j )_ = 0 
~HILE NOT EOF(2) 

k = k .+ 1 
INPUT #12, x, h, DryT(k, j), FieldT(k, j) 
IF FieldT(k, j) > FLmaxT(j) THEN FLmaxT(j) = FieldT(k, j) 
IF FieldT(k, j) < FLminT(j) THEN FLminT(j) = FieldT(k, j) 
IF DryTCk, j) > DryMaxT(j) THEN DryMaxT(j) = DryT(k, j) 
IF DryT(k, j) < DryMinT(j) THEN DryMinT(j) = DryT(k, j) 

~END 

CLOSE #2 
ntdep% = k 
PRINT " There were"; ntdep%; 11 variables in file ••; fileS 
RETURN 

GetFieldT2: ' 'Get temperatures for next day. 
OPEN 11 i", #2, fileS 
LINE INPUT #2, idS 
~HILE NOT EOF(2) 

k = k + 1 
INPUT #2, x, h, DryT(k, j), FieldT(k, j) 

~END 

CLOSE #2 
ntdep% = k 
PRINT " There were"; ntdep%; "variables in file"; fileS 
RETURN 

InputDir1: 
CLS 
INPUT 11 [Q]uit, [Slhell to DOS, or [R]un again: "; qS 
IF qS = 11Q11 OR qS = "q" THEN END 
IF qS = "S" OR qS = "s" THEN SHELL: GOTO lnputDi r1 
IF qS <> "R" AND qS <> "r" THEN GOTO InputDi r1 
InputDir: 
CLS : PRINT 
PRINT "The transfer coefficient for neutral stability, Dm, is normally used" 
PRINT "for sensible heat flux from the drying soil. You may choose to use" 
PRINT "Dm for dry soil also (Choice 0), or use the function used by Ben-Asher" 
PRINT "et al. (1983) for both soils (Choice -1). Or, you may use the" 
PRINT "stability corrections of Kreith and Sellers (Choice -2). " 
PRINT "Choices 1, 2 & 3 allow the transfer coefficient for dry soil to be" 
PRINT "changed while that for drying soil is Dm." 
PRINT 
PRINT II 

PRINT II 

PRINT II 

PRINT II 

Use stability correction for Dm for both soils [-2] ," 
Use Dh = i/(126 u"- .96) (Ben-Asher et al. 1983) [-1J," 
Use transfer coefficient, Dm for neutral stability [OJ," 

or use that plus Dh,o = 0.00313 u"0.41 [1], 11 
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PRINT •• or input coefficients for Dh,o [2] 1 II 

INPUT 11 or search for coefficients for Dh,o [3]: 11 ; Tranflag 
IF Tranflag = -1 THEN bO = .00794: b1 = .96 
IF Tranflag = 0 THEN bO = .002205: b1 = 1 
IF Tranflag = 1 THEN bO = .00313: b1 = .41 

'for wind speed at 1.5 m. 

I F T ranfl ag = 2 THEN INPUT "Enter bO: tt; bO: INPUT 
IF Tranflag = 3 THEN 

INPUT ••enter begining value for bO: 11 ; bOStart 
INPUT ••enter ending value for bO: 11 ; bOEnd 
INPUT "Enter increment for bO: 11 ; bOinc 
INPUT "Enter begining value for b1: "; b1Start 
INPUT "Enter ending value for b1: "; b1End 
INPUT 11Enter increment for b1: "; b1 Inc 

END IF 
PRINT 

"Enter b1: "; b1 

PRINT II 

PRINT II 

INPUT II 

Redo: 

Define period of interest. Evaporation will be fOl.l"ld only for this" 
'period of the day. Values are in hours starting at midnight = 0 h." 
Enter starting time (hours): 11 ; StartTime 

PRINT " Period of integration plus starting time nust be less than 31 h." 
PRINT 11 Ending time carnot be later than 7 AM on next day. 11 

INPUT 11 Enter period of integration (hours): 11 ; IntPeriod 
PRINT "Starting time will be"; StartTime; •• hours." 
EndTime = IntPeriod + StartTime 
IF EndTime > 31 THEN PRINT : PRINT 11Start time: 11 ; StartTime; 11 h. 11 : GOTO Redo 
IF IntPeriod + StartTime > 24 THEN EndTime = IntPeriod + StartTime - 24 
PRINT "Integration will end at"; EndTime; 11 hours;"; IntPeriod; 
PRINT " hours after start." 
PRINT 
PRINT " Enter time in hours to change base for teq>erature calculations: "; 
INPUT SplitTime 
PRINT" Sllll only positive values of evaporation [1] or all values [0]: "; 
INPUT PosOnly 
•output will be in this file: 
FileNllll = FileNllll + 1 

outfileS = 11E:evap11 + LTRIMS(STRS(FileNllll)) + 11 .out" 
OPEN "o", #13, outfileS 

PRINT #13, "OUtput from Mod19j.bas. 11 ; DATES; 11 "; TIMES; 11 • 11 

PRINT #13, "Starting time was"; StartTime; "hours." 
PRINT #13, "Integration ended at"; EndTime; 11 hours;"; IntPeriod; 
PRINT #13, "hours after start." 
PRINT #13, "Base for teq>erature calculations changed at"; SplitTime; "hours." 
IF PosOnly = 1 THEN PRINT #13, "Sllllmed only positive values of evaporation." 
IF Tranflag = -2 THEN 

PRINT #13, 11Using transfer coefficient, Om, for neutral stability 11 ; 

PRINT #13, "with stability corrections." 
END IF 
IF Tranflag = -1 THEN 

PRINT #13, "Using Oh = 1/(126 uA-.96) (Ben-Asher et al. 1983). 11 

END IF 
IF Tranflag = 0 THEN 

PRINT #13, "Using transfer coefficient, Om, for neutral stability." 
END IF 
IF Tranflag = 1 THEN PRINT 13, 0 Using Dh,d =Om & Dh,o = 0.00313 uA0.41. 11 

IF Tranflag = 2 THEN 
PRINT #13, "Using Dh,d = Om and Oh,o = bO uAb1 w/ b0=11 ; bO; 11 and b1=11 ; b1 

END IF 
IF Tranflag = 3 THEN 

PRINT #13, 11Usi~ Dh,d =Om & finding best coefficients for Dh,o = bO uAb1. 11 

END IF 
IF Tranflag <> 3 THEN PRINT 13, "Hour, est. E (Rill) W/ estimated To-Td, Actual E." 
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IF TranFlag = 3 THEN PRINT '113, "Regression bO, b1 & rA2, SSE, transfer fooction bO & b1. 11 

CLOSE '113 
RETURN 

SUB Regress (estE(), aE(), b(), r2, np%, sse) 
1 ++++++++++++++++++++++++++++++++ Calculate linear regress1on. 

sumx = 0: sumxx = 0: sumy = 0: sumyy = 0: sumxy = 0 
FOR i% = 1 TO np%: sumx = sumx + estE(i%): sumy = sumy + aE(i%): NEXT i% 
avex = sumx I np%: avey = sumy I np% 
FOR i% = 1 TO np% 

sumxx = sumxx + (estE(i%) - avex) A 2 
sumyy = sumyy + (aE(i%) - avey) A 2 
sumxy = sumxy + (estE(i%) - avex) * aE(i%) 

NEXT i% 
varx = sumxx I (np% - 1) 
vary = sumyy I (np% - 1) 
IF sumxx <> 0 THEN 

b(1') sumxy 1 sumxx 
ELSE 
b(1) 0 
PRINT 11 There is only 1 value of X, regression cannot be calculated." 

END IF 
b(O) = avey - b(1) * avex 
b(2) = 1 
sse= sumyy - b(1) * sumxy 
IF sumxx <> 0 THEN 

ssr = b(1) * sumxy 
IF np% > 2 THEN 

varyhat = sse I (np% - 2) 
IF varyhat > 0 THEN fO = ssr I varyhat 
r2 = ssr I sumyy 

ELSE 
PRINT II 

PRINT II 

END IF 

There are only 2 data pairs. Variance of the estimate," 
correlation coefficient and F statistic cannot be C0111XJted. 11 

END IF 
END SUB 
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Appen4iz B. Tables of linear and Spearman correlations for 
Chapter 8. 

The following tables contain linear correlations I ;,d 

Spearman rank-order correlations on data discussed in Chapter 

8. The linear correlations were performed on the data after 

it was transformed to relative differences using Equation 8-3. 

Tables of linear correlations present, from top to bottom, the 

correlation coefficient, r, the intercept, the slope, the 

probability that the slope equals 0 (probability that data 

were not correlated between days), and the probability that 

the slope equals 1 (probability that Equation 8-4 is 

confirmed) • 

The Spearman correlation tables present, from top to 

bottom, the correlation coefficient, the probability that 

ranks were uncorrelated between days, and the number of data 

pairs included in calculations. The number of data pairs was 

the same for both linear and Spearaan correlations. 
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Tabl. 8-4. 

Correlations on relative differenc.. of daily profile water 
contents, Experiment 2, all irrigations. 

IrrlMtlon 1 IrrlMUoo 2 
~Wft ~ ~ RUM W n " 
n 0.9179 0."12 0.9401 0.9463 0.9443 0.9521 0.9422 0.9369 

0.000 -0.003 0.000 0.000 0.000 0.000 0.000 -0.005 
0.916 0.997 1.003 1.015 1.023 1.046 1.053 1.012 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9033 .9794 .9816 .9015 .1449 .6910 .6623 .9239 

79 Irrla-tlon 1 ---------------------------------------------- ••.... eo 0.9985 0.9969 0.9948 0.9118 0.9102 0.9755 0.9741 

81 

85 

90 

91 
92 

'0.002 '0.000 -0.000 -0.000 0.000 '0.000 '0.002 
0.997 0.990 0.993 0.998 1.004 1.015 0.916 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9m .9275 .9505 .9841 .9740 .un .9001 

0.9991 0.9982 0.9927 0.9859 0.9100 0.9792 
0.003 0.003 0.003 0.003 0.003 0.000 
0.995 1.001 1.006 1.013 1.024 0.993 
.0000 .0000 .0000 .0000 .0000 .0000 
.9661 .9953 .9568 .9035 .8214 .9504 

0.9993 0.9937 0.9878 0.9821 0.9103 
0.000 0.000 0.000 0.000 -0.003 
1.004 1.010 1.01. 1.029 0.997 
.0000 .0000 .0000 .0000 .0000 
.9664 .9295 .11691 .7916 .9811 

0.9935 0.9191 0.9129 0.9815 
'0.000 0.000 '0.000 '0.003 
1.004 1.014 1.025 0.993 
.0000 .0000 .0000 .0000 
.9693 .1969 .R19 .9481 

0."" 0.9191 O.al 
0.000 0.000 '0.003 
1.009 1.021 0.919 
.0000 .0000 .0000 
.9533 .8459 .9206 

0.9114 0.9875 
'0.000 ·0.004 
1.005 0.974 
.0000 .0000 
.9615 .1020 

Irrilition 2 .•...•...•.....•.........••.....•....•••....•...•••. 
0.9166 
'0.003 
0.951 
.0000 
.6132 

Coot!". 00 nus _. 
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Table 8-4 (cont. ) 

Ittilllllll ~ I ttl Nt 'Ill 1 
Dey\Dey ~ ~ 26 21 lQg lIR lID 105 
n 0.9534 0.9536 0.9552 0.9559 0.9631 0.9540 0.9596 0.9590 

