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Chapter 4
M CROLYSI METER PERFORVMANCE

Recal | that data presented in Chapter 3 showed that there
was |less evaporation from steel than from plastic
mcrolysineters (M.'s) of 20 and 30 cm lengths. There also
appeared to be a positive relationship between M. | ength and
cumul ative evaporation, at | east for plastic M's.
Differences in thermal reginme were evident with steel M's
warm ng and cooling nore rapidly at depth than did plastic,
i.e. heat flux was higher in steel M's. Also tenperature
extremes were less for steel M's which were cooler than
plastic in daytinme, confirm ng the findings of Sal ehi (1984),
and warner than plastic during the night. This chapter
presents several statistical treatnents of the data in order
to clarify these relationships. Al so presented are thernmal
di ffusivity and heat flux cal cul ations for the mcrol ysineter
and field soil sites which were instrunmented with therm stors

to measure surface and subsurface tenperatures.

Evapor ati on.

An anal ysi s of covariance (ANCOVA) for total evaporation,
mm with the 2 wall types (plastic or steel) and the 2 bl ocks
as the factors (nmain effects) and with length as a covariate
showed that | ength had a significant effect on evaporation (5%

| evel , Table 4-1, data fromTable 3-1). The R val ue was 0.70
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and the overall nodel was significant at the 0.001% | evel
The effect of blocking was also highly significant,
reinforcing the field observation that one block was wetter
t han the ot her.

The ANCOVA was perfornmed using the GLM (General Linear
Model ) Procedure of the statistical program SAS on an |BM PC
conpati bl e conputer. Procedure G_.Mcan handl e cl ass vari abl es
(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 neasure quantities
(e.g. the length covariate in Table 4-1) (SAS Institute Inc.
1985, p. 184). It can also handle unequal nunbers of
observations in the variables (SAS Institute Inc. 1985, p.
186) . Since the M data contained unequal nunbers of
observations and a covariate (length), Procedure G.M was
chosen over a classical ANOVA procedure. The ANCOVA nodel is
given in Appendix F and by the SAS Institute Inc. (1985, p.
210). A simlar nodel is shown in detail by Neter and
Wasserman (1974, p. 754).

A second ANCOVA, which was identical except that the
first day's data were left out of the total, showed that
neither wall type nor |l ength were significant at the 10%]l evel
- aresult which may not be surprising since at least a third
of the total evaporation occurred on the first day after

irrigation. The effects on evaporation of wall type or | ength
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ANCOVA for total

evapor at i on,

E (m),

frommcrolysineters

with wal ltype and bl ocks as factors and length as a

covari at e.

SAS General Linear Mdels Procedure.
Cl ass Level Information
d ass Level s Val ues
BLOCK 2 01
WALLTYPE 2 01

Nunber of observations in data set

Dependent Vari able: E_ WM

Sum of Mean
Sour ce DF Squar es Squar e F Val ue Pr > F
Model 3 38. 2480 12. 7494 10. 13 0. 0010
Error 13 16. 3591 1. 2584
Corrected
Tot al 16 54. 6072
R C. V. Root NMSE E MM Mean
0. 700422 9.4618 1.1218 11. 86
Sour ce DF Type 111 SS Mean Square F Value Pr > F
BLOCK 1 25. 6988 25. 6988 20. 42 0. 0006
WALLTYPE 1 1. 4405 1. 4405 1.14 0. 3041
LENGTH 1 5.7584 5.7584 4,58 0. 0520

or both nmay be nopst

soi

A repeated neasures nultiple analysis of

(MANCOVA) (SAS Institute

using the daily evaporation data fromTable 3-1 with wall

and bl ocks as factors and |length as a covari ate,

| evel s of

wat er content are highest.

I nc.

1985. p.

time associated with the 9 days for

i nportant when the evaporation rate and

covari ance

254) was perforned

type
and with 9
whi ch the
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dependent variable (daily evaporation) was neasured. The
effects of both I ength and bl ocks were significant at the 5 %
| evel (Table 4-2). Walltype had no significant effect at the
10 %l evel. The hypothesis of no tine effect was rejected at
the 0.0001 % level, but interactions between tine and
wal | type, tine and blocks, and tinme and length were not
significant at the 10 %l evel.

Omtting the biased data collected on the first day after
irrigation, t-tests were done on the cunul ative evaporation
(mm from the second through |ast day (9 days), conparing
steel with plastic mcrolysinmeters for each Il ength (Table 4-
3). There were no significant differences (10 % |evel)
bet ween plastic and steel M.'s at any | ength but the fact that
all steel M.'s were 0.6 cm |l onger than plastic ones may have
obscured differences. For the nomnal 10 cmlength, the 11.1
cmlength of steel M''s was 6 % nore than the 10.5 cmlength
of plastic M.'s while evaporation fromsteel M.'s was only 3
%nore than that fromplastic. Thus the discrepancy in |length
masked the fact that water | oss fromsteel was actually |ess,
on a volune basis, than that from plastic M's at 10 cm

nom nal | ength.
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Table 4-2.

Repeat ed neasures ANCOVA for daily M. evaporation.

