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ABSTRACT 

An infrared thermometer (IRT) was used to measure 

composite temperatures and component temperatures of painted 

wood sections which were set up so as to contain two or 

three target components. Properties of composite 

temperature differences and component temperature 

differences were revealed, including a linear relationship, 

a conjugate constraint and a constant relationship. 

Field experiments were made to verify these 

relationships. These experiments showed that very strong 

linear relationships existed between composite temperature 

differences and the soil and plant temperature differences 

from a given starting state. 

From the experiments and the relationships, two 

approaches were obtained which can be used to extract 

component temperatures from composite temperatures. Linear 

regression analysis of the calculated component temperatures 

by one of these methods versus measured values yields a 

9 slope 0.97, an intercept 0.61, and a R of 0.98. 

For agricultural purpose, these methods may be used 

to separate plant temperatures and soil temperatures from 

composite temperatures measured with an IRT in a field with 

incomplete plant cover. 

ix 



CHAPTER 1 

INTRODUCTION 

In arid and semi-arid areas of the U.S. . there is a 

considerable interest in using remotely sensed thermal data 

to detect moisture stress and to estimate plant 

transpiration for use in programming irrigation. Various 

plant-temperature based moisture stress and 

evapotranspiration models have been developed. These models 

have been used to predict plant growth and yield, detect 

plant water content, estimate regional evapotranspiration, 

and detect plant diseases. For example, when a plant is 

under stress from diseases, pests, climate extremes or 

mineral imbalances its internal leaf structure changes. 

Water and biological stress reduce transpiration, causing 

the plant to become warmer than it would be otherwise. 

Though the changes might not be visible to the naked eye, 

they are visible through infrared (IRT) scanners. Since IRT 

surveys measure thermal emissions, these assays are 

analogous to taking a human's temperature. 

Conaway and Van Bavel (1967) showed that soil 

surface temperatures were essential to studies of 

evaporation from bare soil surfaces utilizing a Dalton -

1 
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type equation. Ehrler (1973) found leaf temperature to be a 

good indicator of stress, if vapor pressure effects were 

taken into account. He suggested that leaf temperatures 

could be used for irrigation scheduling. 

Idso et al. (1975) studied the utility of surface 

temperature measurements for the remote sensing of surface 

soil water status. They found that the volumetric water 

contents of surface soil layers between 2 and 4 cm thick 

were a linear function of the amplitude of the diurnal 

surface soil temperature wave for clear day - night periods, 

and that they were also linear functions of the daily 

maximum value of the surface soil - air temperature 

differential. Hatfield et al. (1978), and Diaz et al. 

(1983) used canopy temperature to estimate soil moisture, 

evapotranspiration and yield. 

Kimes (1981, 1983) used a physically based sensor 

model of a row crop as the mathematical framework from which 

several inversion strategies were tested for extracting row 

structure information and component temperatures using a 

series of sensor .view angles. Jackson (1982) tried to 

obtain information about soil moisture within the root zone 

from thermal infrared measurements of vegetation 

temperatures. He developed a basis for the evaluation of 

plant stress from canopy temperature, vapor pressure, and 

net radiation data. 



Although these models receive widespread 

consideration and infrared thermometry offers a rapid 

means of inferring crop temperatures, a serious limitation 

occurs under conditions of partial or incomplete plant 

cover. Under these conditions, measurement of true foliage 

or canopy temperatures using a hand held infrared 

thermometer is confounded by thermal radiation emitted from 

soil within the field-of-view of the thermometer, that is, 

the infrared thermometer views a composite of both soil and 

plant temperatures. 

Most studies which have used remote measurement have 

been restricted to bare soil or fully developed crop 

canopies because of the complexies involved in interpreting 

thermal data at less than full plant cover. The complexity 

results because the remote sensing instrument measures 

emitted and reflected radiaton from vegetation and soil 

which have different temperatures and emissivities. 

However, incomplete plant canopies are important remote 

sensing targets because of the potential benefits arising 

from the need to identify crops, acreage, growth stage, and 

crop condition early in the growing season, to schedule 

irrigations, and to predict final crop yields. 

Jackson et al. (1979) presented a model for 

extracting canopy temperature information from a composite 

of soil and plant temperatures, measured by a sensor 
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scanning perpendicular to canopy rows. They found the 

extraction process was difficult for canopies having low 

percent cover. 

Heilman et al. (1981) used a model which considered 

emitted radiation from both the canopy and the soil 

background, and which included reflected longwave sky 

irradiance to predict crop temperatures from nadir 

measurements, that is, the canopy temperatures can be 

estimated from nadir measurements at incomplete cover if 

percent cover, soil temperatures, soil and canopy 

smissivities, and sky irradiance are known. Matthias et al. 

(1985) found other methods to discriminate between component 

plant and soil temperatures using an infrared thermometer. 

The objective of this research is to: 

a) study properties of composite temperatures and 

their component temperatures, 

b) develop approaches to extract component 

temperatures from composite temperatures 

measured with an infrared thermometer, and 

c) use these approaches to calculate plant 

temperatures and soil temperatures in a field 

with incomplete plant cover. 



CHAPTER 2 

METHODS AND EXPERIMENTS 

Preparation 

To accurately determine emissivity is a difficult 

problem. We attempted to obtain reasonable values of 

emissivity for our temperature measurements using an 

infrared thermometer (IRT) and the procedure as described 

here. We set two painted sections of plywood (white and 

black) in an oven for about two hours. When the 

temperatures of the sections were at the temperature inside 

the oven, we used the IRT to measure the temperatures of 

the wooden pieces and adjusted emissivity of the IRT until 

the temperature readings of the IRT were the same as those 

of a mercury thermometer in the oven. 

We made two measurements with the results shown in 

Table 2.1. Because the emissivity of the white color (e ) w 

has a large range inclusive of the range of the emissivity 

values of the black color (e,)(CRC Handbook, 1969), in all b 

of our lab experiments, we simply used 0.95 for the 

emissivity. This value was also used in the temperature 

measurements of a gray painted wood section. 

5 
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Table 2.1. Measured Values of Emissivity 

Oven temperature er, (white) e, (black) 
w D 

°c 

110 — 108 0.97 0.94 

110 — 106 0.97 0.95 

It is also necessary to verify the field of view of 

an IRT before it is used to measure temperatures. The 

following is our calibration procedure for the Everest 

Interscience Model 110 (with a field of view 15°). The IRT 

was set on a tripod perpendicular to the floor at a measured 

height (about 1 m). A piece of aluminum foil was put on a 

flat board under the IRT. Putting an electric soldering 

iron on the aluminum foil and pushing the iron gradually 

into the area measured by the IRT, we recorded the positions 

of the tip of the iron on the aluminum foil when the 

temperature of the IRT rose a small amount, for instance, 1 

degree C. We were able to determine points on the foil 

among which the temperature readings were the same. From 

these isothermic points, we could determine if the areas 

measured by the IRT were circles and whether centers of the 

circles were different from those we expected. For our IRT, 

the calibration results show that the areas measured by the 

IRT are nearly circles, but the center position of these 
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circles is different from that we expected, which should be 

the geometric center of the "window" of the IRT. During 

all experiments, we used the "calibrated" center position 

and height between the IRT and a measured surface to 

calculate the measured area of the surface. 

Method 

This method can be called a "shading" method. A 

measured target with different components is exposed to 

direct sunlight until temperatures within each component are 

uniform. An initial temperature reading of the composite is 

measured by one IRT mounted on a tripod perpendicular to 

the target and individual components are measured 

simultaneously by another IRT or thermocouples. Then we 

artificially shade the measured target. As the temperatures 

decrease, we continue taking a series of measurements of the 

composite and component temperatures in the same way as for 

the initial temperature measurement. 

Experiments 

Experiments were conducted in both the laboratory 

and field. In the laboratory, the experiment was next to a 

south - facing window. For two component experiments, we 

used two pieces of 0.6 m x 0.3 m plywood (5 mm 
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thickness), one of which was painted with flat house - paint 

(white color), and the other a flat latex paint (black 

color). For three components, we had 16 pieces of 15 cm x 

15 cm plywood (3.5 mm of thickness), some of which were 

painted with white and black colors as those of two 

components. Others were painted with flat - latex gray 

color. These pieces were put on a styrofoam board of 0.6 m 

x 0.6 m and different "color patterns" were composed for the 

three components. Spacing between the wood pieces was about 

1 to 2 mm. The air space between the pieces and the 

styrofoam base itself helped to prevent heat transfer 

between pieces, and thus maintain uniform component 

temperatures when exposed to direct sunlight or when 

shaded. The wood pieces were placed near a south - facing 

window during midday hours. Due to differences in 

shortwave absorptivity the temperatures of the black, white 

and gray pieces differed markedly in most experiments. 

For field experiments, we measured temperatures of 

Petunia (the potato family: Petunia intecrrifolia) and soil 

in a garden on the "mall" of the University of Arizona 

campus. We chose this plant, because it had a suitable 

leaf cover and orientation with which to take the plant 

temperature reading and to measure the plant areas easily 

and accurately. 

We also measured temperatures of a cotton plant 
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(Gossvpium hirsturn L. Deltapine 61) and soil in a large 

wood box ( 0.5 x 0.5 x 0.28 m). The composite temperatures 

were measured by an IRT set on a tripod. The component 

temperatures were measured by thermocouples (Omega Eng., 

Inc., type TT - T - 36) linked to the plant and the soil. 