0.000 0.000 0.000 0.001 '0.003 '0.001 0.005 0.005 
1.042 1.036 1.041 1.042 1.067 1.049 1.094 1.032 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.7272 .7588 .7219 .7281 .5719 .6141 .4427 .7912 

19 Irrfeetfon 1 ...........•......•.........••..••.....•••....••••.. 
eo 0.9813 0.9811 0.9197 0.9719 0.9772 0.9716 0.9714 0.9500 

'0.000 '0.000 '0.000 0.001 '0.003 '0.006 0.009 0.005 
0.999 0.993 0.995 0.994 0.978 1.002 1.021 0.959 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9893 .9496 .9619 .9516 .8320 .9114 .1449 .7109 

S1 0.9862 0.9863 0.9850 0.9845 0.9131 0.9770 0.9784 0.9555 
0.003 0.003 0.003 0.004 '0.000 '0.004 0.011 0.001 
1.007 1.002 1.003 1.003 0.991 1.010 1.032 0.'" 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9494 .9130 .9751 .9769 .9133 .931S .TTl7 .7105 

82 0.98116 0.9185 0.9878 0.9872 0.9851 0.9199 0.9120 0.9595 
0.000 0.000 0.000 0.001 '0.002 '0.007 0.001 0.005 
1.013 1.007 1.010 1.009 1.003 1.015 1.039 0.976 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9073 .9458 .92M .9ll1 .9745 .1927 .7197 .1218 

83 0.9892 0.9195 0.9190 0.9114 0.9875 0.9811 0.9140 0.9622 
·0.000 ·0.000 '0.000 0.001 '0.002 '0.006 0.001 0.006 
1.001 1.003 1.006 1.005 1.001 1.012 1.035 0.975 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9404 .9769 .9576 .9621 .991S .9119 .7442 .1200 

S5 0.9959 0.9951 0.9953 0.9951 0.9945 0.9194 0.9905 0.9616 
0.000 0.000 '0.000 0.000 '0.003 '0.007 0.001 0.006 
1.004 0.999 1.001 1.002 0.991 1.005 1.026 0.969 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9619 .9914 .9191 .9819 .9292 .9641 .1039 .7767 

90 0.9961 0.9963 0.9962 0.9966 0.9964 0.9915 0.9935 0.9730 
'0.000 '0.000 '0.000 0.001 '0.002 '0.007 0.001 0.006 
0.990 0.985 0._ 0._ 0.913 0.993 1.012 0.957 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9239 .8166 .9CIa .9121 .1721 .9414 .9102 .6IPS 

91 Irrfeetfon 2 .•....•••..••••..•.•...•...••.•....••••••.•••..••••. 
92 0.9921 0.9921 0.9916 0.9917 0.9902 0.9112 0.9116 0.9646 

'0.000 0.000 '0.000 0.001 '0.002 '0.001 0.009 0.005 
0.970 0.965 0.967 0._ 0.956 0.'" 0._ 0.935 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.7667 .7299 .1410 .7512 .6606 .7516 .1614 .S366 

93 0.9916 0.9912 0.9913 0.9902 0.9195 0._ 0 .... , 0.9649 
0.003 0.003 0._ 0.004 0.002 '0.005 0.011 0.010 
0.999 0.994 0.991 0.996 0.990 0.991 1.011 0.'" 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9929 .9530 .9781 .9743 .9265 .9160 .1675 .1716 

CIIlUryd po nut MM. 
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Table 8-" (cont., 

I [[laSIS!! ~ I[[IMUS!! 3 
RIlt:~Ilt: ~ ~ it 21 199 lli lU 105 
94 0.9995 0.9994 0.9993 0.9918 0.9961 0.9979 0.9732 

0.000 -0.000 0.001 -0.002 -O.DOI 0.009 0.005 
0.994 0.997 0.997 0.991 1.002 1.022 0.961 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 
.9564 .9796 .9101 .9210 .9131 .1294 .7674 

95 0.9996 0.9994 0.9919 0.9961 0.9910 0.9730 
-0.000 0.001 -0.002 -O.DOI 0.009 0.005 
1.003 1.003 0.996 1.DOI 1.024 0.973 
.0000 .0000 .0000 .0000 .0000 .0000 
.9794 .9717 .9694 .9422 .1148 .1059 

96 0.9995 0.9994 0.9971 0.9914 0.9746 
0.001 -0.002 -O.DOI O.DOI 0.005 
1.000 0.995 1.004 1.023 0.971 
.0000 .0000 .0000 .0000 .0000 
.9916 .9519 .9670 .1255 .1917 

98 0.9993 0.9970 0.9916 0.9734 
-0.003 ·O.DOI 0.001 0.004 
0.994 1.005 1.022 0.961 
.0000 .0000 .0000 .0000 
.9557 .9604 .1302 .7699 

100 0.9966 0.9916 0.9721 
-0.006 0.010 0.006 
1.010 1.029 0.961 
.0000 .0000 .0000 
.9269 .77'91 .7644 

101 Irrlgetlon 3 ----------
102 0.9975 0.9710 

0.016 0.012 
1.007 0.962 
.0000 .0000 
.9461 .7253 

103 0.9690 
-0.003 
0.944 
.0000 
.5103 
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Table 8-5. 

Spearman rank-order correlation coefiicient. on daily profile 
water contents, Irrigations 1, 2 and 3, Experiment 2. From 
top to bottom numbers are correlation coefficient, probability 
that ranks are not preserved, and number of samples. 

79 Irrigation 1 .... ---------------------------.--------------.---------------------
80 1.00000 0.996~8 0.99566 0.99313 0.98393 0.91725 0.97180 0.96198 

0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
57 56 57 57 57 57 57 55 

81 1.00000 0.99713 0.99727 0.98715 0.98113 0.97526 0.96699 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

56 56 56 56 56 56 54 

1.00000 0.99695 0._79 0.98114 0.97498 0.96558 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 57 57 55 

1.00000 0.91503 0.9IOM 0.97096 0.96472 
0.0 0.0001 0.0001 0.0001 0.0001 

57 57 57 57 55 

85 1.00000 0.99131 0.91956 0.98110 
0.0 0.0001 0.0001 0.0001 

57 57 57 55 

90 1.00000 0.91120 0.91175 
0.0 0.0001 0.0001 

57 57 55 
91 Irrigation 2 ---------_.---_._-------.------.----------------------------.--- .... 
92 1.00000 0.91759 

0.0 0.0001 
57 55 

Ittl •• Shlll ~ IttlaSlSID ~ 
Day/Day 94 95 96 91 100 102 103 105 

n 0.94024 0.94101 0.94128 0.95710 0.94365 0.94026 0.95267 0.93042 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 56 55 55 53 52 
79 Irrigation 1 --------..... _-... --- .. _--- .. -----.... -.... _-... _-- ... -..... _ ..... _-
SO I 0.9n44 0.97576 0.97]75 0.97628 0.97331 0.97'065 0.97Z50 0.95245 

0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
57 57 57 56 55 55 53 52 

'SlDUnued SID DDS -. 
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Table 8-5 (oont.). 

81 

0.98101 0.98010 0.97790 0.9IOn 0.97713 0.97569 0.97766 0.95569 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 56 55 55 53 52 

0.9TnO 0.97796 0.97556 0.977n 0.97576 0.97294 0.97525 0.95612 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 56 55 55 53 52 

85 0.99410 0.99268 0.99112 0.99262 0.99098 O.98m 0.911]9 0.96730 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 56 55 55 53 52 

90 0.99306 0.99378 0.99293 0.99392 0.99488 0.99026 0.99065 0.97123 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 56 55 55 53 52 
91 Irrigation 2 ._---------------.-------------------------------_._----------------
92 0.99520 0.99417 0.99255 0.99234 0.99026 0.99149 0.91984 0.96209 

0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
57 57 57 56 55 55 53 52 

93 0.98824 0.98586 0.91629 0.98277 0.91516 0.98766 0.98139 0.95419 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

55 55 55 54 53 53 52 50 

1.00000 0.99806 0.99656 0.99768 0.99668 0.99531 0.99573 0.97055 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 56 55 55 53 52 

95 1.00000 0.99196 0.99904 0.99747 0.99610 0.99702 0.97191 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 56 55 55 53 52 

1.00000 0.99109 0.99812 0.99610 0.99702 0.97362 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 

57 56 55 55 53 52 

1.00000 0.9977'9 0.99619 0.99693 0.9n40 
0.0 0.0001 0.0001 0.0001 0.0001 

56 54 54 52 51 

100 1.00000 0.99532 0.99656 0.97128 
0.0 0.0001 0.0001 0.0001 

55 53 51 50 
101 Irri .. tion 3 ... -----_._._-._.----------------------._._._-._._-- .. ----_.---_._-
102 1.00000 0.99611 O.96m 

0.0 0.0001 0.0001 
55 51 50 

103 1.00000 0.96114 
0.0 0.0001 

53 41 
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Tabl. i-I. 

Correlations on relative difference of .idday (To,max - Td,max) , 
Experiment 2, all irrigations. 

I [[iIlU5I!l ] 1[[iIlU5I!l 2 
Rllf~llf III H G M m It IZ !i 93 
eo 0.26&3 0.1172 0.0079 -.1659 0.1210 0.3112 0.3492 0.0770 0.1053 

-0.001 ·0.000 -0.000 -0.000 0.000 0.000 -0.000 -0.000 -0.000 
0.070 0.021 0.002 -0.020 0.043 0.101 0.122 0.016 0.018 
.0520 .3919 .9548 .Z308 .3135 .0037 .0097 .5103 .4486 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

81 0.8464 0.6115 -.0067 0.3000 0.4712 0.5386 0.6064 0.6675 
-0.004 -0.002 -0.000 -0.001 -0.002 -0.001 -0.006 -0.003 
0.849 0.739 -0.003 0.452 0.524 0.719 0.511 0.466 
.0000 .0000 .9610 .0247 .0002 .0000 .0000 .0000 
.0171 .0059 .0000 .0009 .0000 .0421 .0000 .0000 

82 0.7934 -.1598 0.3621 0.6159 0.5979 0.5223 0.6338 
0.000 0.000 0.000 0.000 0.000 0.000 -0.000 
0.970 -0.086 0.556 0.695 0.196 0.403 0.443 
.0000 .2353 .0056 .0000 .0000 .0000 .0000 
.6370 .0000 .0040 .0021 .2674 .0000 .0000 

0.0149 0.5515 0.4213 0.5414 0.3561 0.3945 
-0.000 0.000 -0.000 -0.000 -0.000 -0.000 
0.007 0.693 0.395 0.664 0.225 0.226 
.9124 .0000 .0009 .0000 .0065 .0024 
.0000 .0000 .0000 .0000 .0000 .0000 

84 0.4813 -.5332 -.0517 -.2588 -.3175 
0.000 0.000 0.000 0.000 0.000 
1.372 -1.116 -0.144 -0.371 -0.412 
.0002 .0000 .7025 .0519 .0161 
.2350 .0000 .0041 .0000 .0000 

85 0.1846 0.6051 -.0306 0.0235 
-0.000 -0.000 -0.000 -0.000 
0.136 0.590 -0.015 0.011 
.1695 .0000 .1215 .1624 
.0000 .0000 .0000 .0000 