SAS General Linear Mdels Procedure, C ass Level
| nf or mati on:

d ass Level s Val ues
BLOCK 2 01
WALL 2 01

Nunmber of observations in data set = 17

Repeat ed Measures Level |Information:

Dependent Vari able El E2 E3 E4 E5 E6 E7 E8
Level of TIME 1 2 3 4 5 6 7 8

MANOVA Test Criteria and Exact F Statistics for the

Hypot hesi s of no TIME Effect:

Statistic Val ue F Num DF Den DF Pr > F
W | ks' Lanbda 0.01674 44. 04 8 6 0. 0001
MANOVA Test Criteria and Exact F Statistics for the

Hypot hesi s of no TI ME*BLOCK Effect:

Statistic Val ue F Num DF Den DF Pr > F
W | ks' Lanbda 0. 2032 2.94 8 6 0. 1029
MANOVA Test Criteria and Exact F Statistics for the

Hypot hesi s of no TI ME*WALL Effect:

Statistic Val ue F Num DF Den DF Pr > F
W | ks' Lanbda 0. 3390 1.46 8 6 0. 3309
MANOVA Test Criteria and Exact F Statistics for the

Hypot hesi s of no TI ME*LENGIH Effect:

Statistic Val ue F Num DF Den DF Pr > F
W | ks' Lanbda 0.2724 2.00 8 6 0. 2063
Tests of Hypotheses for Between Subjects Effects:

Sour ce DF Type 11 SS Mean Squar e F Val ue Pr > F
BLOCK 1 2.8348 2.8348 20. 24 0. 0006
WAL L 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

E9
9
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At test, on the change in volunetric water content over

the same period, showed no significant (10 % |evel)

di ff erences between steel and plastic M.'s at either 10 or 30
cmlengths (Table 4-4).

Table 4-3.

T tests” on cunul ative evaporation (nm fromday 93 - 101,
conparing steel with plastic M.'s at each of 10, 20 and 30 cm
| engt hs.

Mean No. of
Tr eat ment Evap. Vari ance sanmpl es
St eel 8.070 0.02697 3
10 cm H ps - p =0
Pl astic 7.859 0.03674 2 t' t(10 % Si gn.
10 cm 1.331 2.353 ns
St eel 7.780 0.00674 3
20 cm H s - w =0
Pl astic 8.578 0.64997 4 t' t(10 99 Sign
20 cm -1.668 1.895 ns
St eel 8. 360 0.75839 2
30 cm H ps - pwp =0
Pl astic 8.722 0.08268 2 t' t(10 % Si gn.
30 cm - 0. 558 2.920 ns
The test is a pooled t test for which the variances are assuned equal and
the test statistic, t', is:
t' = (- 1)/ (S(1/ng + 1/ny)*?)

where v, and v, are the variances, u, and p, are the mean evaporation from
steel and plastic M.'s, and n, and n, are the nunber of sanples. The
pool ed standard deviation, S, is given by:

o)
S, = [((ny - vl + (n, - 1)v2)/(n, + n, -2)] V2
and the degrees of freedomare (Montgonery 1976, p. 24):

DF =n, +n, - 2
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There was a significant difference (10 %I evel ), between
20 cm steel and plastic M.''s, in the change in volunetric
wat er content. Wth only two sanpl es for each treatnment at 30
cmlength, the lack of significant differences between steel
and plastic, in either curmul ati ve evaporati on or water content
change, nmay not be especially neaningful. The experinment was
designed to have three replicates at the 30 cmlength but one
of these was weighed only on the first and |ast days since
therm stors were installed in the corresponding M.'s. Since
the first day's data were excluded from the t-test the
replicate with therm stors installed was | ost to the anal ysi s.
In fact, cumul ative evaporation and change in water content
were 4% and 6 % less, respectively, in 30 cm steel M's
conpared to plastic.

Since the md-day soil surface tenperature depression
(To,max = Tamx), 1S theoretically related to daily evaporation
and since (T, mx - Tamx) Was measured nuch nore precisely than
mass loss, an ANCOVA with (T, - Tamx) as the dependent
vari able was perforned with wall type and bl ocks as factors
and |l ength as a covariate. Excluding data fromthe first day
after irrigation, it was found that both wall type and | ength
affected (T, mx - Tamx) Significantly (10% level, r2=0.13).

Thi s nodel was highly significant (Table 4-5). Because of the
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T-tests” on average change in water content (n¥/ n¥) from day

93 to day 101 conparing stee

10, 20 and 30 cm | engths.

vall Material

Lengt h Change in Water Content:

St eel Average 0.0727

10 cm S.D. 0.00148
Vari ance 2. 189E-06

Pl astic Average 0.0748

10 cm S.D. 0.00183 t' DF
Vari ance 3. 332E-06 -1.46 3

St eel Average 0.0369

20 cm S.D. 0.00039
Vari ance 1.514E-07

Pl astic Average 0.0419

20 cm S.D. 0.00393 t' DF
Vari ance 1.547E-05 -2.13 5

St eel Average 0.0269

30 cm S.D. 0.0028
Vari ance 7. 841E-06

Pl astic Average 0.0286

30 cm S.D. 0.0009 t DF
Vari ance 8. 888E-07 -0.82 2

with plastic M's at each of

t 100, SIQnN.
2.35 no

si gn.
yes

t 10%

1. 90

t 100 SIQN.
2.92 no

The test is a pooled t test for which the variances are assumed equal and
the test statistic, t',

where v, and v, are the variances,
content in steel and plastic M's,
sanpl es. The pool ed standard devi ati on,

S = [((ny -

t

= (-

is:

vl + (n, -

1)/ (S,(1/ny + 1/ n;) M%)

S

(Xl

1)v2)/(n, + n, -2)]%2

is given by:

and the degrees of freedomare (Mntgonmery 1976, p. 24):

DF=n,+n, - 2

1, and p, are the mean changes in water
and n, and n, are the nunber of
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strong correl ati on between daily evaporation and (T, max - T max)
(shown in Chapter 6), one mght initially conclude that these
ANCOVA results inply a difference i n evaporati on between st eel
and plastic M.'"s. Later inthis chapter it will be shown that
differences in heat flux between the two wall types are
I mportant enough to account for the effect of wall type on

(To max - Tamx) 1 ndependently of any difference in evaporation.