All of the data were recorded by two Campbell Scientific 

Inc., 21X Microloggers. 



CHAPTER 3 

i 

THE LINEAR RELATIONSHIP BETWEEN 

COMPOSITE AND COMPONENT TEMPERATURE DIFFERENCES 

Theory 

Infrared thermometry is a noncontact method for 

estimating surface temperatures of a target. In principle, 

the measurement does not interfere with the target and 

yields a temperature that is an integrated value over the 

field of view of the sensor. The instrument measures the 

radiation emitted from the target and relates this radiation 

R to the surface temperature T by the Stefan-Boltzmann 

blackbody law 

R = ecT4 (3.1) 

where e is the emissivity of the surface and c is the Stefan 

- 2  - 4  - Boltzmann constant (5.67E-8 W m K ), with R in units of 

_ 2  W m , and T is the temperature of the radiating surface in 

degrees K. 

Wien's law states that the wavelength of maximal 

radiation intensity Xm is inversely proportional to the 

absolute temperature 

10 
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Xm = 2900/T (3.2) m 

where Xm is in microns. Because the temperatures of the 

soil surface and plants are generally of the order of 300 

K, the radiation emitted by the soil and plant surfaces 

have peak intensity at a wavelength of about 10 um, which 

is within the realm of infrared, or thermal radiation (3 to 

50 um). Therefore, an infrared thermometer can receive the 

maximum radiation from the measured soil surface or plant 

surface. 

If a measured target is composed of multiple-

components, for instance, two components, Eq. 3.1 can be 

rewritten in the following form 

LejCdWj^ + 273)4 + (1 - L)e2c(TB1 + 273)4 

= (eJcdC^ + 273)4 

LelC(TW2 + 273)4 + (1 - L)e2c(TB2 + 273)4 

= (e)c(TC2 + 273)4 (3.3) 

where L is the ratio of the area of the first component of 

the target to the total measured area within the field of 

view of an infrared thermometer; c is the Stefan - Boltzmann 

constant; e^, e2, e are the emissivities of the first 

component, second component, and the composite, 

respectively; TW^, TB^, TC^ are the temperatures of the 

first component, the second component, and the composite 

during the first measurement, respectively; TW2, TB2, TC2 
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are those temperatures during the second measurement when 

these temperatures change only. Other factors are the same 

as during the first measurement, where "W" and "B" are 

"white" and "black" for the experiment. 

Supposing e, = e9 = e, we have 
L Li 

L(X,>4 + (1 - L)Y,4 = Z,4 

A d  ( 3 > 4 )  

L(X-,) + (1 - DYn = 2-, 
U U Lk 

where 

Xi = TWi + 273 

Y. = TBi + 273 (3.5) 

Zi = TCi + 273 

i = 1. 2 

In general, Eq. 3.4 can be written 

LX4 + (1 - L)Y4 = Z4 (3.6) 

Differentiating both sides of Eq. 3.4-, we obtain 

4LX3AX + 4(1 - L)Y3AY = 4S3AS (3.7) 

So 

AZ = L(X3/3J)AX + (1 - L)(Y3/Z?'>AY (3.8) 

Because 

AX = X2 
~ 

X1 
= TW,, - TWX = ATW 

AY = Y2 - Y1 = 
TB2 - TBl = ATB (3.9) 

AS = 2, 
fa 
" 2, = TC0 - TC, = ATC 
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where ATW, ATB, .ATC are temperature differences of the 

first component, the second component, and the composite, 

respectively, Eq. (3.8) becomes 

ATC = L(X1/Z1)3ATW + (1 - L) (Y1/Z1) ̂2kTB (3.10) 

If these measurements are made in a relatively short period, 

and because X^, , Z^ are absolute temperatures 

x1/z1 = 1 

Y1/Z1 = 1 (3.11) 

So 

ATC = (L)ATW + (1 - L)ATB (3.12) 

Therefore, for any given L, TC is a linear composite of TW 

and TB and the coefficients are proportional to the 

relative areas. 

A generalization of Eq.3.3 is (Matthias et al.,1985) 

L.. .(T, .+273)4 + .(T- .+273)4 + ... + 

K ̂ ,-(Tr, i ,• +273)4 + L . (T .+273)4 = CTC.+273D4 n-l,i n-l,i n,l n,i i 

n 
2L, , = 1 i = 1, 2, . . . , n (3.13) 
j=1 l'1 

where L, ., L„ ., ..., L , . are the proportions of the 
X # 1 Z F 1 U'L R 1 

component areas to the total measured area within the field 

of view of an infrared thermometer (IRT) at the ith 

measurement, TC. the composite temperature and T, ., T0 ., 
1 JL r 1 ju r 1L 

..., T . the component temperatures at the ith measurement, n t x 
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During the n measurements,we suppose the temperature of each 

component does not change. For example, T. , = T, 0 = .. . = 
1r ̂  

T, . Thus we can rewrite Eq. 3.13 as 1 ,n ^ 

Ll,i(Tl+273)4 + L2 i(T2+273)4 + ... + 

Ln i i+273)4 + L . (T+273)4H = (TC. + 273)4 n-±,i n-l n,i n x 

i=l,2,...,n (3.14) 

where T, . = T,, T„ . = T_, ..., T . = T . Other terms are l,i 1 2ri 2 n,i n 

the same as defined above. For two components, the Eq. 

3.14 reduces to 

L, (T,+273)4+(l-L1 ) (T9+273)4 = (TC.,+273)4 

r 4 4 4 (3'15) L2(T1+273)^+(l-L2)(T2+273)^ = (TC2+273)* 

From Eq. 3.15, we can calculate T1 and T2 from measured , 

L2 and TC^, TC2. 

It is much more difficult to measure areas of plants 

and soils in the field than to measure areas in the 

laboratory, thus we will meet some difficulties in the 

application of Eq. 3.15 in a field situation. 

Linear Relationships 

Experiments were carried out in the laboratory to 

determine relationships between changes in composite and 

component temperatures. We let the painted sections of 

plywood (white and black) be heated by sunlight. When they 
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were heated to an approximately steady - state temperature 

we set an infrared thermometer (IRT) at a fixed 

perpendicular position about 1 m above the measured target. 

We then recorded the composite temperatures (TC) and used 

another infrared thermometer to measure the temperatures of 

the individual black and white wood pieces (TB, TW) 

simultaneously. As soon as we recorded the first set of 

temperatures (TC^, TB^, TW^) we shaded the measured area. 

As the temperatures steadily decreased, we measured and 

recorded the sets of temperatures (TC^, TB^, TW^) , 

keeping the infrared thermometer at the same position as the 

initial set of readings. 

We then calculated differences between the initial 

temperatures and subsequent measurements for TC, TB, TW to 

obtain composite temperature differences and component 

temperature differences. These differences are symbolized 

by TC and TB, TW which in equation form are 

ATCi = TCj - TCJL 

ATBi = TB. 
l - TB1 

(3.16) 

ATW. l 
= TW. 

l - TWX 

i = 2, 3, . . . , n 

where n is the number of the total measured sets (TC, TB, 

TW) . 

Statistical analysis shows that TC is linear with 

respect to ATB and ATC linear with ATW. Table 3.1 
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illustrates relationships of ATC vs. ATB (r = 0.9941) and 

ATC vs . .ATW (r = 0.9986). Fig. 3.1 also illustrates this 

linear relationship. 

In order to verify that slopes and intercepts of 

these relations have no relation with the initial surface 

temperatures, e.g. set 1 in Table 3.2, we shaded the target 

area, measured and recorded several sets of temperatures 

(TC, TB, TW), and then allowed the target to be exposed to 

sunlight and heat up. During the process, we measured and 

recorded some sets of temperatures (TC, TB, TW), shaded the 

boards again, and recorded other sets of temperatures (TC, 

TB, TW). Table 3.2 gives the data collected on Dec. 26, 

1984. Sets 1 to 6 are the results when we shaded the 

measured target, Sets 7 to 10 are for the sunlit situation. 

Sets 11 to 17 for repeated shading. During all 

measurements, the position of the infrared thermometer and 

the wood pieces were not changed. Table 3.3 to Table 3.6 

show the calculated results when Set 1 was used as initial 

temperatures. Table 3.7 and Table 3.8 show the calculated 

results when Set 7 and 11 were used as initial 

temperatures, respectively. There is no apparent relation 

between the slopes and the initial temperatures. We 

emphasize the lack of an effect from the initial 

temperatures, because later calculations are related to the 

initial temperatures. 
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Because we suppose that all external factors which 

affect temperature changes of components of a measured 

target are the same for all the components, the intercepts 

of ATC vs. ATB, ATC vs. ATW are considered equal to zero. 