16 0.6121 0.2243 0.4097 
0.000 0.000 0.000 
0.906 0.153 0.254 
.0000 .0934 .0016 
.0001 .0000 .0000 

87 0.2536 0.2712 
0.000 -0.000 
0.131 0.130 
.057'0 .CD62 
.0000 .0000 

C5I!lU ryd 5I!l nut MM. 
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Table .-, (oont. ) 

R.x~.x D 
91 Irrigation 2 ------------------------------------------------------------
92 0.7165 

-0.000 
0.713 
.0000 
.0044 

Ittllllstlll ~ Ittllllstlll ;J 
Rlx~IX 2!t ~ !6 2l 21 22 11m lS 19;J 104 
eo 0.1407 0.0606 0.1660 0.1531 0.2368 0.1277 0.0952 0.1405 0.2510 0.0042 

-0.000 -0.000 0.000 -0.000 -0.001 -0.000 0.001 -0.001 -0.001 -0.000 
0.048 0.010 0.027 0.031 0.054 0.026 0.014 0.019 0.052 0.001 
.3152 .6636 .2351 .2692 .01147 .3577 .5020 .3158 .0596 .9762 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

.1 0.5435 0.4579 0.5270 0.6313 0.4962 0.5735 0.4635 0.3381 0.6804 0.4762 
-0.004 -0.005 -0.000 -0.005 -0.004 -0.003 0.003 0.001 -0.005 -0.004 
0.727 0.341 0.370 0.555 0.480 0.481 0.217 0.165 0.568 0.356 
.0000 .0004 .0000 .0000 .0001 .0000 .0004 .0124 .0000 .0002 
.0104 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

0.5141 0.5450 0.5293 0.6448 0.5916 0.6463 0.5236 0.2312 0.6101 0.4201 
0.000 0.000 0.003 0.000 0.000 0.000 0.005 0.007 0.000 0.000 
0.693 0.360 0.351 0.537 0.539 0.538 0.313 0.119 0.484 0.301 
.0001 .0000 .0000 .0000 .0000 .0000 .0000 .0129 .0000 .0011 
.0097 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

0.3672 0.4207 0.2970 0.5277 0.4730 0.5693 0.4037 0.3004 0.4749 0.3217 
0.000 -0.000 0.002 0.000 0.000 0.000 0.004 0.001 -0.000 -0.000 
0.405 0.227 0.162 0.360 0.352 0._ 0.200 0.121 0.301 0.192 
.0054 .0011 .0262 .0000 .0002 .0000 .0022 .0273 .0002 .0126 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

- .1333 -.1775 0.1425 -.om -.4106 -.1138 -.1437 -.0155 -.0031 0.2297 
-0.003 0.000 -0.003 0.000 0.000 0.000 0.006 -0.003 0.000 0.000 
-0.332 -0.21. 0.177 -0_119 -0.694 -0.214 -0.158 -0.016 -0.006 0.305 
.3276 .1166 .2951 .5610 .0015 .1714 .2954 .9115 .9774 .0156 
.0004 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0002 

85 0.1021 0.2025 0.3124 0.3344 0.1791 0.3221 0.1609 0.0455 0.221' 0.2577 
-0.001 -0.000 -0.000 -0.000 -0.000 -0.000 0.004 0.001 -0.000 -0.000 
0.019 0.017 0.137 0.1'1 0.107 0.175 0.062 0.016 0.114 0.120 
.4541 .1312 .0191 .0110 .1.11 .0143 .2401 .7441 .0975 .0529 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

86 0.2205 0.2570 0.2215 0.2909 0.4429 0.J212 0.1992 -.1154 0.1M1 -.1096 
0.000 0.000 0.001 0.000 0.000 0.000 -0.002 0.001 0.000 0.000 
0.264 0.151 0.136 0.215 0.351 0.242 0.109 -0.055 0.136 -0.070 
.1027 .0536 .0903 .0211 .0006 .0127 .1451 .406J .1412 .4172 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

'IIlUr.Md III DUE -. 
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Tabl. 8-' (cont. ) 

Iccl .. USID ~ Iccl .. SISID ;J 
1!1l(~Il( 2! ~ fj !l II 22 lim III lID 104 
87 0.21142 0.3460 0.4131 0.4427 0.4293 0.3695 0.5404 0.06Z6 0.3290 0.1560 

0.001 0.000 0.001 0.000 0.000 0.000 0.003 0.004 0.000 0.000 
0.255 0.153 0.217 0.246 0.261 0.205 0.136 0.022 0.174 0.075 
.0337 .0084 .0002 .0006 .0009 .0047 .0110 .6531 .0124 .2469 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

91 Irrifltlon 2 .....................•...................... -------------------.-.---. 
92 0.7'996 0.8394 0.6646 0.7693 0.1191 0.6115 0.711'9 0.6313 0.1299 0.721'9 

-0.002 0.000 0.003 0.000 0.000 0.000 0.001 0.011 0.000 0.000 
1.394 0.719 0.575 0.831 0.967 0.743 0.623 0.326 0.152 0.675 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.0021 .0032 .0001 .1271 .7686 .0210 .0001 .0000 .1561 .0021 

93 0.8324 0.6915 0.5834 0.1'913 0.6952 0.7469 0.5642 0.4397 0.7723 0.6750 
-0.006 0.000 0.002 0.000 0.000 0.000 0.004 0.000 0.000 0.000 
1.565 0.653 0.561 0.942 0.905 0.190 0.489 0.311 0.175 0.691 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0009 .0000 .0000 
.0001 .0022 .0003 .6441 .4933 .3160 .0000 .0000 .3032 .0099 

94 0.7841 0.6111 0.m7 0.7226 0.6637 0.7094 0.531'9 0.1240 0.7515 
0.000 0.002 0.001 -0.000 0.001 0.001 -0.000 0.001 0.001 
0.384 0.344 0.517 0.489 0.411 0.321 0.196 0.415 0.401 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

95 0.7311 0.1211 0.8113 0.7207 0.1630 0.6259 0.7'961 0.7316 
0.004 0.000 0.000 0.000 0.002 O.DOI 0.000 0.000 
0.743 1.035 1.m 0.909 0.716 0.J96 0.955 0.100 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 
.0299 .1'911 .1050 .5012 .0425 .0000 .7211 .1064 

o.~ 0.6372 0.5376 0.7799 0.3697 0.7519 0.7561 
-0.003 -0.004 0.000 -0.003 0.007 -0.003 -0.002 
0.994 0 •• ' 0.665 0.712 0.271 0.901 0._ 
.0000 .0000 .0000 .0000 .0064 .0000 .0000 
.9666 .4369 .0240 .0014 .0000 .4470 .1152 

97 0.7706 0.771'9 0.7461 0.5190 O.IIOZ 0.1239 
0.000 0.000 0.007 -0.001 -0.000 ·0.000 
0.143 0.771 0.528 0.J40 0.146 0.701 
.0000 .0000 .0000 .0000 .0000 .0000 
.1311 .0269 .0000 .0000 .0900 .0015 

0.7651 0.1133 0.551' 0.7D9 0.5719 
0.000 0.000 0.004 -0.000 -0.000 
0.700 0.562 0.215 0.610 0.450 
.0000 .0000 .0000 .0000 .0000 
.0010 .0000 .0000 .0001 .0000 

99 0.5901 0.4611 0.7D9 0.6412 
0.007 O.OOZ -0.000 -0.000 
0.420 0.272 0.'" 0.557 
.0000 .OOCK .0000 .0000 

'5IJS i NMd SID DlIS .......... .0000 .0000 .0029 .0000 



Table 8-1 (cont., 

1[[llItton 2 1[[llItlon 3 
P'Y\P'Y 94 95 96 n " 99 100 102 up 104 

100 0.6915 0.7161 0.7454 
-0.012 -0.011 -0.011 
0.551 1.112 0.944 
.0000 .0000 .0000 
.0000 .4616 .6916 

101 Irrlfltlon 3 ----------------------.-----.----------------------------------------
102 0.7441 0.6708 

103 

O.Ne 0.039 
1.314 0.992 
.0000 .0000 
.1156 .9617 

o.am 
-0.000 
0.7'93 
.0000 
.0275 

403 
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Table 8-7. 

Spearman rank correlation coefficient. for daily midday (To max 
- Td,max)' Irrigations 1, 2 and 3, Experiment 2. . ' 

1[[iIlSISID 1 l[tillUSID ~ 
RluRIX I 112 11 ~ ~ ~ m M IZ U i1 

79 Irrfptfon 1 
eo 1.0000 0.1877 0.1158 0.0638 '0.2424 0.1113 0.4030 0.3142 0.ZZZ7 0.1152 

0.0 0.1713 0.4042 0.6467 0.0774 0.3939 0.0025 0.0207 0.1055 0.4068 
54 53 54 54 54 54 54 54 54 54 

81 1.0000 0.1059 0.5767 '0.0857 0.2191 0.3135 0.4939 0.4558 0.6360 
0.0 0.0001 0.0001 0.5299 0.1046 0.0035 0.0001 0.0004 0.0001 

56 56 56 56 56 56 56 56 56 

1.0000 0.eo19 '0.2444 0.3101 0.6267 0.6362 0.4168 0.6739 
0.0 0.0001 0.0669 0.01" 0.0001 0.0001 0.0001 0.0001 

57 57 57 57 57 57 57 57 

1.0000 '0.0460 0.4996 0.4706 0.5992 0.Z913 0.4582 
0.0 0.7337 0.0001 0.0002 0.0001 0.0242 0.0003 

57 57 57 57 57 57 57 

84 1.0000 0.4466 ·0.6417 '0.1153 '0.4476 '0.3521 
0.0 0.0005 0.0001 0.3929 0.0005 0.0072 

57 57 57 57 57 57 

85 1.0000 0.1_ 0.6052 ·0.0120 0.0313 
0.0 0.Z320 0.0001 0.9291 0.7770 

57 57 57 57 57 

1.0000 0.6469 0.4614 0.4774 
0.0 0.0001 0.0003 0.0002 

57 57 57 57 

87 1.0000 0.3344 0.3069 
0.0 0.0110 0.0202 

57 57 57 
91 Irrfptfon 2 

_____ e __________ • ______ • ______ • _______________________ ••• ________ •• _________ ._ 

92 

eo 

81 0.51116 
0.0001 

55 

0.3006 
0.0243 

56 

Cont i!Jf!d SID !Nt pMI. 

0.4193 
0.0001 

55 

0.6023 
0.0001 

56 

0.35M 
0.0065 

56 

0.4505 
0.0005 

56 

0.20P9 
0.1240 

55 

1.0000 
0.0 

57 

0.0t77 0."90 
0.4757 0.0001 

56 56 

0.6712 
0.0001 

57 

0.4179 
0.0013 

56 
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Table 8-7 (oont.). 