Table 4-5.

ANOVA for mdday (T, - Ty) wth length as a covariate and
wal | type as a factor. Data fromfirst day after irrigation
el i m nat ed.

Sour ce of Sum of Mean Si gni fi cance
variation Squar es DF Squar e E of F

Covari at es:
Length 22.831 1 22.831 3.11 . 080

Mai n eff ects:

Val | type 89. 314 1 89. 314 12. 15 . 001
Bl ock 33. 333 1 33. 333 4.54 . 035
Expl ai ned 145. 478 3 48. 493 6. 60 . 000
Resi dual 970. 179 132 7. 350
Tot al 1115. 657 135 8. 264

The correl ati on coefficient was 0.130.

Li near regression analysis of total evaporation, mm at
experinment's end, with length as the independent variabl e,
showed that the slope (0.10) was significantly different from

zero (10%l evel, r? = 0.18). Regression anal ysis using dumry
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vari ables for wall type reveal ed no significant differences in
the intercepts and sl opes of regression |lines established for
pl astic and steel M.'s.

Regression analysis with dumry variables for wall type
was anal ogous to the ANCOVA perforned earlier but without
bl ocking. Its purpose was to establish separate regression
lines for steel and plastic M.''s within a single regression
anal ysi s. The advantages of this are at least tw 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 anal yses woul d cut
the D.F. about in half, greatly reducing the power of any
statistical tests. Secondly, many statistical analysis
prograns wll output a covariance table for the regression
coefficients which all ows easy testing of differences between
the sl opes established for different treatnents, e.g. a test
of difference between the plastic and steel wall types becones
a test for significant difference in the |ine slopes. See
Appendi x E for nore discussion on the use of dummy vari abl es.

Anal ysis of the residuals (fromthe regression analysis
with dumry variables) showed a distinct trend in the data
(Figure 4-1). M.'s that were weighed early on the day after
irrigation (day 92) showed positive residuals and those
wei ghed |l ate in the day showed negative residuals. For the

first few M."s wei ghed on day 92, from30 to 40%of the tota
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evaporation neasured occurred during that first day after
irrigation; but, for the ast few M.'s wei ghed that day, only
10 to 20% of the total evaporation occurred on that day.
Consi der abl e evaporation occurred during the several hours
that separated the weighing of the first and last M.'s, see
Figure 3-1. This systematic error affected all the results
even though the blocking in the experinental design and the
order of wei ghing should have elimnated sone of the bias by
ensuring that treatnments were interspersed in an ordered way

during neasurenent (Table 3-1).
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Figure 4-1. Residuals fromregression of total M. evaporation
vs. M. length with a dumry variable for walltype.
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Since in theory the md-day soil surface tenperature
depression, (Tomx - Tamd, 1S closely related to daily
evaporation, regressions were perforned for actual daily
evaporation E, mm wth (T, . - Tsm) as the independent
variable and several conbinations of dumry variables
representing the treatnents to show the effects, if any, of
l ength and wall type.
Li near regression analysis with daily evaporation, mm as
t he dependent variable and the quantity (T, mx - Tamx) as the
i ndependent variable showed that the slope was highly
significant (0.01% |l evel, Table 4-6) but that the intercept
was insignificant (10% |evel, r?=0.50). The correlation
coefficient at 0.50 was sonmewhat | ower than the coefficient of
0.61 found by Ben-Asher et. al. (1983) for a simlar
regression analysis. There was considerable scatter in the
data and resi dual anal ysis showed a definite trend but only in
the first day's data. As in the residual analysis nmentioned
above, those M.'s wei ghed early on the first day gave positive
residuals and those M's weighed |later gave negative
residuals. Ten of the 17 residuals were nore than 1 standard
deviation fromthe estimte of mean evaporation.
Further regression analysis of (T, m« - Tam) against E,

used dunmry variables for the treatnments foll owi ng the nodel
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Table 4-6.

Regressi on anal yses for daily evaporation E, (mm) wth the
m dday soil surface tenperature depression (T, - Td max)
(°C), as the independent variable; and dummy variabl es for
length and wall type treatnents. Al days included.

Model : Eest = bO + bl( To,max - Td,rrax)
r2 = 0.501, n = 153.

par anet er estimate std. error significance
I nt er cept 0. 075 0.130 0. 566
(To max~ Tq, max) 0. 137 0.011 0. 0001

Model : E, = by + b;x; + byx, + byx; + b,x, + boxs + bgE.,
+ DX + DoeXos + D3eXszs +D4eXas + DseXse

See Appendi x E for explanation of nodel.

r2 = 0.568
par amet er esti mate std. error significance
i ntercept 0. 285 0. 356 0.42
X1 -0. 397 0. 483 0.41
Xy 0.288 0. 442 0.52
X3 -0.699 0.478 0. 15
X4 0. 049 0. 435 0.91
X5 -1.249 0.548 0.02
(To,max = Td mex) 0.123 0. 030 0. 00
X1 0.017 0.041 0.68
X 26 -0.047 0.039 0. 23
X 36 0. 046 0. 040 0. 25
X 46 0. 002 0.037 0.96
X5 0.118 0.044 0.01
Equati ons:
Ea = -0.112 + 0.141 (T max - Td mx) - 10 cm stee
Eo = 0.573 + 0.170 (To max - Td mx) 10 cm plastic
Ea = -0.414 + 0.169 (To max - Td mx) - 20 cm steel
Eo = 0.334 + 0.125 (To max - Td mx) > 20 cm plastic
Ea = -0.964 + 0.241 (T mmx - Td mx) s 30 cm stee
Eo = 0.285 + 0.123 (To max - Td mx) > 30 cm plastic