Otherwise, it is hard to imagine that some of the components 

experience temperature change when some others do not for 

the same external situations. A statistical t - test ( 

sample size of 15, level of significance of 0.05 ) shows 

that the hypotheses that the intercepts of ATC vs. ATB, ATC 

vs. ATW are zero are not rejected (Table 3.9). From our 

measurements and calculations, this assumption seems to be 

reasonable. 
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Table 3.1. Measured composite(TC), black(TB), and white(TW) 
surface temperatures shows relationships of 

ATC vs. ATB, and ATC vs. ATW 
for a laboratory experiment on Nov. 28, 1984 

TC TB TW -ATC -ATB -ATW 

or 

32.4 38.5 30.4 

31.3 36.9 29.5 1.1 1.6 0.9 

30.4 35.4 28.7 2.0 3.1 1.7 

29.9 34.2 28.4 2.5 4.3 2.0 

28.9 32.6 27.8 3.5 5.9 2.6 

28.4 31.7 27.6 4.0 6.8 2.8 

27.8 27.0 4.6 3.4 

Correlation coefficient: 0.9986 0.9941 

Slope : 1.8 0.67 

Intercept : -0.38 0.26 

Note: The negative of the differences gives positive 

tabulated values. 
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Fiqure 3.1 The linear relationships between a composite 
temperature difference and its component 
temperature differences: -ATC vs.-ATB. 
-ATC vs.-ATW. 



Table 3.2. Data of TC, TB, TW for shading 
(Sets 1 - 6), heating (Sets 7-10) 

and more shading (Sets 11 - 17) 

Set nuiaber TC TB TW 

°C 

1 33.1 41.3 30.0 

2 31.8 38.6 29.4 

3 31.1 37.2 29.0 

4 30.5 36.2 28.7 

5 30.0 35.1 28.4 

6 29.7 34.6 28.3 

7 30.7 36.6 29.0 

8 31.2 37.3 29.2 

9 31.8 38.3 29.5 

10 32.4 39.5 29.9 

11 31.6 37.8 29.3 

12 31.0 36.9 29.2 

13 30.5 36.1 29.0 

14 30.0 34.9 28.6 

15 29.5 34.0 28.3 

16 29.0 32.9 28.2 

17 28.6 32.3 28.1 
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Table 3.3 -ATC VS. -ATB, -ATC VS. -ATW relationships 
for sets 1 to 6 when set 1 data are used 

as initial temperatures 

set TC TB TW -ATC -ATB -ATW 
number 

1 33.1 41.3 30.0 
2 31.8 38.6 29.4 1.3 2.7 0.6 
3 31.1 37.2 29.0 2.0 4.1 1.0 
4 30.5 36.2 28.7 2.6 5.1 1.3 
5 30.0 35.1 28.4 3.1 6.2 1.6 
6 29.7 34.6 28.3 3.4 6.7 1.7 

Correlation coefficient: 0.9993 0.9987 
Slope : 1.91 0.53 
Intercept : 0.23 -0.07 

Table 3.4. -ATC vs. -ATB, -ATC vs. -ATW relationships for 
sets 7 to 10 when set 1 data are used 

as initial temperatures 

set TC TB TW -ATC -ATB -ATW 
number 

°C 

7 30.7 36.6 29.0 2.4 4.7 1.0 
8 31.2 37.3 29.2 1.9 4.0 0.8 
9 31.8 38.3 29.5 1.3 3.0 0.5 
10 32.4 39.5 29.9 0.7 1.8 0.1 

Correlation coefficient 
Slope 
Intercept 

0.9971 0.9939 
1.71 0.53 
0.68 -0.23 
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Table 3.5. -ATC vs. -5ATB, -aTC VS. -ATW relationships for 
sets 11 to 17 when set 1 data are used 

as initial temperatures 

Set 
number 

TC TB TW -ATC -ATB -ATW 

°r 

11 31.6 37.8 29.3 1.5 3.5 0.7 

12 31.0 36.9 29.2 2.1 4.4 0.8 

13 30.5 36.1 29.0 2.6 5.2 1.0 

14 30.0 34.9 28.6 3.1 6.4 1.4 

15 29.5 34.0 28.3 3.6 7.3 1.7 

16 29.0 32.9 28.2 4.1 8.4 1.8 

17 28.6 32.3 28.1 4.5 9.0 1.9 

Correlation coefficient: 0.9980 0.9813 

Slope 

Intercept 

• 

• 

1.90 

0.48 

0.45 

-0.053 
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Table 3.6. -ATC vs. -ATB, -ATC'vs. -ATW relationships for 
sets 1 to 17 when set 1 data are used 

as initial temperatures 

Set -ATC -ATB -ATW 
number 

1 
2 1.3 2.7 0.6 
3 2.0 4.1 1.0 
4 2.6 5.1 1.3 
5 3.1 6.2 1.6 
6 3.4 6.7 1.7 
7 2.4 4.7 1.0 
8 1.9 4.0 0.8 
9 1.3 3.0 0.5 
10 0.7 1.8 0.1 
11 1.5 3.5 0.7 
12 2.1 4.4 0.8 
13 2.6 5.2 1.0 
14 3.1 6.4 1.4 
15 3.6 7.3 1.7 
16 4.1 ' 8.4 1.8 
17 4.5 9.0 1.9 

Correlation coefficient: 

Slope : 

Intercept : 

0.9971 

1.90 

0.37 

0.9739 

0.48 

-0.090 
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Table 3.7 -ATC vs. -ATB, -ATC vs. -ATW relationships for 
sets 7 to 10 when set 7 data are used 

as initial temperatures 

set TC TB TW -ATC -ATB -ATW 
number 

°C 

7 30.7 36.6 29.0 
8 31.2 37.3 29.2 -0.5 -0.7 -0.2 
9 31.8 38.3 29.5 -1.1 -1.7 -0.5 
10 32.4 39.5 29.9 -1.1 -2.9 -0.9 

Correlation coefficient: 0.9986 0.9966 
Slope : 1.83 0.58 
Intercept : 0.25 -0.13 

Table 3.8 -ATC vs. -ATB, -ATC vs. -ATW relationships for 
sets 11 to 17 When set 11 data are used 

as initial temperatures 

set TC TB TW -ATC -ATB -ATW 
number 

°C 

11 31.6 37.8 29.3 
12 31.0 36.9 29.2 0.6 0.9 0.1 
13 30.5 36.1 29.0 1.1 1.7 0.3 
14 30.0 34.9 28.6 1.6 2.9 0.7 
15 29.5 34.0 28.3 2.1 3.8 1.0 
16 29.0 32.9 28.2 2.6 4.9 1.1 
17 28.6 32.3 28.1 3.0 5.5 1.2 

Correlation coefficient 
Slope 
Intercept 

0.9986 
1.97 
-0.33 

0.9789 
0.48 
-0.16 
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Table 3.9 Student's t - test of intercept values of 
the linear relationships -ATC vs. -a^TW and -ATC vs. -ATB 

Intercept Values 

"ATC VS . -ATW -ATC vs . -ATB 

-0.333 0.380 
0.060 0.040 
-0.123 -0.857 
-0.339 -0.127 
0.104 -0.663 
-0.114 0.393 
0.256 -0.380 
0.130 -0.219 
0.077 0.025 
-0.025 -0.340 
-0.017 -0.037 
-0.180 0.550 
-0.078 0.230 
-0.230 0.480 
-0.053 0.370 

:-0.058 -0.010 

S: 0.170 0.420 

: -1.32 -0.090 

s-2.145 -2.145 

Mean X 

Stand dev. 

-t 0.025 



Coniucrate Constraint 

There are two factors which would seem most likely 

to affect the slopes of the linear relationships. They are 

initial temperatures (TC^, TB^, TW^) and ratios of component 

to total measured area. In section 1 of this chapter, it 

has been shown that initial temperatures have no relation 

with the slopes in the experiments. However, the slopes of 

these linear relationships are related to the ratio L 

(proportion of white). Therefore, they have a relation with 

1 - L = AB/AT where AB is the area of black pieces under a 

measurement. SB, SW are used to denote the slopes of ATC 

vs. ATB and ATC vs. ATW, respectively. When L = 1, ATC = 

ATW, SW = ATW/ATC = 1, SB = ATB /ATC = ATB/ATW > 1; when L = 

0, ATC = ATB, SW = ATW/ATC = ATW/ATB <1, SB = ATB/ATC = 

ATB/ATB = 1 (Fig. 3.2 (A) and (B)). From here, we know that 

ATW vs. ATB is linear relationship, too. 

When L increases from zero to 1, the curves of ATC 

vs. ATW will change, from the line OA to the line OB (Fig. 

3.2 (A); the curves of ATC vs. ATB will change from the 

line OB to the line 0C (Fig. 3.2 (B)). Table 3.10 shows the 

slopes, SB and SW, calculated from experimental data (TC, 

TB, TW) for different L. Using the data in Table 3.10 and 

the least-square method, the relationships between SB, SW 

and L can be obtained, that is 



( A )  
4 

2 

L=0 

0 
0 

( B )  
4 

L =0 

2 

0 
4 

-ATC (°C) 
0 6 

Figure 3.2 Changes of ATW and ATB with ATC when L = AW/AT 
changes from 0 to 1. 
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Table 3.10 Relationships of L, SB, SW 

L SB SW 

0.000 1.000 
0.182 1.148 0.375 
0.205 1.396 
0.313 1.464 0.398 
0.463 1.505 0.455 
0.509 1.753 0.471 
0.610 1.801 
0.779 2.505 0.626 
0.840 2.860 0.790 
0.943 3.310 0.820 
1.000 1.000 

SW = ExpCl.3(L - 1)3 
(3.17) 

SB = Exp(1.3L) 

Therefore, the linear relationships of ATC vs. ATB, ATC 

vs. ATW are 

ATW = ExpCl.3(L - 1)DATC 
(3.18) 

ATB = Exp(1.3L )ATC 

For any given L 

SW/SB = Exp(-1.3) = Constant (3.19) 

If we let A represent an angle between the line ATC vs. ATW 

(or -ATC vs. -ATW) and the line ATC vs. ATB for a specified 

L. We have 
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A, = arctan(e1,3Ll) - arctanCe1 *3(Li_1}3 
i or -i rt/T 1 \ (3.20) 

A2 = arctan(e 2) - arctanCe 2 3 

where A^, A2 are the angles between the line TC vs. TW and 

the line TC vs. TB when the L are equal to and L2, 

respectively. If 

then 

Lx + L2 = 1 (3.21) 

L2 = 1 - Lx (3.22) 

A2 = arctan(e1,3L2) - arctan(e1*3(L2 " 1) 

= arctan(e1-3(1 ~ Ll) - arctan(e-1'3L1) 

= arctan(e_1*3(Ll-1' - arctan(e-1*3L1) 

= arctan(e1"3Î 1) - arctanCe1 *3( 1 Ll)3 

A2 = Ax (3.23) 

Table 3.11 gives the calculated angles for the different 

L's. Fig. 3.3 shows one example. Eq. 3.19 and Eq. 3.23 

are called the conjugate constraint of the linear 

relationships. 