0.4526 0.4556 0.2405 0.5770 0.5234 0.5562 0.351] 0.]1]1 0.5543 0.2882 
0.0005 0.0004 0.0742 0.0001 0.0001 0.0001 0.0067 0.00]] 0.0001 0.0297 

56 57 56 57 57 57 56 57 57 57 

84 0.1418 -0.1782 0.1013 -0.1557 -0.3750 -0.1lOO -0.1411 -0.0144 -0.1227 0.]9]8 
0.2970 0.1845 0.4266 0.2471 0.0040 0.]]50 0.2996 0.9152 0.]6]1 0.0024 

56 57 56 57 57 57 56 57 57 57 

85 0.2161 0.2337 0.2833 0.3613 0.1175 0.2901 0.1616 0.0949 0.2460 0.3413 
0.1093 0.0lI01 0.0344 0.0058 0.1164 0.0282 0.2141 0.4126 0.0650 0.0094 

56 57 56 57 57 57 56 57 57 57 

0.3265 0.3345 0.2200 0.4002 0.4828 0.3257 0.2040 -0.0185 0.3204 -0.2244 
0.0141 0.0110 0.1031 0.0020 0.0001 0.0134 0.1315 0.1911 0.0151 0.0932 

56 57 56 57 57 57 56 57 57 57 

87 0.4123 0.3650 0.5059 0.5500 0.4233 O.36n 0.]]18 0.1315 0.3808 0.1161 
0.0016 0.0052 0.0001 0.0001 0.0010 0.0049 0.0125 0.3292 0.0035 0.3888 

56 57 56 57 57 57 56 57 57 57 
91 Irrigation 2 --._--_.----------------------------------------------.----_.------------.----
92 0.5847 0.6260 0.3742 0.5616 0.7616 0.6211 0.4330 0.3248 0.5176 0.2314 

0.0001 0.0001 0.0045 0.0001 0.0001 0.0001 0.0009 0.(\137 0.0001 0.0132 
56 57 56 57 57 57 56 57 57 57 

93 0.7140 0.5955 0.4201 0.7114 0.6159 0.7144 0.2667 0.2655 0.6713 0.4713 
0.0001 0.0001 0.0012 0.0001 0.0001 0.0001 0.0469 0.0459 0.0001 0.0002 

56 57 56 57 57 57 56 57 57 57 

94 1.0000 0.7006 0.6000 0.7607 0.6607 0.5779 0.4902 0.3516 0.7423 0.5562 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0066 0.0001 0.0001 

56 56 55 56 56 56 55 56 56 56 

95 1.0000 0.5287 0.7151 0.an1 0.6755 0.6611 0.4610 0.5592 0.4766 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 0.0001 0.0002 

57 56 57 57 57 56 57 57 57 

96 1.0000 0.6668 0.4732 0.3600 0.5230 0.2206 0.5376 0.5550 
0.0 0.0001 0.0002 0.0064 0.0001 0.1023 0.0001 0.0001 

56 56 56 56 55 56 56 56 

97 1.0000 0.7113 0.6961 0.5065 0.4220 0.1717 0.5634 
0.0 0.0001 O.OOCI1 0.0001 0.0011 0.0001 0.0001 

57 57 57 56 57 57 57 

91 1.0000 0.n17 0.7079 0.4165 0.6470 0.3627 
0.0 0.0001 0.0001 0.0001 0.0001 0.0056 

57 57 56 57 57 57 

99 1.0000 0.4117 0.4314 0.6705 0.5128 
0.0 0.0016 O.OGOI 0.0001 0.0001 

cpotl"., po INt _. 57 56 57 57 57 



Table 8-7 (oont.,. 

101 Irrigetion 3 
102 

103 

95 99 100 
1.0000 
0.0 

56 

406 

I(('-ulan 3 
102 104 

0.5011 0.4697 0.3906 
0.0001 0.0003 0.0029 

56 56 56 

1.0000 0.4832 0.4190 
0.0 0.0001 0.0012 

57 57 57 

1.0000 0.6248 
0.0 0.0001 

57 57 
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Tabl. a-a. 

Correlations on relative difference for aidday (To,max - Td,max) , 
Experiment 3, Irrigations 1 and 2. 

RIl(~Il( ~ ~2I ;m ~]1 ~l~ U~ ;J]~ ;J]~ ;J1A ;J]Z ;J1II ;J12 
303 Irrfptlon 1. 
304 0.n41 0.417'9 0.6221 0.0916 0.6443 0.5314 0.5516 0.5374 0.5OS9 0.5419 0.4741 0.6403 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -0.000 
0.375 1. 187 0.993 0.427 0.914 0.741 0.125 0.975 0.628 0.133 0.573 1.093 
.0000 .0014 .0000 .4697 .0000 .0000 .0000 .0000 .0001 .0000 .0002 .0000 
.0000 .5884 .9717 .3157 .9312 .1576 .3551 .9100 .0232 .0000 .0014 .6588 

305 0.4603 0.3674 0.0068 0.5362 0.5461 0.5216 0.5012 0.6631 0.6010 0.3446 0.5741 
0.000 0.000 -0.000 -0.000 -0.000 -0.000 -0.000 0.000 -0.000 -0.000 -0.000 
2.522 1.131 0.OS7 1.57'9 1.463 1.504 1.m 1.589 0.284 0.803 1.891 
.0004 .0053 .9604 .0000 .0000 .0000 .0001 .0000 .0000 .0093 .0000 
.0339 .7490 .4091 .1392 .1940 .1_ .0936 .0654 .0000 .5301 .0416 

0.6003 0.5141 0.557'9 0.5394 0.5739 0.6709 0.6526 0.3230 0.4166 O.46n 
-0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
0.337 0.713 0.300 0.264 0.302 0.421 0.215 0.021 0.207 0.281 
.0000 .0001 .0000 .0000 .0000 .0000 .0000 .0152 .0001 .0003 
.0000 .0038 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

309 0.5432 0.7'940 0.7413 0.7464 0.7138 0.5465 0.3512 0.7651 0.7450 
-0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
1.4n 0.759 0.645 0.699 0.811 0.425 0.054 0.580 0.796 
.0000 .0000 .0000 .0000 .0000 .0000 .007'9 .0000 .0000 
.0313 .0265 .0001 .0061 .1305 .0000 .0000 .0000 .0159 

311 0.5530 0.5171 0.4900 0.5IU 0.3197 0.1631 0.5959 0.5091 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.195 0.166 0.169 0.247 0.112 0.009 0.167 0.201 
.0000 .0000 .0001 .0000 .0030 .Z300 .0000 .0001 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

312 0.8734 0.1436 o.7In 0.6920 0.4324 0.7165 0.1693 
-0.000 -0.000 -0.000 0.000 0.000 0.000 -0.000 
0.7'95 0.126 0.935 0.563 0.07'0 0.623 0.9n 
.0000 .0000 .0000 .0000 .0009 .0000 .0000 
.0471 .1140 .61OS .0000 .0000 .0002 .8107 

313 0.9121 0.1410 0.7646 0.4671 0.7501 0.1092 
-0.000 -0.000 0.000 0.000 0.000 -0.000 
0.911 1.107 0.614 0.0Il 0.654 0.994 
.0000 .0000 .0000 .0003 .0000 .0000 
.U49 .44n .0044 .0000 .0016 .9673 

314 0.1760 0.697'9 0.321Z 0.7546 0.6943 
-0.000 0.000 0.000 0.000 -0.000 
1.063 0.57'9 0.053 0.610 0.7'93 
.0000 .0000 .0151 .0000 .0000 
.6201 .0001 .0000 .0002 .1130 

I:RDUnued RD DDS ..... 
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Tabl. 8-8 (oont. ) 

RI~~I~ ;m sa ;m2 ~]] ~]~ ~U ~]~ I]~ 1]6 III III 1]2 
315 0.7556 0.4043 0.7616 0.6693 

0.000 0.000 0.000 0.000 
0.517 0.055 0.508 0.630 
.0000 .0020 .0000 .0000 
.0000 .0000 .0000 .0006 

316 0.6643 0.6037 0.7272 
·0.000 -0.000 ·0.000 
0.131 0.511 1.000 
.0000 .0000 .0000 
.0000 .0013 .9986 

317 0.4751 0.6634 
-0.000 ·0.000 
2.340 4.613 
.0002 .0000 
.0478 .0003 

318 0.7703 
·0.000 
1.087 
.0000 
.5939 

RI~~I~ ng ~~l I~ ~;Jg ~~l ~~ m m ;U~ ;at nz m 
304 0.6104 0.6985 0.1412 0.0320 0.2062 0.3460 0.3978 0.2190 0.3250 0.2751 0.3286 0.4587 

0.000 ·0.000 -0.001 ·0.000 ·0.001 ·0.001 ·0.001 -0.001 -0_000 -0.000 -0.001 '0.000 
1.203 1.355 0.449 0.075 o.m 0.506 0.547 0.461 0.496 0.647 0.507 0.643 
.0000 .0000 .2758 .8152 .1276 .0090 .0024 .0373 .0145 .0402 .0134 .0004 
.3975 .1291 .1692 .0054 .0028 .0118 .0137 .0111 .0140 .2472 .0170 .0519 

305 0.4964 0.6755 0.3478 0.1139 0.2412 0.3090 0.3612 0.2399 0.2527 0.0719 0.3924 0.4786 
0.000 '0.000 -0.006 -0.001 -0.002 -0.002 -0.002 -0.002 -0.000 -0.000 -0.002 -0.001 
1.1187 2.527 2.031 0.518 0.772 0.170 0.976 0.776 0.744 0.326 1.167 1.294 
.0001 .0000 .0016 .4035 .0651 .0205 .0052 .0749 .0602 .5915 .0028 .0002 
.0779 .0023 .1781 .4347 .5151 .7314 .9464 .6064 .5179 .2766 .6729 .41" 

308 0.5755 0.6158 0.4151 0.2930 0.3411 0.4219 0.3620 0.2359 0.5026 0.2130 0.4"' 0.4300 
'0.000 -0.000 -0.001 -0.000 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 '0.000 
0.399 0.420 0.442 0.244 0.191 0.221 0.175 0.139 0.270 0.176 0.235 0.212 
.0000 .0000 .0015 .D214 .0015 .0010 .0061 .0801 .0001 .1152 .0009 .0009 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

309 0.8523 0.7488 0.3147 0.1020 0.2174 0.2100 0.3033 0.1349 0.4071 0.4049 0.1695 0.2945 
0.000 -0.000 -0.002 -0.000 -0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 
1.052 0.910 0.597 0.151 0.220 0.256 0.261 0.142 0.319 0.597 0.164 0.259 
.0000 .0000 .0112 .4546 .1071 .0366 .0231 .3216 .0011 .0020 .2120 .0276 
.6693 .4103 .0732 .0001 .0000 .0000 .0000 .0000 .0000 .0224 .0000 .0000 

311 0.5145 0.5076 0.Z125 0.2406 0.3131 0.3723 0.3203 0.2720 0.4179 0." 0.3615 0.5544 
0.000 0.000 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
0.266 0.221 0.191 0.131 0.117 0.126 0.102 0.105 0.172 0.217 0.130 0.115 
.0000 .0001 .0349 .0740 .0115 .0047 .0161 .0425 .0001 .0023 .0059 .0074 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

Cons fryd on MaS _. 
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Tabl. I-I (CODt. ) 

leeillSi!lll ] leeillSiIll ~ 
RIl(~Il( H2 8] Hi ;Ug ;OJ m m ;m m m ;oz m 
312 0.9151 0.8556 0.3359 0.1323 0.2919 0.3105 0.3917 0.1152 0.4364 0.4490 0.2927 0.4101 

0.000 '0.000 '0.002 -0.000 -0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 
1.181 1.017 0.666 0.205 0.301 0.364 0.359 0.201 0.436 0.692 0.296 0.3n 
.0000 .0000 .0114 .3312 .0290 .'0031 .0023 .1767 .0001 .0005 .0216 .0017 
.1548 .5003 .1525 .0002 .0000 .0000 .0000 .0000 .0000 .0181 .0000 .0000 