119

presented in Appendi x E. Six regression lines resulted, 3
lines for plastic M."s and 3 lines for steel M.'s (Tabl e 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 al

(1983). The intercept ternms were insignificant at the 10%
| evel except for the intercept termassociated with 30 cml ong
steel mcrolysineters which at -0.96 was the npbst negative
intercept. The slope termassociated with the quantity (T,
Temx) Was highly significant (0.0001% |level) as was the
slope for the 30 cmlong steel M's (0.01% | evel) which at
0. 241 was t he hi ghest sl ope and al nost tw ce the nean sl ope of
0.137. Al other slope terns were not significant at the 10%
I evel. Line slopes for 20 and 30 cmplastic M.'s were | ower

than those for steel and intercepts for plastic M.'s were al
positive while those for steel M.''s were all negative. The
sl opes for 20 and 30 cmlong plastic M.'s were significantly
| oner than those for 20 and 30 cmlong steel M.'s (10%l evel).
Plotting of the residuals again showed a trend for first

day values that was associated with the tine of initial
wei ghi ng. M crolysineters weighed early on the first day
showed positive residuals, including 2 residuals nore than 2
SD fromthe nean estinmate, and those M.'s wei ghed | ate on the
first day again showed negative residuals, including 2
residuals nore than 2 SD fromthe nmean estimate. A residual

trend was observed for the last two days, with all but 3
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+ = Steel ML's,
10, 20 and 30 cm.

----- x = Plastic ML's,
10, 20 and 30 cm.

EVAPORATION (mm)

o 5 10 15 20 25 30
TEMPERATURE DEPRESSION (C)

Figure 4-2. Linear regression of daily evaporation (mm vs.
(To.max - Tamx)- Regression lines are for the six M treatnents.
Hi gher position of the right end of each line equates to | onger
M. | engt h.

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 SDfromthe estinmate and the trends
wer e probably due to average wi nd speed being quite different

on the 2 days.
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Dr ai nage.

Final M. water contents (g/g) were conpared with water
contents of adjacent field soil obtained by sanpling with a
King tube to depths of 10, 20 and 30 cm at the experinent's
end. Except for 10 cm long plastic M's, all length and
wal ltype treatnents were significantly wetter than the
adj acent field soil (Pooled t tests on nean water contents,
Table 4-7). For 30 cmplastic M.'s the nean difference was
0. 011 g/ g which was equi val ent to about 4.6 nmdepth of water
(assunmng bulk density of 1.35 Mg m® in the top 30 cm of
soil). A water depth of 4.6 mm represents 37 % of mean
curul ati ve evaporation for 30 cmplastic M.'s. An inportant
guestion is what part of the 4.6 mmwas |ost to evaporation
and what was | ost to drai nage? Although no data were gat hered
to answer this question, one mght quess that there was nore
drai nage and | ess evaporation fromfield soil than fromthe

M.' s.
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Table 4-7.

Fi nal water contents (g/g) in M's conpared to water contents of
adj acent field soil sanpled with a King tube.

M crol ysi neters:
S-10° P-10 S-20 P- 20 S-30 P-30

0.121 0.108 0. 156 0. 156 0.175 0.184
0.131 0.111 0. 151 0.151 0. 143 0. 147
0.112 0.142 0. 151 0.162 0. 165
0.151 0.162 0.158
Average 0.1212 0. 1098 0. 1498 0.1525 0.1607 0.1636
Vari ance 5.99E-05 2. 04E-06 3.41E-05 5. 00E-06 1.27E-04 1.82E-04
N 3 2 3 4 4 4
Ki ng tube:
10 cm 20 cm 30 cm
Aver age 0. 106 0. 138 0. 152
Vari ance 1.58E-05 2.46E-05 4. 91E-05
N 10 11 16
Pooled t tests’™:
t' DF t (10 % Significance
Conpare S-10 to 10 cm Ki ng tube:
4. 77 11 1.796 *x
Conpare P-10 to 10 cm Ki ng tube:
1. 355 10 1.813 ns
Conpare S-20 to 20 cm Ki ng tube:
3. 465 12 1.782 *
Conpare P-20 to 20 cm Ki ng tube:
5.473 13 1.771 *kx
Conpare S-30 to 30 cmKing tube:
1.910 18 1.734 *
Conmpare P-30 to 30 cm Ki ng tube:
2. 389 18 1.734 *

Code: S = steel; P = plastic;
10, 20 and 30 = 10, 20 and 30 cm

The test is a pooled t test for which the variances are assumed equal and
the test statistic, t', is:

t' = (- m)/(S(1/ng + 1/ny)Y?)

where v, and v, are the variances, 1, and p, are the neans, and n, and n,
are the nunber of sanples. The pooled standard deviation, S, is given

by:
S, =[((n, - 1)vl + (n, - 1)v2)/(n, + n, -2)] "2
and the degrees of freedom are (Mntgonery 1976, p. 24):
DF=n, +n, - 2
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Soi |l Tenperature and Heat Fl ux.

If there is no net soil warmng or cooling, then the
di urnal net soil heat flux is zero, apriori. Inanirrigated
fieldit is unlikely that such a condition would occur since
the addition of | arge anmounts of water can greatly change both
soi|l tenperature and heat capacity.