For two component experiments we can write 

the general equations 

S, = ExpC(B(L - 1)3 
A (3.24) 
S2 = Exp(BL) 

Si/S2 = Exp(-B) = Constant (3.25) 
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Figure 3.3 An example of the conjugate constraint, where 
L-, = 0.3, L7 = 0.7. The two indicated angles are 
equal. 
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and 

AT, = S,ATC 
x 1 (3.26) 

AT2 = S^TC 

where S^, Sj are slopes of relationships of composite 

temperature differences (ATC) with the temperature 

differences of the component 1 (AT^) and with that of the 

component 2 (AT2), respectively. B is a constant which is 

related to properties of the components, that is, for 

different materials, different plants, for soils which have 

different moistures, B will be different. 

Table 3.11 The angles (A) beteen ATC vs. ATW And 
ATC vs. ATB for different L's 

L 1 - L A 

0.0 1.0 0.52 

0.1 0.9 0.55 

0.2 0.8 0.57 

0.3 0.7 0.59 

0.4 0.6 0.60 

0.5 0.5 0.61 
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Constant Relationship 

From the measurements and calculations of composite 

temperatures and component temperatures of two components, 

the following expressions have been obtained 

ATW = SW(ATC) 
(3.27) 

ATB = SB (ATC) 

where SW, and SB are slopes of ATC vs. ATW, and ATC vs. ATB, 

and ATW, ATB and ATC are the white component, black 

component and the composite temperature differences, 

respectively. Therefore 

Arc = ATW/SW 
(3.28) 

ATC = ATB/SB 

then 

ACC = W(ATW/SW) + (1 - W) (ATB/SB) (3.29) 

that is, 

ATC = A-jATW + A^TB (3.30) 

where 

Ax = W(SW); A2 = (1 - W)(SB) (3.31) 

where W is a weighting factor. For any given L, ATC is a 

linear composite of ATW and ATB. 
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From Eq. 3.30, these equations can be written as 

ATC/At = A-jATW/At + A^B/At (3.32) 

where At is a time interval. Thus in differential form 

d(TC)/dt = Ajd(TW)/dt + A2d(TB)/dt (3.33) 

Equation (3.33) is the linear differential relation between 

the composite temperatures and component temperatures. 

Integrating Equation (3.33), we get 

TC, TW, TB, 
J dTC -J A,dTW + J A?dTB (3.34) 
TC0 TWq X TBQ 

TCX - TCq = Aj^TP^ - TWq) + A2(TB2 - TBQ) 

(3.35) 

TC0 - A1TW0 - A2TB0 = TCl - 4^ - A2̂ l 

(3.361 

We now define 

F(TC,A1TW,A2TB) = TC - AxTW - A2TB 

(3.37) 

For any given value of L and a specified weighting factor W, 

A^ and A2 are constants. Then we have 

F(TC,A1TW,A2TB) = Fq (3.38) 
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where FQ is a constant related to the initial temperatures. 

Expression 3.38 is called a constant relationship. 

Here, using data measured on Dec.9, 1984, we can 

verify empirically the expression 3.38. From the data, we 

know that for n = 2 components, the slope of ATC vs. ATW 

(b^) is 0.445, the slope of ATC vs. ATB (t>2) is 1.505, if W 

= 1/n then 

Ax = l/Cnt^) = 1.099 

A2 = l/(nb2) = 0.332 

From the initial measurement set, we obtain an estimate of 

the constant for this series of the temperature 

measurements, i.e 

F0 = TC0 " A1TW0 - A2TB0 

= 38.6 - 1.099 x 31.8 -0.332 x 45.0 

= -11.3 °C 

For set 2, we have 

F1 = TC;l - AlTWl - A2TBx 

= 35.0 - 1.099 x 30.3 - 0.332 x 38.0 

= -10.92 °C 

Other results are shown in the Table 3.12 and in all cases 

the results are close. 

For different L's, A^, and A2 are different, so the 
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constants will be different. They have the following 

relationship for our experiments 

Fq = 39L -28.15 (3.39) 

where L is the ratio of the white area to the total area 

for a given measurement. 

Table 3.12 Empirical test of the constant relationship: 
TC - A-jTO - A2TB = FQ 

Set TC TW TB TC - A,TW - A2TB 
number 

oc ~ 

1 38.6 31.8 45.0 -11.30 

2 35.0 30.3 38.0 -10.92 

3 33.9 29.7 36.4 -10.83 

4 32.7 29.2 34.8 -10.94 

5 31.4 28.6 33.6 -11.20 

6 30.6 28.1 32.1 -10.94 

7 29.5 27.8 30.8 -11.28 

8 28.8 27.6 29.8 -11.40 
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In Vivo Measurements 

Table 3.13 presents data measured on Jan. 1, 1985 on 

the UA Mall. Following the procedures used in the 

laboratory, we measured soil temperatures and Petunia plant 

temperatures, which had a clearly defined shape allowing 

easy measurement of temperatures and areas. In Table 3.13, 

the TC, TP, TS represent composite temperatures, plant 

temperatures and soil temperatures, respectively, and ATC, 

ATP, ATS the composite temperature differences, plant 

temperature differences and soil temperature differences, 

respectively. ATC^, ATP^ and ATS^ are calculated by using 

the first temperature measurement set (TC, TP, TS) in Group 

A as the initial temperatures, while ATC2, ATP2, ATS2 are 

calculated for each group by using the first measurement set 

(TC, TP, TS) as the initial temperatures in each group, 

after which the temperature conditions were changed, that 

is, from sunlit to shaded or from shaded to sunlit. 

Analysis of these data demonstrate that there are good 

linear relationships between the composite temperature 

differences and their component temperature differences 

(Fig. 3.4). 

Using the same analysis method as that in Section 

2 of Chapter 3, we can see that the initial temperatures 

have little effect on the linear relationships between the 

composite temperature differences and the soil temperature 



Table 3.13 Temperature data for field experiment 
of January 1, 1985 (Plant: Petunia) 

GROUP TC TP TS -ATC^ -ATC2 -ATPj^ -ATP2 -ATSX -ATP2 

Q
c 

17.9 13.4 23.5 

14.3 10.3 17.3 3.6 3.6 3.1 3.1 6.2 6.2 

13.6 9.8 16.3 4.3 4.3 3.6 3.6 7.2 7.2 

13.3 9.7 15.6 4.6 4.6 3.7 3.7 7.9 7.9 

13.0 9.5 14.8 4.9 4.9 3.9 3.9 8.7 8.7 

14.9 11.7 17.9 3.0 -1.9 1.7 -2.2 5.6 -3.1 

16.0 13.0 20.1 1.9 -3.0 0.4 -3.5 3.4 -5.3 

16.7 13.2 21.5 1.2 -3.7 0.2 -3.7 2.0 -6.7 

16.5 12.7 21.2 1.4 -3.5 0.7 -3.2 2.3 -6.4 

17.0 12.9 22.2 0.9 -4.0 0.5 -3.4 1.3 -7.4 

15.0 11.2 18.9 2.9 2.0 2.2 1.7 4.6 3.3 

14.0 10.4 16.4 3.9 3.0 3.0 2.5 7.1 5.8 

13.7 10.2 16.2 4.2 3.3 3.2 2.7 7.3 6.0 

13.0 10.1 15.3 4.9 4.0 3.3 2.8 8.2 6.9 

12.5 9.8 14.3 5.4 4.5 3.6 3.1 9.2 7.9 

14.4 11.3 17.7 3.5 -1.9 2.1 -1.5 5.8 -3.4 

15.2 12.2 18.8 2.7 -2.7 1.2 -2.4 4.7 -4.5 

15.6 12.3 19.8 2.3 -3.1 1.1 -2.5 3.7 -5.5 

16.3 13.2 21.6 1 .6 -3.8 0.2 -3.4 1.9 -7.3 

17.1 13.3 22.1 0.8 -4.6 0.1 -3.5 1.4 -1.8 

B 

D 
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Figure 3.4 The linear relationships between a composite 
temperature difference and soil temperature 
differences, and between composite and plant 
temperature differences. 
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differences, (i.e., -ATC vs. -ATS). However, for the 

plant, the initial temperatures affect the intercept of -ATC 

vs. -ATP in each group, especially during the sunlit 

periods. Yet, these initial temperatures do not seem to 

affect the slopes of the linear relationship. Analysis of 

all of the data reveals a better relationship occurs 

between the composite temperature differences and the plant 

temperature differences when using the initial temperatures 

of each group than when using the first measurement of TC, 

TS,TP as the initial temperatures. It should be noted 

that when temperatures change rapidly (Group B), the linear 

relationship of the soil is still good, but the relationship 

between the composite temperature differences and the plant 

temperature differences is not as good, because plant 

temperatures do not change simultaneously with soil 

temperatures. 