313 0.8310 0.8036 0.3851 0.2059 0.3173 0.3606 0.3510 0.1579 0.3m 0.3614 0.2732 0.3533 
0.000 -0.000 '0.002 -0.001 '0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 
1.179 1.122 0.840 0.350 0.369 0.379 0.341 0.191 0.415 0.612 0.303 0.357 
.0000 .0000 .0034 .1282 .0172 .0063 • DC*) .2455 .0041 .0062 .0416 .0076 
.2345 .4156 .5252 .0041 .0001 .0000 .0000 .0000 .0001 .0641 .0000 .0000 

314 0.8250 0.7291 0.3645 0.1329 0.2293 0.3759 0.3275 0.1371 0.3599 0.3321 0.2330 0.2799 
0.000 -0.000 -0.002 -0.000 -0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 1._ 

0.946 0.738 0.210 0.247 0.367 0.301 0.154 0.367 0.523 0.240 0.263 
.0000 .0000 .0057 .3291 .0191 .0043 .0137 .3139 .0064 .0124 .0140 .0367 
.5198 .7'003 .2643 .0003 .0000 .0000 .0000 .0000 .0000 .0154 .0000 .0000 

315 0.m4 0.7324 0.4560 0.2492 0.3444 0.4385 0.:5867 0.2515 0.5101 0.3746 0.4474 0.4455 
0.000 -0.000 -0.002 '0.001 -0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -0.001 '0.000 
0.839 0.783 0.761 0.324 0.306 0.353 0.293 0.239 0.430 0.486 0.380 0.344 
.0000 .0000 .0004 .0639 .0093 .0007 .0032 .0544 .0001 .0045 .0005 .0006 
.1349 .0485 .1652 .0001 .0000 .0000 .0000 .0000 .0000 .0011 .0000 .0000 

316 0.6788 0.7754 0.4366 0.2m 0.4609 0.4743 0.4942 0.2190 0.4973 0.]]91 0.4431 0.5794 
-0.000 -0.000 -0.003 -0.001 -0.002 -0.001 -0.001 -0.001 -0.000 -0.000 -0.001 -0.000 
1.078 1.212 1.065 0.527 0.599 0.558 0.547 0.391 0.611 0.643 0.550 0.654 
.0000 .0000 .0001 .0385 .0004 .0002 .0001 .0307 .0001 .0106 .0006 .0000 
.6699 .2294 .8174 .05]5 .0163 .0041 .0020 .0009 .0138 .1334 .0056 .0162 

]17 0.3119 0.55n 0.3038 0.1742 0.3752 0.2571 0.2934 0.1678 0.2320 0.2096 0.3011 0.5662 
0.000 -0.000 -0.011 -0.003 -0.007 -0.003 -0.004 -0.003 -0.001 -0.001 '0.003 -0.002 
3.12] 4.401 3.741 1.675 2.467 1.530 1.644 1.147 1.443 2.010 1.940 3.235 
.0031 .0000 .0221 .1995 .0044 .0558 .0212 .2165 .0153 .1212 .0206 .0000 
.0533 .0020 .1009 .6049 .1026 .5121 .3981 .'740 .6001 .4374 .2715 .0050 

]18 0.8063 0.6991 0.3654 0.1197 0.3722 0.4091 0.2919 0.1173 0.4414 0.4364 0.2M6 0.3103 
0.000 -0.000 -0.003 -0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -0.001 -0.000 -0.000 
1.]15 1. 122 0.915 0.370 0.497 0.494 0.340 0.163 0.557 0.849 0.343 0.441 
.0000 .0000 .0056 .1617 .0047 .0017 .0252 .3194 .0007 .0001 .0453 .0038 
.0164 .5113 .m4 .0158 .0044 .0018 .0000 .0000 .0074 .5221 .0002 .0004 

]19 0.8813 0.9170 0.4271 0.1163 0.3124 0.J022 0.3223 0.1761 0.4030 0.4124 0.3147 0.5'" 
0.000 -0.000 -0.002 -O.GOO -0.001 -0.001 -0.001 -O.GOO -O.GOO -O.GOO -O.GOO -O.GOO 
1.026 1.042 0.751 0.251 0.362 0.259 0.260 0.174 0.360 0.569 0.214 0.420 
.0000 .0000 .0010 .1693 .0036 .0Z36 .0154 .1927 .0021 .0016 .0,., • GOO 1 
.8103 .6190 .Z044 • GOO 1 .0000 .0000 .0000 .0000 .0000 .0014 .0000 .0000 

320 0.91. 0.4254 0.1955 0.3409 O.HOG 0.3776 0.1. 0.46JO 0.4306 0.2957 0.4200 
-O.GOO -0.002 -O.GOO -0.001 -0.001 -0.001 -o.GOO -O.GOO -O.GOO -o.GOO -O.GOO 
0._ 0.654 0.234 0.279 0._ O.MS 0.169 0.359 0.514 0.230 0.299 
.0000 .0011 .1490 .0101 .OCDO .0041 .1431 .0003 .00D9 .0280 .001] 
.2243 .0296 .0000 .0000 .0000 .0000 .0000 .0000 .0005 .0000 .0000 

Cooth.., III Dlllt _. 
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Tabl. 8-8 (cont. ) 

1[[iIlSiSlll ] 1[[IIISIIIIl Z 
RI~Ilt: ~Z2 ~Z] HI D.Q ;0] m m m ;O~ m ;oz m 
321 0.4522 0.1751 0.35]1 0.3165 0.3919 0.2330 0.4244 0.2980 0.]746 0.5222 

·0.002 ·0.000 ·0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 
0.706 0.214 0.294 0.214 0.213 0.202 0.334 0.]52 0.291 o.]n 
.0005 .1951 .0076 .0042 .0023 .0139 .0011 .0301 .0044 .0000 
.0625 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

328 Irrfptfon 2. 
329 0.5375 0.5165 0.2057 0.2225 O.Z3IO 0.3124 0.2174 0.]543 0.4421 

0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 
0.420 0.275 0.100 0.101 0.132 0.194 0.170 0.181 0.206 
.0000 .0000 .1249 .0965 .0746 .0033 .1045 .0068 .0006 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

330 0.8632 0.6202 0.4911 0.5168 0.5705 0.5193 0.4192 0.52n 
-0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
0.519 0.385 0.290 0.367 0.]70 0.519 0.321 0.]15 
.0000 .0000 .0001 .0000 .0000 .0000 .0001 .0000 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

331 0.7'955 0.6969 0.5960 0.74]5 0.6196 0.6391 0.76n 
0.000 0.000 -0.000 0.000 -0.000 0.000 0.000 
0.723 0.596 0.621 0.708 1.011 0.614 0.671 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 
.0078 .0001 .0024 .0076 .9389 .0009 .0014 

332 0.1911 0.6543 0.1'956 0.6423 0.6335 0.7102 
0.000 -0 DOG 0.000 -0.000 -0.000 0.000 
0.109 0.750 O.ID 1.036 0.670 0.683 
.0000 .0000 .0000 .0000 .0000 .0000 
.1303 .0614 .1591 .1309 .0097 .0064 

333 0.7386 0.8186 0.6109 0.6362 0.7507 
-0.000 O.GOO -O.GOO -O.GOO -0.000 
0.900 0.911 1.168 0.715 0.768 
.0000 .0000 .0000 .0000 .0000 
.4705 .4121 .]566 .0355 .0559 

334 0.6736 0.5m 0.5974 0.5687 
0.000 O.GOO 0.000 0.000 
0.615 0.106 0.551 0.4n 
.0000 .0000 .0000 .0000 
.0004 .1933 • GOO 1 .0000 

335 0.1'991 0.6511 0.7'913 
-o.GOO -o.GOO -o.GOO 
1.D1 0.664 0.733 
.0000 .0000 .0000 
.1111 .0054 .0126 

336 0.4976 0.6373 
O.GOO 0.000 
0.326 O.SIO 
.0001 .0000 
.0000 .0000 

Coot f!!lld SIll DIllS PM!. 



Tab1. a-a (cont.) 

Irrlution 1 
O'Y\I)ty 320 321 329 331 
337 

IrrlMtion 2 
m P4 3]5 

411 

3]7 ;po 
0.7475 
0.000 
0.680 
.0000 
.0032 
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'1'&1)1 • . -,. 
Spearman rank order correlation. on aidday ML 8urface 
temperatures, Irrigations 1 and 2, Experiment 3, 1986. 

RIU2Ilt: ~ g S2 ~]] ~l~ ~l~ ;Jl~ ;Jl~ ;J16 ;J1Z ;J11 ;J12 
303 Irrtllltton 1 ---
304 0.4933 0.3754 0.7281 0.1438 0.6631 0.4924 0.4775 0.4691 0.4465 0.507'9 0.5417 0.7239 

0.0001 0.0044 0.0001 0.2901 0.0001 0.0001 0.0002 0.0003 0.0006 0.0001 0.0001 0.0001 
56 56 56 56 56 56 56 56 56 56 56 56 

305 1.0000 0.4711 0.3337 '0.0409 0.4273 0.3702 0.3000 0.4147 0.6338 0.7140 0.3227 0.5554 
0.0 0.0002 0.0119 0.7642 0.0010 0.0050 0.0246 0.0002 0.0001 0.0001 0.0153 0.0001 

56 56 56 56 56 56 56 56 56 56 56 56 

308 1.0000 0.5181 0.4216 0.5636 0.5214 0.5290 0.6477 0.6180 0.2495 0.3818 0.5027 
0.0 0.0001 0.0012 0.0001 0.0001 0.0001 0.0001 0.0001 0.0636 0.0037 0.0001 

56 56 56 56 56 56 56 56 56 56 56 

309 1.0000 0.487'9 0.8161 0.7751 0.7664 0.7030 0.5165 0.2849 0.7399 0.7750 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0333 0.0001 0.0001 

56 56 56 56 56 56 56 56 56 56 

311 1.0000 0.4429 0.5190 0.5046 0.5918 0.2866 ·0.0471 0.4734 0.3740 
0.0 0.0006 0.0001 0.0001 0.0001 0.0322 0.7303 0.0002 0.0045 

56 56 56 56 56 56 56 56 56 

312 1.0000 0.1512 0.7'922 0.7296 0.6426 0.3528 0.7410 0.1782 
0.0 0.0001 0.0001 0.0001 0.0001 0.0076 0.0001 0.0001 

56 56 56 56 56 56 56 56 

313 1.0000 0.1595 0.1130 0.7041 0.3766 0.7415 0.8074 
0.0 0.0001 0.0001 0.0001 0.0042 0.0001 0.0001 

56 56 56 56 56 56 56 

314 1.0000 0.1426 0.6011 0.2510 0.1944 0.67'99 
0.0 0.0001 0.0001 0.0620 0.0001 0.0001 

56 56 56 56 56 56 

315 1.0000 0.7554 0.]936 0.7314 0.6944 
0.0 0.0001 0.0027 0.0001 0.0001 

56 56 56 56 56 

316 1.0000 0.6078 0.5410 0.6196 
0.0 0.0001 0.0001 0.0001 

56 56 56 56 

317 1.0000 0.5116 0.5961 
0.0 0.0031 0.0001 

56 56 56 

318 1.0000 0.7544 
0.0 0.0001 

56 56 

'SlDU~ SID DlaS -. 
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Tab1. 8-' (cont.,. 