Di urnal deviations fromthe annual tenperature cycle may
be caused by assorted phenonena i ncl udi ng cl oudi ness, regional
air tenperature changes, precipitationandirrigation. Inthe
ari d Sout hwest the | argest sudden devi ati ons, by far, woul d be
caused by irrigation. For exanple, irrigation with 5 cm of
water at 15 °Con a soil at 25 °Cwith aninitial water content
of 0.1 m¥/ n? and a bul k density of 1.48 would i nmedi ately | ower
the tenperature of the wetted layer to 20 °C (assum ng
negli gi bl e heat of wetting, the soil brought to saturation and
a heat capacity of 1.54 Ml m® K?!). Subsequent warm ng of the
soil would be the result of net positive daily soil heat fl ux.

In the present study soil tenperatures at 15 and 30 cm
showed a strong linear warmng trend of 6 to 7 °C over 7 days
for all M. types and for the field soil (Figures 3-9 and 3-12)
i ndi cating substantial net positive heat fl ux. There were
significant (<1%Il evel) differences between steel and plastic
M.'s in the timng of subsurface tenperature nmaxi ma and m ni ma

(Table 4-8) while at the surface there was no such di fference
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Table 4-8.

T tests on the phase shift in hours between the tines of
tenperature maxima and mnima in steel mcrolysineters and
those in plastic mcrolysineters, at 15 and 30 cm dept hs.

Dai ly maxi ma Daily mnim
15 cm 30 cm 15 cm 30 cm

Phase shift in
t enper at ure maxi ma 1.41 3.03 1.25 2.81
and m ni ma, hours.

St andard devi ati on
of the difference, 0. 129 0. 364 0. 189 0. 291
hours.

Val ue of the

t statistic, 30. 74 23.53 18. 71 27. 31
7 DF.
Si gnificance | evel <1. 0% <1. 0% <1. 0% <1. 0%

showing that inportant differences existed in the gross
conductivity of steel vs. plastic M.'s. Also, the average
differences in daily soil tenperature nmaxima and mni na were
significant at better than the 1%l evel for all depths (Table
4-9). During the day steel M.'s were cooler than plastic at
the surface but warner below the surface. At night the
surface tenperature of steel M's was significantly higher
than that of plastic

Clearly steel M.'s conducted heat fromand to the soi
surface much nore quickly than did plastic. Questions that
arise then are: what is the value of soil heat flux in the

M.'s, how does this conpare to heat flux in the undisturbed
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T tests on the differences between plastic and stee
mcrolysineters in daily soi

tenperature maxi ma and mni m

at 3 depths. Differences were cal cul ated by subtracting

tenperature in steel

M. fromtenperature in plastic M.

DAI LY MAXI MA Sur f ace 15 cm 30 cm
Aver age difference

bet ween t enperature 1. 486 -0.707 -0. 540
maxi ma, °C.

St andard devi ati on

of the difference, 0. 310 0. 073 0.100
°C

Val ue of the

t statistic, 13. 54 27.25 15. 34
7 DF.

Si gni ficance |evel <1l. 0% <1. 0% <1. 0%
DAILY M NI VA Sur f ace 15 cm 30 cm
Aver age difference

bet ween tenperature -1.201 0. 297 0. 249
m ni ma, °C

St andard devi ati on

of the difference, 0. 253 0. 055 0.121
°C

Val ue of the

t statistic, 13. 42 15. 38 5.81
7 DF.

Significance | evel <1. 0% <1l. 0% <1l. 0%
field soil, and what effect would the heat flux have on the

evaporation estinmated from wei ghing the M.'s.
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The diffusion equation for heat conduction in one
di nension is:

oT  _ d {aT }

G ot— = Kk ox |—=¢ [4-1]

where Cis the volunetric heat capacity [J m® K], k is the
thermal conductivity [J d* cm! K, both assunmed constant in
space. Distance is denoted by x and tenperature by T. The

soil heat flux, G is:
= -k oT/aox [ 4-2]

This is Fourier's law of heat conduction for constant
conductivity.

Cal culation of heat flux into the drying soil required
that values of the thermal conductivity, k, and volunetric
heat capacity, C,, be known on at least a daily, if not nore
frequent, basis. Since the two paraneters are related by the

equation
o = k/I'C, [ 4-3]

where o is the thermal diffusivity, it suffices to know the
di ffusivity and heat capacity values. This is fortunate since
k is difficult to neasure while o can be deduced using a
harnoni ¢ analysis. Soil volunetric heat capacity [J m® K]

Is relatively easy to approxi mate by
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C, = 2010000 py/2.65 + 4190000 ©, [ 4- 4]

where o, is the soil bulk density, the value 2.65 is an
assuned particle density, © is the volunetric water content
and organic matter content is negligible (deVries 1963 or
Hllel 1982, Eq. 9.16).

In preparation for calculation of soil heat fluxes in
drying soil, apparent thermal diffusivities were cal cul ated on
a daily basis for the field soil and each M. treatnent using
an iterative, least sumof-squares nethod (Horton et al.
1983). Calculations proceeded in 2 steps. First, a solution
to the second |law of heat conduction was fit to neasured
surface tenperatures using linear | east squares regression. In
the second, iterative, step the solution, wth fitted
coefficients and an assuned val ue of o, was used to estinmate
tenperatures at either the 15 or 30 cm depth and the sum of
squared error between estimted and neasured tenperatures at
that depth was cal culated. The value of o was changed for
each iteration and the value of o resulting in the snall est
sum of squared error was chosen as the apparent diffusivity.
Cal cul ations used averaged tenperatures (2 replicates) at each
of the 0.5, 15 and 30 cm depths at 15 mnute intervals
starting at mdnight and proceeding for 23.75 hours (96
i nterval s). The tenperatures at 0.5 cm were corrected to

surface tenperatures by scaling to infrared-based surface
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tenperatures as previously descri bed.