Perhaps, intercepts of -ATC vs. -ATP can not be 

assumed to be zero. Slopes may change in different periods 

of shading and sunning during a fixed position measurement 

with an infrared thermometer. These phenomena, which we 

can refer to as "thermal hysteresis", may be attributed in 

part to leaf stomatal control of transpiration. 



CHAPTER 4 

TEMPERATURE RELATIONSHIPS FOR THREE COMPONENTS 

AND FIELD SITUATIONS 

Temperature Relationships For Three Components 

Experiments were conducted, similar to those of 

Chapter 3, with three components: black, white and gray 

painted wood pieces. Table 4.1 shows experimental data an& 

the calculated results for these experiments. In Table 4.1 

TG denotes the measured temperatures of the gray pieces, 

and -ATG the temperature differences between the first 

measurement and the other measurements of the gray 

component. Other terms are the same as defined before. 

From Fig. 4.1 as well as the regression, the 

strong linear relations of -ATC vs. -ATW, -ATC vs. -ATG, -

ATC vs. -ATB of the form 

ATW = A-jATC 

ATG = A2ATC (4.1) 

ATB = A^ATC 

is demonstrated. The slopes A^ A2, A3 are functions of 

the areal proportions of the white and the gray pieces 

40 
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Table 4.1. The linear relationship of -ATC, -ATW, 
-ATG and -ATB 

Set TC TW TG TB -ATC -ATW -ATG -ATB 
number 

o„ 

1 39.6 30.4 35.8 44.0 
2 38.0 30.0 35.0 41.7 1.6 0.4 0.8 2.3 
3 36.8 29.4 34.0 40.0 2.8 1.0 1.8 4.0 
4 35.4 29.0 33.0 38.0 4.2 1.4 2.8 6.0 
5 34.7 28.8 32.6 37.1 4.9 1.6 3.2 6.9 
6 33.2 28.2 31.3 35.0 6.4 2.2 4.5 9.0 
7 31.8 27.7 30.5 33.3 7.8 2.7 5.3 10.7 
8 30.6 27.4 29.6 31.7 9.0 3.0 6.2 12.3 
9 29.1 26.8 28.5 29.9 10.5 3.6 7.3 14.1 
10 28.4 26.5 27.8 28.9 11.2 3.9 8.0 15.1 

ATC v.ATW ATC v.ATG ATC v.ATB 

Correlation coefficient: 0.9987 0.9993 0. 9997 

Slope 2 0.35 0.73 1. 32 

Intercept : 0.088 -0.32 0.35 

within the target area, or L, and S, respectively. We still 

consider that intercepts in Eq. 4.1 are zero. 

As with two components, SW, SG, SB denote the 

slopes of -ATC vs. -ATW, -ATC vs. -ATG, -ATC vs. -ATB, 

respectively. 

When S = 1, it follows that L=0, 1 - S - L = 0, 

the measured area is totally gray, for the limiting case 
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Figure 4.1 The linear relationships of -ATC vs. -ATW, -ATC 
vs. -ATG, and -ATC vs. -ATB. 
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SW = -ATW/-ATC = ATW/ATG < 1 

SG = -ATG/-ATC = ATG/ATG =1 (4.2) 

SB = -ATB/-ATC = ATB/ATG > 1 

These relationships are graphically illustrated in Fig. 4.2 

(A), in which OB' is a white line (-ATC vs. -ATW), OC a gray 

line (-ATC vs. -ATG), and OD' a black line (-ATC vs. -ATB). 

When L = 1, it follows that S = 0, 1 - S - L = 0, 

the measured area is totally white, and 

SW = ATW/ATW = 1 

SG = ATG/ATW > 1 (4.3) 

SB = ATB/ATW > 1 

as is shown in Fig. 4.2 (B) , in which OC is a white line, 

OD" a gray line, and 0E a black line. 

When L = S = 0, it follows that 1 - S - L = 1, the 

measured area is totally black, and 

SW = ATW/ATB < 1 

SG = ATG/ATB <1 (4.4) 

SB = ATB/ATB = 1 

as is shown in Fig. 4.2 (C), in which OA is a white line, 

OB" a gray line, and OC a black line. 

Fig. 4.3 is a composite of the three parts of Fig. 

4.2. together, if (ATG)2 = zSTB(ATW) , the line OD in Fig. 
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4.2 (A) and OD in Fig. 4.2 (B) coincide and become the line 

OD in Fig. 4.3, the OB in Fig. 4.2 (A) and the line OB in 

Fig. 4.2 (C) coincide and become the line OB in the Fig. 

4.3. 

From Fig. 4.3, we can see that when S = 0, and L 

increases from 0 to 1, the white line will change from the 

line OA to OC, the black line form the line OC to the line 

OE, and the gray line from OB to OC. When L = 0, and S 

increases from 0 to 1, the curve of - ATC vs. -ATG will 

change from OB to OC, the curve of -ATC vs. -ATB from OC to 

OD, and the curve of -ATC vs. -ATW from OA to OB. When L + 

S = 1 and L increases from 0 to 1, the curve of -ATC vs. 

ATW will change from OB to OC, -ATC vs. -ATG from OC to 

OD, and -ATC vs. -ATB from OD to OE. In the same way, we 

can predict the directions of the curve changes when L, and 

S change. In general, when L and S change, the white line 

will change from OA to OC in Fig 4.3, the gray line from 

OB to OD, and the black line from OC to OE. We call the 

area between OA and OB to be a "white area", because in the 

area, only the white line appears. Similarly, we call the 

area between OD and OE, between OB and OC, between OC and OD 

to be a "black area", a "white and gray area", a "black and 

gray area", respectively. There should be conjugate 

constraints between the curves for more than two components. 

From our measurements and calculations for two and 
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-ATC( °C) 

4 8 
-ATC(°C) 

4 8 
-ATC(°C) 

Figure 4.2 The relationships of -ATC vs. -ATW,-ATC vs. -ATG 
- A T C  v s .  - A T B  w i t h  S  =  1 ,  L = 0 ,  1  -  S  -  L  = 0  
(A).with L = 1, S = 0, 1 - L - S = 0 (B), and 
L=S=0, 1 - S - L = 1 (C). 



black 
'gray & black 

gray & while 

white 

ATC(°C) 

Figure 4.3 The range of the lines of -ATP vs. -ATW, -ATC 
vs. -ATG, -ATC vs. -ATB: "white area"gray 
and white area", "gray and black area" and 
"black area". 
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three components, it is reasonable for us to obtain the 

following general equations: 

AT^ = a^ + bjATC 

AT- = a- + b-aTC 
z ^ ^ (4.5) 

ATn * an + VTC 

where AT^, AT2, ..., ATn are the temperature differences of 

the n components at a certain time period, ATC is the 

composite temperature difference at the same time period. 

The a^, a2, ..., an are intercepts which, in general, are 

considered to be zero because we suppose the external 

factors affecting temperature changes of the components are 

the same for all components. The parameters b,, b9, ..., b i z n 

are slopes of the relationships between the component 

temperature differences and the composite temperature 

difference. Rearranging Eq. 4.5, we have 

ATC = (1/b-^AT-L 

ATC = <l/b2)AT2 

(4.6) 

ATC = (1/b )AT 
n n 

Averaging TC from the n relationships of Eq. 4.5 gives 

ATC = (1/n) [(1/^)^ + (l/b2)£T2 + ... + (l/bn)ATn3 

(4.7) 
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that is 

ATC = &1&T1 + K^T2 + ... + A^Th (4.8) 

where A^, A2, . .., An are constants as proportions of 

measured component areas to the total measured area of a 

specified target. n is the number of components of a 

target. For a general case, we can put weighting factors 

W2, Wn (W^ + W2 + . . . + W = 1) into Eq. 4.7 

instead of using 1/n. 

From Eq. 4.8, we have 

dTC/dt = A,dT,/dt + A-dT0/dt + ... + A dT /dt 
11 2 2 n n 

(4.9) 

Eq. 4.9 is the linear differential relation between 

composite temperature and its component temperatures. 

Integrating Eq. 4.9, we have 

TC T T T 
/ dTC = / 1 A,dT, + / 2 A7dT9 + ... + f n A dT 
J

T r .  J  „  1  1  T 1  2  2  J ~ ,  n n  
0 ^10 20 nO 

(4.10) 

then. 

TC + A,T, + A-T~ + ... + A_T = 1 1 2 2 n n 

TCq + AlTl0 + A2T20 + ... + AnTn0 = FQ (4.11) 

where TCQ, T^Q, T2Q, ..., Tn̂  are an initial measurement of 

the composite temperature and its component temperatures; 
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TC, T^, T2? . Tn any set of the measurement after the 

initial measurement, including a composite temperature and 

its component temperatures. The "Fg" is a constant which 

for 2 components is the same as that for Eq. 3.38. 