1[[iIIUm ] 1[[I.SII11 a 
R8v/DllI: ;J~ ;J~] m ;u,g ;0] m m m ;O~ D6 ;oz m 
304 0.6673 0.7019 -0.0575 0.0045 0.1531 0.2592 0.2367 0.1119 0.1910 0.2121 0.1119 0.3292 

0.0001 0.0001 0.6731 0.9733 0.2599 0.0537 0.0719 0.4115 0.1_ 0.0352 0.1797 0.0132 
56 56 56 56 56 56 56 56 56 56 56 56 

305 0.4013 0.6100 0.2890 0.0146 0.2224 0.2573 0.3117 0.2024 0.1431 0.0527 0.4511 0.4591 
0.0018 0.0001 0.0307 0.91" 0.0994 0.0555 0.01" 0.1346 0.2901 0.6993 0.0004 0.0004 

56 56 56 56 56 56 56 56 56 56 56 56 

308 0.5435 0.6492 0.3203 0.0168 0.0415 0.2491 0.2746 0.0605 0.3313 0.0331 0.3961 0.3056 
0.0001 0.0001 0.0161 0.9021 0.7610 0.0641 0.0405 0.6573 0.0126 0."1 0.0025 0.0220 

56 56 56 56 56 56 56 56 56 56 56 56 

309 0.1811 0.7'901 O.OS77 -0.0044 0.0451 0.1aos 0.1531 -0.0390 0.2969 0.31" 0.1223 0.1751 
0.0001 0.0001 0.5202 0.9739 0.7373 0.1122 0.2599 0.7754 0.0263 0.0111 0.3692 0.1961 

56 56 56 56 56 56 56 56 56 56 56 56 

311 0.4999 0.4252 0.0769 0.1118 0.1277 0.3063 0.2779 0.0399 0.3905 0.2462 0.2927 0.2077 
0.0001 0.0011 0.5732 0.1635 0.3412 0.0217 0.0311 0.7703 0.0029 0.0674 0.0216 0.1245 

56 56 56 56 56 56 56 56 56 56 56 56 

312 0.8994 0.8315 0.1472 -0.0519 0.1279 0.2715 0.2556 -0.0016 0.3354 0.3400 0.1718 0.2681 
0.0001 0.0001 0.27'90 0.7031 0.3475 0.0376 0.0573 0.9903 0.0115 0.0103 0.2055 0.0451 

56 56 56 56 56 56 56 56 56 56 56 56 

313 0.8498 0.7703 0.2094 0.0459 0.1137 0.2146 0.2707 0.0213 0.3314 0.3025 0.1615 0.2462 
0.0001 0.0001 0.1213 0.7369 0.1752 0.0335 0.0436 0.1751 0.0107 0.0234 0.2142 0.0674 

56 56 56 56 56 56 56 56 56 56 56 56 

314 0.1228 0.6194 0.1151 -0.0165 0.0551 0.2619 0.2229 0.0342 0.3155 0.2569 0.1221 0.1612 
0.0001 0.0001 0.1720 0.9037 0.6127 0.0511 0.0917 0.1024 0.0171 0.0559 0.3672 0.2351 

56 56 56 56 56 56 56 56 56 56 56 56 

315 0.1626 0.7310 0.2977 0.0135 0.1930 0.3154 0.3121 0.1422 0.4507 0.2646 0.4006 0.3111 
0.0001 0.0001 0.0251 0.5403 0.1540 0.0034 0.0047 0.2957 0.0005 0.0417 0.0022 0.0037 

56 56 56 56 56 56 56 56 56 56 56 56 

316 0.6343 0.7466 0.2973 0.0547 0.1599 0.4271 0.4433 0.1451 0.4442 0.2335 0.3643 0.5017 
0.0001 0.0001 0.0260 0.6115 0.0064 0.0010 0.0006 0.2136 0.0006 0.0133 0.0051 0.0001 

56 56 56 56 56 56 56 56 56 56 56 56 

311 0.3111 0.4776 0.1006 0.0702 0.2956 0.2275 0." 0.071.1 0.1420 0.1359 0.2617 0.5169 
0.0173 0.0002 0.4606 0.6070 0.0270 0.0916 0.0305 0.5660 0.Z96J 0.31. 0.0513 0.0001 

56 56 56 56 56 56 56 56 56 56 56 56 

318 0.7'945 0.6112 0.1520 0.1265 0.21641 0.3597 0 •• 7 -0.0Z3I 0.J123 0.3474 0.Z039 0.2734 
0.0001 0.0001 0.2634 0.3526 0.0491 0.0065 0.0361 0.1612 0.0036 0.a7 0.1316 0.0415 

56 56 56 56 56 56 56 56 56 56 56 56 

319 0 •• 11 0.1972 0.1591 0.0059 0.2291 0.2755 0.2412 -0.0205 0.3142 0.2965 0.2255 0.3705 
0.0001 0.0001 0.2396 0.9655 0.0111 0.CD9I o.om O • .u 0.0113 0._ 0.OM7 0.0049 

56 56 56 56 56 56 56 56 56 56 56 56 

'lIDS!'" III I3aS -. 
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Table 8-9 (cont.,. 

1[[IIISiIl] 1 1[[i.SlII] Z 
R.UR.~ ~~ 81 m m D1 m m m m D6 DZ m 
320 1.0000 0.9072 0.2419 0.0519 0.1_ 0.3027 0.2560 0.0433 0.3535 0.3119 0.1926 0.2663 

0.0 0.0001 0.0724 0.7039 0.1_ 0.0233 0.0561 0.7501 0.0075 0.0193 0.1550 0.0472 
56 56 56 56 56 56 56 56 56 56 56 56 

321 1.0000 0.2160 ·0.0227 0.1124 0.3044 0.2692 0.0345 0.2969 0.1346 0.3170 0.3570 
0.0 0.1091 0.11611 0.1784 0.0225 0.0441 0.1007 0.0263 0.3224 0.0173 0.0069 

56 56 56 56 56 56 56 56 56 56 56 
328 Irrfgetfon 2 .. -... _------.- ..... __ .. _--_._--_.- .. ----_ ..... -_ ... _----_ ... -----_ .. _----_ ... _._. 
329 1.0000 0.3645 0.2779 0.1744 0.1748 0.1356 0.2737 0.0640 0.2055 0.1908 

0.0 0.0053 0.0363 0.1944 0.1932 0.3145 0.0393 0.6357 0.1251 0.1549 
57 57 57 57 57 57 57 57 57 57 

330 1.0000 0.7202 0.5579 0.4941 0.3712 0.4620 0.3965 0.2924 0.2864 
0.0 0.0001 0.0001 0.0001 0.0045 0.0003 0.0023 0.0273 0.0307 

57 57 57 57 57 57 57 57 57 

331 1.0000 0.11639 0.8123 0.5285 0.6999 0.6210 0.4360 0.6420 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0007 0.0001 

57 57 57 57 57 57 57 57 

332 1.0000 0.9312 0.5113 0.7136 0.6290 0.5751 0.7132 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 57 57 57 57 

333 1.0000 0.5114 0.7117 0.6264 0.5973 0.7194 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 57 57 57 

334 1.0000 0.4912 0.4697 0.4515 0.4071 
0.0 0.0001 0.0002 0.0004 0.0017 

57 57 57 57 57 

335 1.0000 0.7476 0.5160 0.7357 
0.0 0.0001 0.0001 0.0001 

57 57 57 57 

336 1.0000 0.2752 0.5173 
0.0 0.0313 0.0001 

57 57 57 

337 1.0000 0.6O.lI 
0.0 0.0001 

57 57 
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Tabl. 8-10. 

Correlations on relative differenc •• of evaporation from ML's, 
Irrigations 1 and 2, Experiment 3. 

R.l!:~.l!: ~ sa ;m ;I]] ~]~ ~]~ ~]~ ~]~ ~]' ~]l ~]. ~]2 
304 0.7523 0.5151 0.6913 0.5582 0.6905 0-'642 0.6431 0.5940 0.6546 0.7243 0.2694 0.1623 

0.003 0.005 0.005 -0.003 0.004 0.002 0.003 0.006 0.003 0.003 -0.000 0.001 
0.402 1.093 0.916 1.716 0.939 0.671 0 •• )1 0.160 1.140 1.076 0.331 0.293 
.0000 .0001 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0467 .2366 
.0000 .7352 .6256 .0641 .7291 .0170 .2212 .4630 .5331 .6931 .0003 .0054 

305 0.3339 0.6307 0.3105 0.7'959 0.8431 0.1165 0.7367 0.7236 0.6707 0.2965 0.4557 
-0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
1.303 1.540 2.1110 2.015 1.597 1.946 1.971 2.353 1.864 0.697 1.531 
.0119 .0000 .oo:sa .0000 .0000 .0000 .0000 .0000 .0000 .0265 .0004 
.5623 .1013 .1225 .0036 .0209 .0032 .0010 .0024 .0221 .3427 .2391 

0.11065 0.7570 0.6165 0.4184 0.4912 0.5496 0.5176 0.5673 0.3605 0.2194 
-0.000 -0.000 -0.000 0.000 0.000 0.000 0.000 0.000 -0.000 0.000 
0.505 1.111 0.400 0.237 0.297 0.377 0.490 0.404 0.217 0.249 
.0000 .0000 .0000 .0001 .0001 .0000 .0000 .0000 .0063 .0305 
.0000 .4113 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

309 0.7228 0.1124 0.7457 0.7553 0.7590 0.7470 0.6818 0.4269 0.3177 
-0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1.695 0.863 0.578 0.719 0.131 0.995 0.776 0.411 0.533 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0010 .0032 
.0103 .2912 .0001 .0234 .2224 .9732 .1228 .0000 .0110 

311 0.6261 0.5117 0.5218 0.5026 0.5771 0.6476 0.3110 0.2071 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.277 0.169 0.212 0.235 0.321 0.314 0.156 0.121 
.0000 .0001 .0000 .0001 .0000 .0000 .oo:sa .1259 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

312 0.9005 0.M52 0.1126 0.7935 0.6140 0.3537 0.5195 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.674 0.123 0.933 1.019 0.751 0.321 0.619 
.0000 .0000 .0000 .0000 .0000 .0075 .0000 
.0011 .1254 .6049 .9021 .0753 .0000 .06115 

313 0.9293 0.1972 0.1229 0.7230 0.4447 0.4902 
-0.000 -0.000 -0.000 0.000 -0.000 -0.000 
1.141 1.267 1.413 1.061 0.552 0.169 
.0000 .0000 .0000 .0000 .0006 .0001 
.3681 .1311 .0515 .7456 .0013 .5703 

314 0.9217 0.1599 0.m7 0.4977 0.5190 
0.000 0.000 0.000 -0.000 -0.000 
1.068 1.202 0.925 0.503 0.150 
.0000 .GOGO .GOGO .0001 .0000 
.6J13 .U75 .6144 .0004 .4132 

315 0."" 0.7552 0.5513 0.5950 
-0.000 0.000 -0.000 -0.000 
1.m 0.715 0.491 0.747 
• GOGO .0000 .0000 .0000 

'illS!"'; III DlIS DHe. .1210 .09Il .0000 .1095 
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Tabl. 8-10 (cont. ) 