The solution to the heat conduction equation was:
T(x,t) =T + ¥ {Gy exp(-x(nw (20))"?)
sin(nwt + ¢, xX(nwW (2a)) Y2} [ 4- 5]

with the frequency w given by w= 2a/24. For x = 0, Equation

4-5 reduces to:
T(O0,t) =T + élqm sin(nwt + og,) [ 4- 6]

whi ch is the upper boundary condition for the solution. The

| ower boundary condition is:

T(~,t) =T [4-7]
Equation 4-6 is equival ent to:

T(0,t) =T + % [Ay sin(nwt) + By, cos(nwt)] [ 4- 8]

where ¢, = Tan}(B,/A,) and G, = A,/sin(dg). The
coefficients in Equation 4-8 with M= 6 were easily found by
mul tiple | east squares |inear regression. Mst R val ues were
greater than 0.99. Using the fitted values of ¢, and G,
Equation 4-5 was used to predict the tenperature at either 15
or 30 cm depth while the value of diffusivity was changed
iteratively until the sum of squared error (SSE), between

predi cted and actual tenperatures at that depth, was nminin zed
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(program NR BAS, Appendix C). The iterations were repeated
several tines, with progressively small er changes between t he
val ues of diffusivity, until the val ue of apparent diffusivity
associated with the m ninum SSE was known to 4 significant
digits.
Apparent diffusivities cal culated using this nethod were
mar kedly hi gher for steel than for plastic M.'s (Figure 4-3,
Tabl e 4-10). This result was undoubtedly due to the nuch
hi gher thermal conductivity of steel as conpared to plastic.
The thermal conductivity of carbon steel is nore than three
orders of magnitude larger than that of rigid polyvinyl
chloride (PVC) (about 4 and 0.0015 J/(s cm°K), respectively,
Toul ouki an et al. 1970). Al so, the water contents of plastic
and steel M.'s were simlar for all days (Table 3-2). For the
surface to 15 cmlayer, plastic M.'s of both types (open and
cl osed bottons) yielded diffusivities equal to those for field
soil indicating that the plastic wall material was not acting
as a heat conductor conpared to the soil. Al t hough the
thermal conductivity of soil varies wdely wth water content,
bul k density and other properties, a nedian value is on the
order of 0.01 J/(s cm°K) and for dry soils k can be as | ow as
0.001 J/(s cm °K) (de Vries 1975, wespecially Fig. 2.1).
Clearly, PVCw |l act as aninsulator in nost field situations

while steel acts as a conductor relative to the soil.
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For the surface to 30 cmlayer the plastic M.'s with open
bottonms exhibited diffusivities close to those of the field
soil while plastic M.'s with cl osed bottons exhibited higher
diffusivities reflecting an effect of the insulating val ue of
the plastic disk that closed the ML bottom This disk would
bl ock both heat flux and drai nage below the M.'s. Hi gher
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 cm layer is quite constant over tineg,
i ndicating that drying of the soil in this wetness range (0.28
to 0.23 n?¥/nf) had little effect on apparent diffusivity
(Figure 4-3). Thus the increased diffusivity values,
cal culated for M's wth closed bottons, reflected
tenperatures at 30 cmthat were abnormally higher due to the

i nsul ati ng di sk.
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Figure 4-3. Thermal diffusivities calculated using harnonic

anal ysis, for the 0 to 15 cmlayer (top) and the 0 to 30 cm | ayer
(bottom). S = steel, P = plastic, O = open, C = closed bottom
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Table 4-10.

Soi | average tenperature, ave. T [°C]; thermal diffusivity,
o [10°3 cnt/s]; and positive soil heat flux, G [mm of water
equi valent]. (From harnonic anal ysis).

Day of Year

Code” 92 93 94 95 96 97 98 99 100 Aver ages
Fld 15, ave. T 17.11 17.96 19. 17 20. 34 20.91 21.77 22.76 23.93 24.68 21. 44
o 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
[o% 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
o - 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 2.72
30, ave. T - 17.73 18. 48 19. 42 20. 15 20.97 21.99 22.95 23.82 20. 69
o - 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
o - 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
o - 6.72 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
o - 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
o - 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
o - 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
o - 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 cm | ayer.

30 = surface to 30 cm | ayer.
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At this point it is well to reflect that the cal cul ation
net hod ari ses fromone di nensional (1-D) heat transfer theory
for a honpgeneous soil while the steel M. walls and plastic
di sks represent severe to noderately severe departures from
the 1-D theory. Also, as the soil dries the water content
di stribution becones i ncreasi ngly non- honogeneous. Still, the
relative values of diffusivity are informative and t he val ues
shoul d be fairly accurate for field soil and for plastic M.'s
wi t hout cl osed bottons.
Taki ng 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:
G = 2 {kGy (nW a)¥? sin[nwt + ¢, + 1/ 4]} [ 4-9]