The Relationships For Field Situations 

Tables 4.3, 4.4, and 4.5 show data of field 

experiments for three components measured outdoors on the 

University of Arizona Campus on February 20, 1985, where TC 

is the composite temperature differences measured with an 

infrared thermometer, ATS, ATSS and ATP are component 

temperature differences of the soil, the shaded soil and the 

plant (cotton), respectively, which were measured with 

thermocouples. From these data, it can be seen that ATC vs. 

ATS, £TC vs. ATSS, ATC vs. ATP have strong linear 

relationships. 



Table 4.2 Temperature data for field experiment 
No.l and No.2 with cotton plant on February 20, 1985 

TC TP TS TSS 

° r  

No. 1 33.02 28.31 

L 

41.19 29.68 
32.08 27.61 40.95 29.63 
31.55 27.11 40.67 29.58 
30.87 26.49 40.31 29.49 
29.81 26.01 39.74 29.36 
28.80 25.11 37.31 28.76 
27.80 24.77 37.09 28.68 
27.19 24.20 36.07 28.36 
25.98 24.05 33.95 27.62 
25.05 23.68 32.74 27.05 

No. 2 35.43 32.18 42.42 29.99 
32.81 29.33 42.23 29.87 
31.88 28.87 41.45 29.75 
31.07 28.07 40.83 29.67 
30.60 26.34 40.75 29.53 
29.87 26.15 39.84 29.43 
29.20 25.93 39.00 29.27 
28.93 25.58 38.59 29.18 
28.13 24.81 37.80 28.92 
27.93 24.63 37.44 28.80 
27.52 24.29 36.88 28.59 
26.79 24.11 35.43 28.24 

Note: TC is the composite temperature measured with 

an infrared thermometer, TP, TS, and TSS are the plant 

temperature, the sunlit soil temperature and the shaded soil 

temperature, respectively, measured with thermocouples. 



Table 4.3 Temperature differences data for field 
experiment No.l with cotton plant 

ATC ATS ATP ATSS 

o„ 

0.94 0.24 0.70 0.05 
1.47 0.52 1.20 0.10 
2.15 0.88 1.82 0.19 
3.21 1.45 2.30 0.32 
4.22 3.88 3.20 0.92 
5.22 4.10 3.54 1.00 
5.83 5.12 4.11 1.32 
7.04 7.24 4.26 2.06 
7.97 8.45 4.63 2.63 

Table 4.4 Temperature differences data for field 
Exeperiment No.2 with cotton plant 

ATC ATS ATP ATSS 

o„ 

2.62 0.19 2.85 0.12 
3.55 0.97 3.31 0.24 
4.36 1.59 4.11 0.32 
4.83 1.67 5.84 0.46 
5.56 2.58 6.03 0.56 
6.23 3.42 6.25 0.72 
6.50 3.83 6.60 0.81 
7.30 4.62 7.37 1.07 
7.50 4.98 7.55 1.19 
7.91 5.54 7.89 1.40 
8.64 6.99 8.07 1.75 



CHAPTER 5 

THE ERROR TERM ANALYSIS 

In the measurements and calculations, there are many 

factors which are not considered, and which may introduce 

error. For the 2 - component system, the error term is 

defined as following 

E = C(TC + 273)4 - (L)C(TW + 273)4 - (1 - L)C(TB + 273)4 

(5.1) 

where C is a constant (5.67E-8 W m~^K 4), TC, TW, TB, L are 

as defined before. In the calculation of the error term, 

except for the initial measurement set, TW, TB are 

calculated values from following equations 

TKL = TWQ + SW(TCQ - TC^) 

TBi = TBQ + SB(TCQ - TCi) 
(5.2) 

then 

EQ = C(TCq + 273)4 - (L)C(TWq + 273)4 -

(1 - L)C(TBq + 273)4 

Ei = C(TCi + 273)4 - (L)C(TW. + 273)4 

(1 - L)C(TBi + 273)4 

52 

(5.3) 
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where TCQ, TWQ, TBQ are the initial measured values, TC\ the 

measured values after the initial measurement, TW^ and TB^ 

the calculated values using Eq. 5.2. To do this is to 

include the errors, which come from the empirical formulas, 

into the error term. 

In general, the errors are random, however, for a 

given L, during a series of measurements of this experiment, 

the errors have some regularities. Table 5.1 is one 

example which shows the regularities. Here 

AEt = Ei - Eq i = 1, 2, ..., 6 (5.4) 

Eq is the error term of the initial measurement, Ei are the 

errors of those of measurements after the initial one. From 

calculations of 13 samples with different L, we find - E is 

linear with - TC (all of the r are greater than 0.99). From 

the following derivation, we can obtain the slope of this 

relationship. 

(L)C(TWq + 273)4 + (1 - L)C(TBq + 273)4 = 

C(TCq + 273)4 - Eq (5.5) 

(L)C(TWi + 273)4 + (1 - UC^TB^^ + 273)4 = 

C(TCi + 273)4 - Ei (5.6) 

Eq. (5.5) - Eq. (5.6) 
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(L)CC (TWq + 273)4 - (TWi + 237)43 + (1 - DCCCTBQ + 273)4 -

(TBi + 273)41 = CC(TCq + 273)4 - (TCi + 273)4 - (EQ - E^)D 

(5.7) 

where TW, TB and TC are degrees Centigrade. If we change 

TW, TB and TC to absolute temperatures, 

(L)C(TWq4 - TWj4) + (1 - L)C(TBQ4 - TBi4) 

= C(TCQ4 - TC.j4) - (E0 - Ei) (5.8) 

that is 

(L)C(TWq - TWi)(TW()3 + TWQ2TWi + TWqTJ 2̂ + TW^) + 

(1 - L) (TBQ - TBi)C(TBQ3 + TB02TBj. + TBqTB 2̂ + TBi3) 

= C(TCn - TC.)(TC 3 + TC 2TC. + TC-TC.TC.2 + TC.3) 0  1  0  O l  O i l  1  

- (E0 - Ea) (5.9) 

Because the measurements were made during a short period, 

we can assume that 

TWQ = TW±; TBq = TB^; and TCQ = TC± (5.10) 

So 

L(£TW) (4TW3)C + (1 - L) (ATB)(4TBQ3)C = (ATC) (4TCQ3) C -AE 

(5.11) 
where 

ATW = TWi - TT'Iq 

ATB = TB. - TBft 
1 u (5.12) 

ATC = TCi - TCq 

AE = Ei - Eq 
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Because absolute temperatures are used, 
• • 

TW = TB = TC (5.13) 

during a short period. Eq. 5.11 becames 

L(ATH)C + (1 - L) (ATB)C = (ATC)C -AE/(4TCQ3) (5.14) 

Upon substituting 

ATW = Exp(1.3(L - 1))ATC, ATB = Exp(1.3L)ATC 

into Eq. (5.15), we have 

- AE/ATC = (4TCQ3)CCLExpCl.3(L- 1)1 + (1 - L)CExp(1.3L)1 

- 1} = SE (5.15) 

Therefore, 

-AE = -SE(-ATC) (5.16) 

i.e. 

E
0 - E± = -SE(TC0 - TCi) (5.17) 

In Table 5.2, SEC represents the slopes of -AE vs. 

-ATC calculated by using Eq. 5.15 and SED the slopes 

obtained from experimental data such as in Table (5.1). 

These results indicates that the assumptions we used are 

reasonable. 

In general, we can write that 

AE = a - SE(ATC) (5.18) 

However, when L = 0 , which means that the total measured 

area is black, or L = 1, which means that the total measured 
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area is white, SE = 0 and we suppose AE = 0, so a = 0. 

Table 5.1. Error analysis example the 
relationship -ATC vs. AE for L = 0.182 

TC (°C) ERROR -ATC AE 

42.1 -10.068 
40.5 -8.592 1.6 1.476 
39.4 -7.614 2.7 2.454 
38.3 -6.665 3.8 3.403 
36.3 -5.012 5.8 5.056 
35.2 -4.142 6.9 5.926 
37.1 -5.661 5.0 4.407 

Correlation coefficient: 0.9998 
Slope : 0.84 
Intercept : 0.175 

Table 5.2 Results for the slopes of error relationship 
obtained from experimental data (SED) 

and from calculations (SEC) 

TC (°C) L SEC SED 

38.6 0.463 1.446 1.464 
32.4 0.608 1.481 1.458 
38.0 0.205 0.755 1.043 
37.7 0.509 1.500 1.726 
32.9 0.779 1.252 1.453 
31.1 0.943 0.446 0.522 
42.1 0.182 0.704 0.840 
35.7 0.500 1.460 1.601 
28.2 0.840 0.986 1.145 
37.3 0.060 0.230 0.239 
33.6 0.313 1.047 1.181 
33.1 0.640 1.483 1.671 

Note: In Table 5.2, TC are initial composite 
temperatures. In Eq. 5.15, TCQ = TC + 273. 



CHAPTER 6 

APPLICATIONS OF THE LINEAR RELATIONSHIPS IN 

CALCULATING TEMPERATURES OF COMPONENTS 

Calculation of Component Temperatures When L Is Known 

Here we limit the applications of the linear 

relationships to measured targets with two components. In a 

laboratory, it is relatively easy to measure component 

areas of measured targets. For the two component 

experiment, L is the ratio of the white plywood to the 

total measured area under the field of view of an IRT. In 

the field experiments, we took pictures of measured areas, 

then cut out the "areas" of plant and soil from the pictures 

and weighed them on an analytical balance or measured the 

"areas" with a Licor LI - 3000 area meter. Thus, we 

obtained L, which is the ratio of a plant area to a total 

measured area. 