RI~~I~ ~ aD B2 ;Jll ;Jl~ ;Jl;J ;Jl~ ;Jl~ ;Jl6 ;JlZ ;Jll ;Jl2 
316 0.7104 0.6699 0.6368 

0.000 -0.000 -0.000 
0.667 0.414 0.658 
.0000 .0000 .0000 
.0019 .0000 .0078 

317 0.5464 0.4178 
-0.000 -0.000 
0.462 0.505 
.0000 .0014 
.0000 .0022 

311 0.3651 
0.000 
0.522 
.0057 
.0125 

I [[1111I5!D ] I [[!IIUIIl ~ 
RI~~I~ ;J~ ;J~] ;JZ2 ;J;Jg ;J;J] ;U~ m m ;U~ ;J;J6 ;UZ ;JH 
304 0.3998 0.2688 0.2255 0.0750 0.1713 0.3626 0.3703 0.2543 0.3415 0.1079 0.3174 0.4057 

0.002 -0.002 -0.005 -0.000 ·0.001 ·0.003 -0.003 -0.001 -0.004 -0.001 -0.002 -0.001 
0.7'92 0.391 0.866 0.221 0.345 0.663 0.637 0.532 0.662 0.311 0.745 0.710 
.0025 .0472 .0982 .5863 .2115 .0065 .0054 .0610 .0107 .4329 .0035 .0021 
.4273 .0030 .7'908 .0564 .01'1 .1612 .1162 .0917 .1'1' .0914 .3184 .21" 

305 0.267'9 0.3708 0.2762 0.0570 0.1824 0.2191 0.3397 0.2225 0.21'7 - .0071 0.3101 0.4049 
·0.000 -0.000 -0.006 ·0.001 -0.002 -0.002 -0.003 -0.002 -0.000 0.000 -0.002 -0.001 
0.992 1.006 1.956 0.314 0.688 0.917 1.092 0.173 0.781 -0.039 1.371 1.321 
.0459 .0049 .0393 .6761 .1786 .0307 .0104 .0995 .1056 .9517 .0039 .0020 
.9166 .9174 .3101 .3632 .5417 .91Il .1312 .1101 .6491 .1715 .4431 .4564 

301 0.4110 0.3184 0.2630 0.0919 0.0952 0.0612 0.0771 0.0445 0.1415 0.1729 0.1429 0.0149 
0.000 0.000 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
0.463 0.270 0.477 0.130 0.092 0.054 0.064 0.045 0.136 0.244 0.132 0.071 
.0001 .0031 .0502 .5006 .4156 .6541 .5722 .7447 .2741 .2OZI .2937 .5342 
.0000 • 0000 .01 • .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0000 

309 0.5522 0.3110 0.3397 0.0130 0.0164 0.0927 0.1631 0.0666 0.1901 0.1662 0.1245 0.2417 
0.000 0.000 -0.003 -0.000 -0.000 -0.000 -0.001 -0.000 -0.000 -0.000 -0.000 -0.000 
0.137 0.423 0.915 0.029 0.134 0.130 0.215 0.107 0.271 0.374 0.184 0.334 
.0000 .0031 .0104 .9242 .5265 .4971 .2299 • 6257 .1 • .2210 .]601 .0646 
.3911 .0002 .9651 .0025 .0001 .0000 .0000 .0001 .0005 .0317 .0001 .0004 

311 0.5142 0.3009 0.3699 0.1109 0.0561 0.1243 0._ - .OS77 0.1135 -.0210 0.1064 0.0157 
0.000 0.000 -0.001 -0.000 -0.000 -0.000 -0.000 0.000 -0.000 0.000 -0.000 -0.000 
0.332 0.142 0.457 0.107 0.OS7 0.074 0.047 -0.026 0.071 -0.027 0.067 0.049 
.0001 .0242 .0050 .4159 .6115 .3615 .5393 .7126 .4049 .U75 .4354 .5301 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .DODO .DODO 

312 0.5522 0.3910 0.3523 O.OMI 0.1743 0.2422 0._ 0.1495 0.2344 0.1275 0.2133 0.2606 
0.000 0.000 -O.OOS -0.000 -0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.000 
0.101 0.419 0.915 0.207 0.260 0.327 0.359 0.232 0.331 0.277 0.J04 0.337 
.0000 .0029 .0071 .4171 .1991 .on1 .CD4I .2717 .0120 .3492 .1141 .0524 
.2940 .0001 .9656 .0015 .0004 .0004 .0003 .0005 .0007 .0141 .0005 .0003 

C5!Dtf nutd III nus MM· 
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Tabl. 8-10 (cont. , 

Ittjlllim 1 .ttlaUIII Z 
RIXl,Q.~ m 8] m ;ug D] m m ;m D~ :116 DZ m 
313 0.5044 0.3993 0.3104 0.1015 0.1462 0.2348 0.2351 0.1244 0.1755 0.0611 0.2300 0.2530 

0.000 -0.000 -0.003 -0.000 -0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -0.001 -0.000 
0.986 0.572 1.160 0.296 0.291 0.423 0.400 0.251 0.331 O.ZOO 0.438 0.438 
.0001 .0023 .0199 .4561 .2123 .0115 .0102 .3610 .1959 .6146 .0111 .0600 
_9552 .0269 .1362 .0163 .0102 .01" .0103 .0099 .0102 .0454 .0301 .0175 

314 0.5611 0.4451 0.3168 0.1661 0.2225 0.2551 0.2511 0.1413 0.1943 0.1029 0.2450 0.3109 
0.000 0.000 -0.003 -0.001 "0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -0.001 -0.000 
0.903 0.520 1.111 0.395 0.361 0.375 0.351 0.238 0.291 0.243 0.380 0.438 
.0000 .0006 .0032 .2191 .0995 .0511 .0541 .2990 .1516 .4505 .0611 .0191 
.6211 .0025 .6331 .0575 .0042 .0021 .0009 .0013 .0011 .0191 .00l6 .0035 

315 0.6103 0.4726 0.3069 0.1718 0.2601 0.2191 0.2975 0.1591 0.2279 0.21" 0.2041 0.2618 
0.000 -0.000 -0.002 -0.001 -0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.000 
0.144 0.479 0.812 0.369 0.361 0.310 0.351 0.233 0.304 0.451 0.216 0.321 
.0000 .0002 .0214 .1816 .0529 .0303 .0260 .2411 .0912 .1045 .1303 .0513 
.3612 .0002 .5650 .0224 .0011 .0004 .0001 .0002 .0002 .0430 .0001 .0001 

316 0.6415 0.5551 0.3840 0.2410 0.3506 0.3529 0.3292 0.2120 0.3165 0.1621 0.3211 0.4166 
0.000 0.000 -0.002 '0.001 -0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.000 
0.130 0.463 0.836 0.409 0.401 0.311 0.326 0.256 0.:141 0.275 0.364 0.420 
.0000 .0000 .0035 .0135 .0011 .0016 .0132 . ,," .0175 .2310 .0136 .0014 
.0493 .0000 .5151 .0079 .0002 .0000 .0000 .0000 .0000 .0011 .0000 .0000 

311 0.6114 0.4861 0.3954 0.3254 0.3004 0.3752 0.2955 0.1m 0.31" 0.1422 0.3329 0.3558 
0.000 -0.000 -0.003 -0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -O.GOO -0.001 -0.000 
0.822 0.414 1.001 0.646 0.401 0.461 0.:142 0.1. 0.410 0.211 0.432 0.420 
.0000 .0001 .0026 .0144 .0245 .0044 .0210 .3216 .0164 .2961 .0122 .00" 
.2161 .0001 .9112 .1516 .0013 .0012 .0001 • GOO 1 .0001 .0011 .0012 .0003 

318 0.5150 0.4241 0.3214 0.1101 0.2655 0.1545 0.1181 0.0002 0.1216 0.1'" 0.2191 0.2509 
0.000 O.GOO -0.003 '0.001 -0.001 -O.GOO -O.GOO 0.000 -O.GOO -O.GOO -0.000 -0.000 
0.921 0.490 0.919 0.424 0.426 0.225 0.162 O.GOO 0.1" 0._ 0.331 0.350 
.0000 .0011 .0135 .1821 .0410 .2556 .3119 .9916 .3419 .3102 .1038 .06Z2 
.~ .0013 .9164 .0662 .0014 .0002 .0000 • GOO 1 .0002 .0241 .0018 .0001 

319 0.2910 0.4546 0.3214 0.2375 0.3096 0.2049 0.2151 0.1161 0.Z022 0.1492 0.1916 0.2611 
0.000 O.GOO -0.002 -0.001 -0.001 -O.GOO -O.GOO -O.GOO -O.GOO -O.GOO -O.GOO -0.000 
0.328 0.361 0.690 0.390 0.341 0._ 0.206 0.206 0.215 0.244 0.206 0.255 
.0251 .0004 .0138 .0710 .0202 .1JOG .1116 .1926 .1353 .2721 .1575 .0514 
.0000 .0000 .21" .0041 .0000 .0000 .0000 .0000 .DODO .0001 .DODO .DODO 

320 
O. '''' 

0.1246 0.0692 0.1391 0.2326 0.1_ -.1206 0.1111 0.1622 0.0105 0.1310 
-O.GOO -0.001 -O.GOO -O.GOO -O.GOO -O.GOO O.GOO -O.GOO -O.GOO -O.GOO -O.GOO 
0.143 0.238 0.103 0.142 0.215 0.090 -0.121 0.175 0.241 0.069 0.121 
.1509 .3602 .6122 .3061 .0145 .4413 .3160 .1D .2326 ._5 .3141 
.0000 .0031 .0000 .0000 • DODO .0000 .0000 .0000 .0002 • DODO .0000 

321 0.4166 0.2271 0.2165 0.1370 0.11" 0._' 0.21. 0.2245 0.1321 0.2149 
-0.003 -0.001 -0.001 -O.GOO -0.001 -0.001 -O.GOO -O.GOO -O.GOO -O.GOO 
1.- O.W 0._ 0.113 0.222 0.299 0._ 0.456 0.116 0.344 
.0014 .0913 .03Z3 .3141 .1665 .1266 .1054 .0164 .3320 .0333 
.1751 .0441 .0015 .0000 • DODO .0005 • GOO 1 .0415 .0000 • GOO 1 

emU""'" m DIllS _. 
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Table 8-10 (cont. ) 

IttiUSlIll ] Ittl.SIIll ~ 
Rlx~lx m ~] ;J~ m ;0] m m m ;O~ m ;oz m 
328 Irrlptlon 2. 
329 0.5375 0.5165 0.2057 0.2225 0.2310 0.3124 0.2174 0.3543 0.4421 

0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 
0.420 0.275 0.100 0.101 0.132 0.194 0.170 0.111 0.206 
.0000 .0000 .1249 ~0965 .0746 .0033 .1045 .0061 .0006 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

330 0.16J2 0.6202 0.4911 0.5161 0.5705 0.5193 0.4192 0.5277 
-0.000 ·0.000 ·0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
0.519 0.315 0.290 0.367 0.370 0.519 0.321 0.315 
.0000 .0000 .0001 .0000 .0000 .0000 .0001 .0000 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 

331 0.7955 0.6969 0.5_ 0.7435 0.6196 0.6391 0.76n 
0.000 0.000 -0.000 0.000 -0.000 0.000 0.000 
O.n! 0.596 0.621 0.708 1.011 0.614 0.671 
.0000 .0000 .0000 .0000 .0000 .0000 .0000 
.0078 .0001 .0024 .0076 .9319 .0009 .0014 

332 0.1911 0.6543 0.7956 0.6423 0.6335 0.7102 
0.000 -0.000 0.000 -0.000 -0.000 0.000 
0.139 0.750 O.ID 1.036 0.670 0.613 
.0000 .0000 .0000 .0000 .0000 .0000 
.1303 .0614 .1591 .1D09 .0097 .0064 

333 0.7316 0.1116 0.6109 0.6362 0.7507 
-0.000 0.000 -0.000 -0.000 -0.000 
0.900 0.911 1.161 0.715 0.761 
.0000 .0000 .0000 .0000 .0000 
.4705 .41Z1 .3566 .0355 .0559 

334 0.6736 0.5725 0.5974 0.5617 
0.000 0.000 0.000 0.000 
0.615 0.106 0.551 0.477 
.0000 .0000 .0000 .0000 
.0004 .1933 .0001 .0000 

335 0.?991 0.6513 0.1'913 
-0.000 -0.000 -0.000 
1.231 0.664 0.733 
.0000 .0000 .0000 
.1113 .0054 .0126 

336 0.4976 0.6373 
0.000 0.000 
0.326 0._ 
.0001 .0000 
.0000 .0000 

337 0.7475 
0.000 
0.610 
.0000 
.0032 
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Table 8-11. 