Usi ng t he phase angl e and anplitude coefficients found earlier
for M= 6 and using the correspondi ng apparent diffusivities,
the thermal conductivities were cal cul at ed usi ng Equati ons 4-3
and 4-4 and apparent heat fluxes were calculated on a 15
mnute interval for all M. types and for the field soil using
Equation 4-9 (Appendix C. Sunmng only positive values for
each day resulted in daily values of positive soil heat fl ux
(Figure 4-4, Table 4-10). For both open and cl osed bottom
types the apparent heat fluxes were clearly higher for steel
M.'s than for plastic M.'s. Sunm ng the heat fluxes over 24

hours resulted in the expected net heat flux of zero for the
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di urnal peri od. The zero value was pre-determned by the
choi ce of Equation 4-7 as the | ower boundary condition. That
the actual net daily heat flux was certainly not zero for the

present study nay be inferred fromthe warm ng trends shown in

Figure 3-11.
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Figure 4-4. Positive and net daily soil heat flux. Field, SC SO
PC and PO were cal cul ated by harnonic analysis for the 0 to 30 cm
| ayer. Net G and (G - 1/2 net G were calculated by finite
difference using the surface and 30 cm tenperatures neasured for
field soil. S = steel, P = plastic, O = open and C = cl osed
bott ons.
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Since positive heat flux and evaporati on occur in phase,
t he energy avail abl e for evaporation fromsteel M.''s woul d be
| ess than that avail able for evaporation fromplastic M.'s by
the difference in positive heat flux between steel and plastic
M.'s. The average difference in positive flux between stee
and plastic M.''s with closed bottons was 0.43 nmmd (Table
4-10). Over 9 days this difference mght anbunt to a 3.9 nm
di fference i n evaporati on observed. The actual difference was
0.3 mm (Table 3-2). Equivalent calculations for 15 cm | ong
M.'s show that plastic mght lose up to 2.7 nmm nore than do
steel to evaporation over 9 days whereas the actual difference
in cunul ative evaporation was 0.8 mm In reality the higher
surface tenperature of plastic conpared to steel M.'s would
mean that plastic M.'s woul d al so | ose nore energy to sensible
heat flux and |ong wave re-radiation to the sky. Therefore
the cal cul ations are not so sinple.

In order to conpute the net soil heat flux, a finite
di fference conputer programwas witten (Appendix D) to solve
the heat fl ow equation (4-1) subject to boundary conditions of

known t enper at ur e:

T(O,t) = fo(t) [4-10]
T(30,t) = fy(t) [4-17]

where the functions fy(t) and fg (t) were represented

discretely at 15 mnute time intervals by the neasured
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tenperatures at the surface and 30 cmdepth respectively. An
anal ytical 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 differences for space, Equation 4-1 was

represented as (Qzisik 1980, Equation 12-83):

-rT o+ (2 + 2r) T - T

l

=rT, 4 (2 - 2)T0 + 1T, [4-12]

where T was tenperature, the Fourier nunber r = o AT/ (AX)2%, AT
= 900 s was the time increnment, and AX = 0.001 m was the
di stance increnment. The subscript j represented nodes in the
space domain ranging fromj=0 at the surface to j=300 at 30
cm The superscript n represented nodes in the tinme donain
rangi ng fromn=0 to n=N where N represented the nunber of tine
increments in the problem Equation 4-12 represents the
Crank-Ni col son nodified inplicit method which is stable for
all values of the Fourier nunber, and which has a truncation
error of the order of (AT)? + (AX)? (Qzisik 1980, p. 493).

The boundary conditions were, infinite difference form
T = fo(n) [4-13]
for j=0, and

T300 = fao(N) [4-14]
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for j=300. For j=1 using Equation 4-13 in Equation 4-12

gi ves:

(2 + 2r) T rT9 =
(2 - 2r)Ty + T3 + rfy(n) + rf (n+l) [ 4- 15]

For j=300=N using Equation 4-14 in Equation 4-12 results in

SrTNS + (2 + 2r) TR =
rTa, + (2 + 2r)TR, + rfg(n) + rfg(n+l) [4-16]

Equations 4-12, 4-15 and 4-16, when witten out in matrix
formfor the N1 interior nodes, result in two tridiagona
matrices each nmultiplied by an n by 1 vector. This system of
equations is easily solved with a Thonmas algorithm (See
Appendi x D for conputer code). The initial condition was
provi ded by setting the tenperatures at the top and bottom
nodes to their initial nmeasured tenperatures and setting the
tenperature at each node in the space domain to a val ue 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
val ue after one day of iteration tinme. Wen used for nodeling
pur poses, the programwas started using data that preceeded by

one day the starting tine for which cal cul ati ons were desired.
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The conmput er programwas val i dated by setting the surface

tenperatures equal to a sine function of tine:
T(O,t) =T + A sin(2nt/ 24 + o) [4-17]

where T is the average daily tenperature, A, is the anplitude,
do, IS the phase angle, and t is in hours; and letting the
| oner boundary equal the average tenperature. For these

boundary conditions a solution of Equation 4-1 is:
T(x,t) =T+ A exp(-x/D) sin(wt - x/D) [ 4-18]

where D = (2a/wW)¥2? (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 oT/ox in
Equation 4-2 results in an equation predicting heat flux at

t he soil surface:
G = [kA(V2)/D sin(w + u/4) [4-19]

Integrating Equation 4-19 fromw = -m/4 to 3/ 4 gives the sum

of diurnal positive heat flux which is:
Gun = (V2) GAD [4-20]

For given values of k and o the soil heat flux was cal cul at ed
using the finite difference code and Equation 4-20, the
results matching within 0.1%for the second, and subsequent,

24 hour periods of simulation. The net heat flux was 0.005 mm
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for the second and subsequent 24 hour periods versus zero for
t he anal ytical solution. These two results were considered to
val i date the conputer code.