If L is known, slopes of the linear relationships 

can be calculated by using the conjugate constraint and a 

constant can be obtained by using the constant relationship. 

Furthermore, we can calculate the component temperatures. 

The following is an example of this calculation. 

57 
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On Nov. 22, 1984, one laboratory measurement was 

L = area of white/ total measured area = 0.446 

Composite temperature (TC) = 33.9 °C 

Using the conjugate constraint and the constant 

relationship, we get 

SB = e1,3L = 1.786 

C = 39L - 28.15 = -10.76 

where SB is the slope of the linear relationship between the 

composite temperature gradient and the temperature 

differences of the black plywood. Then we have 

TB = 2(SB)(TC - C)/4 = 2 x 1.786 x C33.9 - (-10.78)3/4 

= 39.90 °C 

TW = TB/1.4 = 39.90/1.4 = 28.5 °C 

where TB are TW are the temperatures of the black and the 

white plywoods, respectively. The measured values of TB and 

TW are 39.9 °C and 29.7 °C, respectively. 

The general steps are 

1. measure L, TC 

2. calculate SB, C from 

SB = e1,3L (6.1) 

C = 39L - 28.15 (6.2) 

3. calculate TB, TW: 

TB = 2SB (TC - C)/C1 (6.3) 
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TW = TB/C2 (6.4) 

where C^, C2 are from Table 6.2. 

Using Table 6.1 and Table 6.2, these calculations 

can be very simple. For example, on Dec. 26, 1984, one 

laboratory (indoor) measurement was 

TC = 33.1 °C 

L =0.64 

According to the L and Table 6.1 we obtain 

SB = 2.30 

C = -3.2 

From Table 6.2 we get 

= 4 C2 = 1.4 

then 

TB = 2(SB) (TC - O/C^ 

= 2 x 2.30 x (33.1 + 3.2)/4 = 41.7 °C 

TW = TB/C2 = 41.7/1.4 = 29.8 °C 

The measured TB and TW are 41.3 °C and 30.0 °C, 

respectively. It should be noted that for different L's, 

different 's are chosen. However, when L is a boundary 

value of Table 6.2, we have to make a judgement to a chosen 

C^. For example, on Nov.26, 1984, one laboratory 

measurement was given L = 0.205 and TC = 38.0 °C. Because 
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Table 6.1 Values SB and C for different L's 

L SB C L SB C 

°C °C 

0.00 1.00 -28.2 0.52 1.97 -7.9 
0.02 1.03 -27.4 0.54 2.02 -7.1 
0.04 1.05 -26.6 0.56 2.07 -6.3 
0.06 1.08 -25.8 0.58 2.13 -5.5 
0.08 1.11 -25.0 0.60 2.18 -4.6 
0.10 1.14 -24.3 0.62 2.24 -4.0 
0.12 1.17 -23.5 0.64 2.30 -3.2 
0.14 1.20 -22.7 0.66 2.36 -2.4 
0.16 1.23 -21.9 0.68 2.42 -1.6 
0.18 1.26 -21.1 0.70 2.48 -0.9 
0.20 1.30 -20.3 0.72 2.55 -0.1 
0.22 1.33 -19.6 0.74 2.62 0.7 
0.24 1.37 -18.8 0.76 2.69 1.5 
0.26 1.40 -18.0 0.78 2.76 2.3 
0.28 1.44 -17.2 0.80 2.83 3.0 
0.30 1.48 -16.5 0.82 2.90 3.8 
0.32 1.52 -15.7 0.84 2.98 4.6 
0.34 1.56 -14.9 0.86 3.06 5.4 
0.36 1.60 -14.1 0.88 3.14 6.2 
0.38 1.64 -13.3 0.90 3.22 6.9 
0.40 1.68 -12.6 0.92 3.31 7.7 
0.42 1.73 -11.8 0.94 3.40 8.5 
0.44 1.77 -11.0 0.96 3.48 9.3 
0.46 1.82 -10.2 0.98 3.58 10.1 
0.48 1.87 -9.4 1.00 3.67 10.8 
0.50 1.92 -8.7 



61 

Table 6.2 The constants and C2 

C 1 C 
2 

(L = 0.2 to 0.8) (0<= L <0.2 or 0.8< L <=1.0) 

Indoor 4.0 
Outdoor 3.5 
Field 5.0 

3.5 
3.0 
4.5 

1.4 
1.65 
1.2 

Note: "Indoor" and "Outdoor" mean that experiments 
were made using the pieces of the painted plywood inside 
and outside, respectively. 

this measurement was made indoors and L is within 0.2 to 

0.8, the should be 4.0. If we use this value of to 

make calculation, we will get 

From the L, we know that most of the measured area is black 

area, therefore, it is not reasonable that the calculated TB 

is only two degrees higher than the composite temperature, 

TC. Thus, we choose 

= 3.5 

and we get the calculated results 

TB = 43.4 °C 

TW = 31.0 °C 

TB = 39.8 °C 
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Compared with the measured results 

TB = 44.0 °C 

TW = 29.7 °C 

the calculated results are quite good. 
I  

The constants in Table 6.2, probably, are a function 

of properties of components, surrounding temperatures and 

so on. In a field situation, such constants may be a 

function of plant age, water status, soil morphology, 

moisture content and other factors. 

Table 6.3 to Table 6.5 gives some results calculated 

in this way. Fig. 6.1 shows the agreement between the 

measured values of the component temperatures and the 

calculated one in Table 6.3 to Table 6.5. 

Linear regression analysis of calculated values 

versus measured values of component temperatures in Table 

6.3 to Table 6.5 yields a slope 0.97, an intercept of 0.61, 

and a R2 of 0.98. 



Table 6.3 The calculated TB and TW when L is known (Inside) 

Date L TC TBc ™c TB m m 
°r L 

Nov.22 0.446 33.9 39.8 28.5 39.9 29.7 

Nov.22 0.123 35.8 39.8 28.4 38.7 29.3 

Dec. 9 0.443 39.4 44.7 32.0 44.3 32.3 

Nov.26 0.205 38.0 43.4 31.0 44.0 29.7 

Nov.28 0.608 32.7 40.9 29.2 41.3 28.4 

Dec.24 0.313 33.6 37.2 26.6 37.5 28.0 

Dec.24 0.840 28.2 35.2 25.1 36.1 27.6 

Dec.26 0.640 33.1 41.7 29.8 41.3 30.0 

Dec.31 0.182 42.1 45.7 32.7 45.6 31.0 

Dec.31 0.500 35.7 42.5 30.4 42.1 30.3 

Jan. 4 0.509 37.7 44.2 31.6 45.6 32.0 

Jan. 4 0.779 32.9 42.2 30.2 43.0 31.3 

Jan. 4 0.943 31.1 43.7 31.2 42.3 30.8 

Note: TBc, TWc are the calculated temperatures of 

the black wood piece and the white wood piece, respectively; 

TBm, TWm the measured ones. Except Jan.4, which was made in 

1985, other measurements were made in 1984. 
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Table 6.4 The calculated TB, TW when L is known (outside) 

Date L TC TB c TW c TBm TW m 
°r L 

Nov. 3 0.279 53.2 57.9 35.1 60.7 33.3 

Nov. 9 0.237 41.7 47.1 28.6 48.6 28.3 

Nov. 9 0.951 30.0 48.4 29.3 49.4 28.4 

Nov. 9 0.775 31.8 43.1 26.1 48.4 29.1 

Nov. 9 0.046 43.3 49.3 29.9 48.0 28.0 

Nov. 7 0.450 42.3 54.3 32.9 55.2 34.5 

Nov. 7 0.959 33.4 56.0 34.0 55.2 33.8 

Note: TB, TW are the same as defined above. All of 

the measurements were made in 1984. 

Table 6.5 The calculated TS and TP when L is known (Field) 

Date L TC TS„ TP„ TSm TPm c c m m 
°c 

Dec.31 0.448 19.9 21.9 18.2 22.7 18.6 

Dec.31 0.292 22.0 22.7 18.9 22.8 19.2 

Note: This measurement was made in 1984. TS , TP c' c 

are the calculated soil temperatures and plant temperatures, 

respectively; TSm, TPm are measured ones. 
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Figure 6-1 Comparison of calculated temperatures to measured 
t e m p e r a t u r e s  i n  l a b o r a t o r y  a n d  i n  f i e l d .  



Calculations of Component Temperatures 
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When L Is Not Known 

In order to solve Eq. 3.15, it is necessary to 

change the areal proportions in the two measurements, i.e, 

Li * I^, but we try to keep other factors constant during 

the two measurements. For example, the actual temperatures 

of two components should not change. On the other hand, 

we can fix positions of measured targets, i.e., = 

I<2, and let temperatures of the components change. Using 

the data obtained in this way and the following equations, 

we can try to calculate the component temperatures, area 

ratios of two components and errors in our 

measurement. The first step was to record an initial 

composite temperature (TCQ), whose component temperatures we 

sought. Then we shaded the measured target, which was 

composed of black and white plywood pieces. As the 

temperature decreased, we recorded three composite 

temperatures (TC^, i = 1, 2, 3) with an infrared 

thermometer, which was set in the same position during all 

measurements. Now we can write another form of Eq. 3.15 

such that 

(L)C(TWi + 273)4 + (1 - L)C(TBi + 273)4 = C(TCi + 273>4 

+ E. 
1 

i = 0, 1, 2, 3 (6.5) 
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where L is the areal proportion of the white piece, TW^. and 

TBi are the temperatures of the white piece and the black 

piece, respectively, during the four measurements. 