Spearman rank correlation. for daily ML evaporation, 
Irrigations 1 and 2, Experiment 3, 1986. 

RIlt:~Ilt: m 308 ;m2 ~ll ~l~ ;Il~ ;Jl~ ;JJ~ ;JJt ;Jll ;J]I ;J12 
303 Irrigation 1 ... 
304 0.6568 0.5126 0.7373 0.6482 0.7355 0.6549 0.6073 0.5614 0.6152 0.6961 0.1172 0.1900 

0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.1711 0.1645 
55 55 55 55 55 55 55 55 55 55 55 55 

305 1.0000 0.4692 0.6702 0.5591 0.7615 0.7654 O.DD 0.6911 0.7937 0.7271 0.3595 0.5595 
0.0 0.0003 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0065 0.0001 

56 56 56 56 56 56 56 56 56 56 56 56 

308 1.0000 0.1333 0.7522 0.7292 0.6951 0.6237 0.6530 0.6165 0.5419 0.3339 0.3066 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0119 0.0215 

56 56 56 56 56 56 56 56 56 56 56 

309 1.0000 0.7539 0.1741 0.1602 0.1135 0.8124 0.7671 0.6142 0.4291 0.40n 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 O.Ob'4)9 0.0011 

56 56 56 56 56 56 56 56 5& 56 

311 1.0000 0.7191 0.6699 0.6333 0.5779 0.6103 0.6516 0.:5656 0.2232 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0056 0.09IZ 

56 56 56 56 56 56 56 56 56 

312 1.0000 0._ 0.1739 0.1634 0."25 0.6166 0.3171 0.4M1 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0031 0.0001 

56 56 56 56 56 56 56 56 

313 1.0000 0 •• '0 0.,"1 0.1N1 0.7403 0.5507 0.5103 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

56 56 56 56 56 56 56 

314 1.0000 0.9020 0.'747 O.n44 0.5302 0.6112 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 

56 56 56 56 56 56 

315 1.0000 0.1451 0.6990 0.5417 0.6097 
0.0 0.0001 0.0001 0.0001 0.0001 

56 56 56 56 56 

316 1.0000 0.7309 0.5995 0.6292 
0.0 0.0001 0.0001 0.0001 

56 56 56 56 

317 1.0G00 0.4525 0.44Z0 
0.0 0.0005 0.0006 

56 56 56 

311 1.0G00 0.3171 
0.0 0.0170 

56 56 

,S!!~ I'" II! Dlas DHe I 
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Tal»le 8-11 (cont.'. 

leelllUSID 1 leel.SiIlI Z 
I!IUR~ ;J22 ;JZl m ;ug ;Ul m m m In • ;UZ m 
304 0.4237 0.2091 0.0671 0.0851 0.0193 0.1190 0.1379 0.1146 0.3196 0.2]01 0.2065 0.2582 

0.001]~1. 1254 0.6395 0.5365 0.5165 0.1669 0.3151 0.1900 0.0196 0.0974 0.1]03 0.0570 
55 55 51 55 55 55 55 52 53 53 55 55 

305 0.3648 0.4996 0.1407 0.1563 0.2178 0.3184 0.2511 0.2602 0.3272 0.15]1 0.2611 0.1940 
0.0057 0.0001 0.3197 0.2500 0.1067 0.0167 0.0541 0.0599 0.0157 0.2665 0.0457 0.1519 

56 56 52 56 56 56 56 53 54 54 56 56 

308 0.4791 0.3566 0.1775 0.0501 '0.0060 0.0216 ·0.0J05 -0.0267 0.1150 0.0015 0.052 0.0127 
0.0002 0.0070 0.2081 0.7136 0.9649 0.1743 0.1229 0.8494 0.4075 0.9912 0.7965 0.5442 

56 56 52 56 56 56 56 53 54 54 56 56 

309 0.5670 0.JIl3 0.1902 0.0504 0.0010 0.0I2J 0.0410 0.0747 0.1114 0.0J05 0.1305 0.0693 
0.0001 0.0035 0.1767 0.7122 0.9530 0.5462 0.7252 0.5949 0.1"1 0.1262 0.D76 0.6116 

56 56 52 56 56 56 56 53 54 54 56 56 

311 0.5002 0.2760 0.1833 ·0.0161 '0.0565 0.0154 ·0.0318 ·0.0101 0.1417 '0.1051 0.1713 0.0756 
0.0001 0.0395 0.1932 0.9059 0.6719 0.9101 0.n61 O. ,1424 0.3065 0.4493 0.1115 0.5794 

56 56 52 56 56 56 56 53 54 54 56 56 

312 0.6145 0.4641 0.1720 0.0750 0.0799 0.1121 0.11]1 0.1594 0.1n6 0.1497 0.0660 0.1]21 
0.0001 0.0003 0.2225 0.5125 0.5510 0.1n4 0.4036 0.2540 0.1. 0.2797 0.62. 0.3315 

56 56 52 56 56 56 56 53 54 54 56 56 

313 0.6276 0.5258 0.2264 0.0619 0.0479 0.1359 0.0499 0.1212 0.1687 0.0151 0.0106 0.0750 
0.0001 0.0001 0.1065 0.6504 0.7256 0.31n 0.7149 0.]173 0.2226 0.5403 0.5541 0.5126 

56 56 52 56 56 56 56 53 54 54 56 56 

314 0.6539 0.5342 0.2435 0.1741 0.1354 0 • .w24 0.1341 0.1]63 0.1146 0.0169 0.1011 0.1351 
0.0001 0.0001 0.0119 0.1994 0.3195 0.1554 0.3243 0.3304 0.111] 0.5320 0.4581 0.3207 

56 56 52 56 56 56 56 53 54 54 56 56 

315 0.6726 0.5385 0.2172 0.1605 0.1468 0.2142 0.1411 0.1952 0.1737 0.1264 0.0137 0.1052 
0.0001 0.0001 0.1211 0.2371 0.2101 0.1128 0.2995 0.1612 0.2090 0.3624 0.5396 0.4401 

56 56 52 56 56 56 56 53 54 54 56 56 

316 0.6504 0.5430 0.1m 0.2214 0.2076 0.2557 0.1827 0.2170 0.2610 0.1732 0.1983 0.1931 
0.0001 0.0001 0.1720 0.0904 0.1247 0.0571 0.1n6 0.1185 0.0500 0.210 0.1427 0.1539 

56 56 52 56 56 56 56 53 54 54 56 56 

317 0.5109 0.4394 0.ZCK1 0.1266 0.1403 0.2191 0.1545 0.1634 0.3125 0.1291 O.a. 0.2417 
0.0001 0.0007 0.1466 0.3S23 0.30Z3 0.1036 0.2556 0.2422 0.0214 0.3494 0.0763 0.0645 

56 56 52 56 56 56 56 53 54 54 56 56 

311 0.5452 0.3651 o.usa O.OJIO 0.0404 0.0559 0.0711 0.1426 0.1170 -0.0616 0.2605 0.0122 
0.0001 0.0056 0.09S5 0.7109 0.7673 0.61Z3 0.60Z4 0 •• 1 0.Jf95 O.65n 0.0525 0.5470 

56 56 52 56 56 56 56 53 54 54 56 56 

319 0.3174 0.4355 0.1919 0.32M 0.25M 0.2711 0.Z215 0.2J4I 0.1732 0.c.75 0.1_ 0.2091 
0.0171 0.0001 0.1721 0.01" 0.05]5 0.075 0.0903 0.0904 0.2102 0.5290 0.1_ 0.1219 

56 56 52 56 56 56 56 5] 54 54 56 56 

'SlDII~ SID OIlS -. 
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Tab1. 8-11 (oont.,. 

IcclllUIID I IcclllUm Z 
RIlt:LRIlt: ~~ ~Zl ~Z! m ~l m m m ~~ m ~Z m 
320 1.0000 0.1953 0.0914 0.1130 0.1031 0.1593 0.1143 0.0165 0.1611 0.1417 0.0956 0.0550 

0.0 0.1491 0.5192 0.4067 0.4494 0.2401 0.4015 0.5379 0.2241 0.J065 0.4134 0.6161 
56 56 52 56 56 56 56 53 54 54 56 56 

321 1.0000 0.2212 ·0.0114 0.0359 0.0609 0.0747 0.1016 0.0213 0.0422 0.0403 0.1034 
0.0 0.1151 0.9331 0.7923 0.6555 0.5142 0.4691 0.1317 0.7611 0.7610 0.4412 

56 52 56 56 56 56 53 54 54 56 56 
321 Irrigation 2 ............ _- •••..•... _-_ .............••••.. _-- ............ _--..... -•••....•.. _-. 
329 1.0000 0.4342 0.3216 0.2762 0.2699 0.2916 0.1122 0.2552 0.1328 0.3001 

0.0 0.0012 0.0189 0.0452 0.0506 0.0399 0.4330 0.0707 0.3431 0.0216 
53 53 53 53 53 50 51 51 53 53 

330 1.0000 0.1947 0.7'587 0.6511 0.5910 0.5552 0.5959 0.3510 0.5136 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0074 0.0001 

57 57 57 57 54 55 55 57 57 

331 1.0000 0.9237 0.1665 0.7963 0.7179 0.7392 0.5024 0.7139 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 57 54 55 55 57 57 

332 1.0000 0.9375 0.9221 0.1511 0.1136 0.6411 0.7996 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

57 57 54 55 55 57 57 

333 1.0000 0.9167 0.1560 0.7'581 0.7233 0.1142 
0.0 0.0001 0.0001 0.0001 0.0001 0.0001 

57 54 55 55 57 57 

334 1.0000 0.8243 0.1041 O.70n 0.1217 
0.0 0.0001 0.0001 0.0001 0.0001 

54 52 52 54 54 

335 1.0000 0.6101 0.7151 0.1182 
0.0 0.0001 0.0001 0.0001 

55 54 55 55 

336 1.0000 0._ 0.7441 
0.0 0.0033 0.0001 

55 55 55 

337 1.0000 0.6433 
0.0 0.0001 

57 57 
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