Soi |l heat flux, calculated by the finite differencing and
using the sine wave function for surface tenperature, is
conpared to that cal cul ated using actual surface tenperatures
in Figure 4-5. Solar and net radiation are included for
conparison. For this plot the phase angle in Equation 4-17
was set to -6 h which nmeant that soil surface tenperature
would rise above the average at 6 AM As predicted by
Equation 4-9, the start of positive soil heat flux preceeded
that tinme by no/4 radians or 3 hours. Notably, the soil heat
flux, calculated on the basis of actual tenperatures, did not
beconme positive until about 6:30 AM about 1/2 hour after
sol ar radi ation becane positive. For all days the soil heat
flux based on actual tenperatures becane positive between 6: 30
AM and 7:30 AM just after sunrise. It becane negative
bet ween 4: 15 and 4:45 PM about 3 hours before sunset. Thus
it is clear that actual soil heat fluxes exhibit nore conpl ex
behavi or than predicted by the sine wave nodel s of Equations
4-17 and 4-9. In particular the expected phase difference,
bet ween soil surface tenperature (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

devel oped by sunset.
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Figure 4-5. Comparison of soil heat flux cal cul ated using actual
soil tenperatures to that calculated using tenperatures from
Equation 4-17. T =34 and A, = 18 °C, and ¢,, = -6 h. Act ual

average tenperature and anplitude were the sane.

Cal cul ation of daily net soil heat flux inthe field soil
i nvol ved using the surface and 30 cm neasured tenperatures,
the diffusivities cal culated with the harnonic nethod (for the
0 to 30 cmdepth), the average daily soil water contents for
30 cmM's, and heat capacity cal cul ated by Equati on 4-4. Net
flux varied from 0.26 nm on the day after irrigation (when

nost sol ar radiation was converted to latent heat flux) to a
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high of 0.84 mm on the 6th day after irrigation with an

average value of 0.67 mm (Figure 4-5, Table 4-11).

Table 4-11.

Positive (G) and net (net G) soil heat flux (mm of water
equivalent) from implicit finite difference program
IMPLIC2.BAS.

Day of Year
Code” 92 93 94 95 96 97 98 99 100 Averages

Field soil:

G 2.41 2.63 2.73 2.91 2.86 3.03 2.47 2.85 2.79 2.78
net G 0.26 0.60 0.65 0.63 0.59 0.84 0.76 0.72 0.59 0.67
G - 1/2 net G 2.28 2.33 2.40 2.60 2.56 .61 2.09 49 2.50 2.45

Microlysimeters:

SC, net G 1.05 0.80 0.91 1.00 0.93 1.25 1.10 1.10 0.93 1.00
SO, net G 0.76 0.69 0.81 0.88 0.81 1.08 0.94 0.98 0.84 0.88
PC, net G 0.55 0.48 0.54 0.61 0.57 0.84 0.74 0.70 0.58 0.63
PO, net G 0.56 0.57 0.59 0.63 0.59 0.84 0.72 0.71 0.60 0.66
Average ML net G 0.73 0.64 0.71 0.78 0.73 1.00 0.88 0.87 0.74 0.79
Average closed

ML net G 0.80 0.64 0.73 0.81 0.75 1.06 0.92 0.90 0.76 0.82

Codes:
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 cm layer.
30 = surface to 30 cm layer.

Since, over 24 hours, the sum of positive heat flux must
exceed the sum of negative flux by the magnitude of the net
flux, the positive heat flux minus 1/2 of the net heat flux
was also plotted in Figure 4-4 to see how closely that
quantity would match the positive heat flux calculated using
the harmonic solution. The match was close, with the daily
sum, of positive minus 1/2 net heat flux from finite
differencing, averaging only 5% less 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
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4-6) . This is consistent with the fact that the average daily
soill 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 cm 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 wvalues will be used later for the purpose of
investigating the wvalidity of the first assumption in the

energy balance model.
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Figure 4-6. Net soil heat flux for field soil and mcrolysimnmeter
treat nents. Cal culated for surface to 30 cm layer using finite
difference program |MPLIC2. BAS and diffusivities from harnonic
analysis. S = steel, P=plastic, O= open, and C = cl osed bottom

Sunmary.

The data and anal yses lead to the conclusion that wall
material and | ength both affect the tenperature regine of M's
in the field. Clearly the shorter M.'s underestinmated
evaporation on | ater days since the cl osed bottons prohibited
the upward flow of soil noisture. Wall material caused
i mportant differences in evaporation neasured for 20 and 30 cm

long M.'s and these differences were significant at the 10%
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level for the 20 cm | ength. Steel M.'s caused increased
conduction of heat fromthe soil surface downward resulting in
hi gher subsurface soil naxi num tenperatures. This may have
resulted in increased nighttine vapor transport towards the
surface due to warm ng of the lower soil. Field evidence for
this increased vapor transport in steel M.''s was observed in
the early nornings for several days after irrigation when the
soil surfaces were noticeably wetter (darker) in the stee
M.'s than in either the adjacent field or in the plastic M.'s
(Figure 4-7). Since the wetting caused | ower soil albedo in
the steel M's the increased soil heat flux was partially
bal anced for short periods of tine in the nornings by a
decrease in reflected short wave radiation. It is possible
that M.'s in general over-estinmated evaporation in the first
fewdays after irrigation since capping the M. bottons stopped
drai nage which left the soil inside wetter than adjacent field

soil.
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Figure 4-7. Photograph showing the difference in soil albedo
between steel (darker) and plastic (lighter) ML's.