In Eq. 6.5, there are 13 unknowns. These are L, TBi, 

Tt^, Ei(i = 0, 1, 2, 3), among which we need L, TWQ, TBQ 

and Eq. We have only 4 equations, so we need to use the 

relationships discussed in the paper (Section 1 and 2 of 

Chapter 3, and Eq. 5.16) to find other equations which are 

ATW = SW(ATC) 

ATB = SB(ATC) (6.6) 

AE = SE(ATC) 

that is 

TW± = TWq - SW(TCQ - TC^) 

TBi = TBq - SB(TCq - TCi) (6.7) 

E± = EQ - SE(TCq - TC^) 

i = 1, 2, 3 

where SW, SB are functions of L only, SE is a function of L 

and TCQ. Then substituting Eq. 6.7 into Eq. 6.5, we can 

solve the equations and obtain the values of TWq, TBq, L and 

V 
If absolute temperatures are used, Eq. 6.5 becomes 

LCTWq - SW(TC0 - TCi)34 + (1 - DCTBQ - SB(TCQ - TC^) D4 

-TCi4 - CEq -SE(TCQ - TCi)3/C = 0 

i = 1, 2, 3 (6.8) 
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One way to solve Eq. 6.8 may be 

a), to make n (n > 4) measurements of TC using the 

"shad i ng me thod", 

b). to define 

EE = left hand of Eq. 6.8 

c). to choose L, TBQ, TWQ such that 

21 EE| = Min. 
i=1 

Also in the field situation we should be able to 

calculate plant temperatures, soil temperatures, plant 

areas and soil areas under the fixed field of view of an 

infrared thermometer. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

This study has revealed some properties of composite 

temperature and component temperature as measured by an 

infrared thermometer (IRT). From these properties, two 

approaches are obtained. These approaches may be used to 

separate component temperatures from composite measurements. 

For agricultural purposes, we can use these methods to 

extract plant and soil temperatures from measured 

composite temperatures. 

If ratios of component to a total measured area 

under a field of view are known, calculations of component 

temperatures are very simple when the first method is used. 

If numerical methods can be found to solve Eq. 6.5, the 

second method can be used more widely, because needed data 

for the calculations will be composite temperatures only, 

which are easy to measure with the "shading" method. 

Recommendations for Further Research 

1). If we can solve Eq. 6.8, similar equations 
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can be used to solve for component temperatures of measured 

targets with more than two components. In field situations, 

it will be possible to obtain temperatures of sunlit soils, 

shaded soils, sunlit plants and shaded plants in such a way. 

2). The constants in Table 6.2 were derived from 

experimentation. However, it would be useful to relate 

these constants to intrinsic properties of different 

targets such as different materials, soils and plants, and 

to obtain general functions in order to use approach 1 

practically and widely. 

3). If these relationships are used for measuring 

soil water content, it may be expected that the drier soils 

are, the steeper the slopes of the linear relationships, so 

these methods may be used to determine soil water content. 

Furthermore, they may be used to measure soil water 

evaporation. 

4). The linear relationship and the constant 

relationship should be true for a measured target with more 

than two components. It will be more interesting and more 

meaningful to find behaviors of the conjugate constraint and 

other properties in such cases than in only two components. 

We derived the linear relationship between composite 

temperature differences and component temperature 

differences from the Stefan - Boltzmann Law, and made many 

assumptions during the derivation. However, the very good 
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linear relationships from the experiments, which are almost 

linear functions, imply that these relationships may be 

independent of the Stefan - Boltzmann Law, which is a non

linear function. 



APPENDIX A: DATA 

LABORATORY EXPERIMENTS 
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Appendix A.l Data for measured target 
with two components 

Date L TC TW TB 

°C 

Nov.26 0.205 37.9 29.3 43.9 
(1984) 38.0 29.7 44.0 

36.2 28.7 41.1 
35.1 28.4 39.6 
34.2 28.2 38.2 
33.3 27.7 37.1 
35.0 29.7 39.3 

Nov.28 0.608 32.4 30.4 38.5 
(1984) 31.3 29.5 36.9 

30.4 28.7 35.4 
29.9 28.4 34.2 
28.9 27.8 32.6 
28.4 27.6 31.7 

Dec.9 0.463 38.6 31.8 45.0 
(1984) 36.8 30.9 40.0 

35.0 30.3 38.0 
33.9 29.7 36.4 
32.7 29.2 34.8 
31.4 28.6 33.6 
30.6 28.1 32.1 
34.6 29.7 38.2 
33.6 29.3 36.8 
32.7 29.1 35.4 
31.7 28.7 33.8 
30.6 28.2 32.6 
29.5 27.8 30.8 
28.8 27.6 29.8 

Dec.24 0.06 37.3 27.9 38.5 
(1984) 34.2 27.0 35.2 

33.3 26.9 35.0 
32.5 26.8 33.7 
31.7 26.3 33.1 
31.1 26.3 32.2 
30.6 26.3 31.7 



Appendix A.l — continued 

Date L TC TW TB 

°C 

Dec.24 0.313 33.6 28.0 37.5 
(1984) 34.3 28.2 39.0 

34.8 28.5 39.5 
35.3 28.7 40.0 
34.1 27.9 38.2 
33.0 27.6 36.7 
32.3 27.4 35.8 
31.5 27.2 34.5 
30.7 26.8 33.5 
30.1 26.5 32.7 

0.840 28.2 27.6 36.1 
28.8 28.1 38.2 
28.1 27.5 36.2 
27.6 27.2 34.6 
27.1 26.8 33.3 
26.7 26.4 32.1 
26.4 26.2 31.4 

Dee.31 0.182 42.1 31.0 45.6 
(1984) 40.5 30.6 43.3 

39.4 30.3 42.1 
38.3 30.1 41.3 
37.8 29.9 40.4 
37.1 29.4 39.3 
36.3 29.2 38.4 
35.7 28.9 38.1 
35.2 28.6 37.3 

0.500 35.7 30.0 42.7 
34.6 29.5 40.9 
34.1 29.3 40.2 
33.3 29.0 38.9 
32.8 28.9 38.2 
32.3 28.7 37.3 
31.9 28.5 36.8 
31.4 28.2 35.9 



Appendix A.l continued 

Date L TC TW TB 

oc 

Jan.4 0.509 37.7 32.0 45.6 
(1985) 36.5 31.5 44.4 

35.8 31.3 43.1 
34.9 30.8 41.5 
34.2 30.5 40.3 
33.7 30.2 39.5 

0.779 32.9 
32.4 
31.8 
31.2 
30.6 
30.0 
29.6 

31.3 
30.6 
30.4 
30.0 
29.5 
29.1 
28.9 

43.0 
41.8 
40.9 
38.9 
37.4 
36.0 
34.7 

Jan.4 0.943 31.1 30.8 42.3 
(1985) 30.5 30.2 40.9 

29.9 29.7 39.2 
29.5 29.4 37.6 
29.1 29.0 36.5 
28.7 28.7 34.9 

Jan.20 0.757 35.4 33.2 49.0 
(1985) 34.2 32.3 45.9 

33.5 32.0 44.6 
32.9 31.5 43.1 
32.2 31.1 41.4 
31.6 30.7 39.6 

0.500 36.4 
35.4 
34.7 
34.1 
33.5 
32.9 
32.3 
31.7 

32.0 
31.4 
30.9 
30.7 
30.5 
30.2 
29.8 
29.5 

43.9 
42.0 
41.2 
40.1 
39.0 
37.8 
36.9 
35.8 
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Appendix A.2 Data for measured targets 
with three components 

Date L S TC TB TG TW 

°r L 

Dec.29 0.168 0.646 38.1 48.2 38.1 32.6 
(1984) 36.3 45.9 36.6 31.8 

35.2 43.4 34.9 31.2 
33.9 40.8 33.4 30.9 
33.3 40.0 33.0 30.2 
32.3 38.1 32.1 29.6 
31.7 37.0 31.6 29.3 
30.8 35.2 30.7 28.8 

0.547 0.277 33.0 41.8 36.5 31.0 
33.7 43.3 36.9 31.3 
34.3 44.2 37.6 31.5 
35.0 45.1 38.8 31.7 
34.2 43.0 36.4 30.9 
33.4 41.3 35.2 30.6 
32.9 39.3 34.1 29.9 
32.4 37.1 33.0 29.4 
31.9 34.9 31.4 28.8 
31.2 34.0 31.0 28.5 

Dec.30 39.8 45.0 36.9 30.7 
(1984) 38.1 43.0 35.3 29.7 

37.0 41.5 34.5 29.4 
35.1 39.6 33.6 28.9 
34.2 38.1 32.7 28.4 
33.5 36.9 32.0 28.3 
32.7 35.9 31.4 28.0 
32.0 35.0 30.9 27.7 
31.4 34.1 30.4 27.4 
30.8 33.2 29.9 27.3 
30.3 32.6 29.4 27.1 
29.8 32.0 29.1 26.9 
29.4 31.5 28.8 26.7 
28. 7 30.6 28.2 26.5 
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