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ABSTRACT 

Spectral reflectances of three soils covered with 

their native coarse fragments in the size range 93 - 156 mm 

were examined at five sun angle altitudes, (20, 25, 30, 45 

and 60 degrees), and at three different moisture conditions 

(dry, wet and moist). Analyses of the data showed that the 

balance between the shadowing effect of the coarse fragments 

on the soil surface and their relative brightness to the 

soil background determines whether the resultant effect is 

an Increase or a decrease of the soil spectral response. 

Reflectance Increased with sun angle altitude. 

Relative sensitivities of the spectral bands showed that the 

near infrared band was the most sensitive. 

Individual soil lines were derived for both the bare 

soils and the fragment-covered plots . Comparison of the 

lines showed that the errors in vegetation analyses due to 

the presence of fragments on the soil surface are less 

important, but can be significant, than those due to soil 

type differences. 

viii 



CHAPTER 1 

INTRODUCTION 

An important aspect of remote sensing is the 

quantitative determination of earth surface characteristics 

by analyses of spectroradiometric data collected by airborne 

sensors. Such analyses is often supported by similar ground 

based measurements. The radiation reflected back from the 

earth's surface is made of contributions from different 

components such as soil,vegetation, coarse fragments and 

moisture. A quantitative knowledge of each component's 

contribution would greatly enhance the utilization of 

remotely sensed data ( Huete, Post and Jackson 1984 ). 

In recent years, a lot of research has been done in 

order to better understand the nature of soil and vegetation 

reflectances. However, most of the work has been done on 

vegetation and on fine earth portions of soil. The presence 

of coarse fragments on the surface of soils introduces 

several physical , chemical and mlneralogical properties 

that affect the reflection and absorption of the incident 

radiation. Such reflection from fragments may confuse the 

overall response of plant canopies and may also confuse soil 
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type discrimination and moisture assessment. Hence, their 

presence plays an important role in the interpretation of 

soil and biomass conditions over rangelands. 

The objectives of this research are to: 

(1) examine the influence of coarse fragments on the 

reflectance behavior of soils , 

(2) find out how sun angle altitude affects soil-fragment 

spectral response behavior and 

(3) investigate how the soil line is affected by the 

presence of fragments on the soil surface. 

Factors that Influence Reflectance of Soils 

The general spectral behavior of soils has been 

studied by many workers. Bowers and Hanks (1965), Condit 

(1970) , Planet (1970), Stoner (1979)and Obukhov and Orlov 

(1964) examined parameters such as moisture and solar angles 

(azimuth , Incident and altitude). Stoner and Baumgardner 

(1981), Montgomery (1976) and Da costa (1979) studied the 

relationship between spectral reflectance and the chemical, 

physical and mlneralogical characteristics of soils. 

Moisture 

The influence of moisture on soil spectral 

reflectance has been investigated by Bowers and Smith 

(1965), Condit (1970), Cipra et. al (1971 ). In summary, 
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they reported that as soil moisture increases the 

reflectance decreases in all wavelengths particularly at the 

water absorption bands. Angstrom (1925) explained this on 

the basis of internal total reflections within the thin 

outer layer covering the soil surface. This explanation was 

later confirmed through experimental work by Planet (1970) . 

Surface Roughness 

The effect of surface roughness has not been 

examined extensively. Ciernlewskl (1984) reported that the 

Influence of surface soil clod structure of bare soils on 

their spectral response manifests itself through shadowing 

of soil surface in direct sunlight. He also found that In 

the wavelength range of 400 - 900 nm, the effect of soil 

self-shadowing on the reflectance increases with wavelength. 

In another study, Orlov (1966) quantitatively determined 

that reflectance of soils gradually and exponentially 

decreases with increasing size of aggregates. He also 

mentioned that the determining factor in the above 

relationship is the aggregate diameter and not the 

characteristic chemical composition of the soil. 

Sun Angle Altlude 

The dependence of spectral reflectance of soils on 

solar altitude, incidence and azimuth angles has been 



studied by Egbert and Ulaby (1972). A major conclusion from 

their study is that for low sun angle altitudes reflectance 

changes radically with the Incidence and the azimuth angles. 

Condit (1972) also mentioned that because scattering of 

light depends on wavelength, illumination decreases with 

Increasing air mass or decreasing sun angle altitudes. 



CHAPTER 2 

EXPERIMENTAL PROCEDURE 

The three soils used for this experiment are 

representative of the Hhitehouse and Comoro series from 

Santa Cruz county, Arizona. The study was completed at the 

University of Arizona Campus Agricultural Center. 

Experiments were conducted under clear sky conditions on 

July 12 , and August 12 and 13 , 1985. Reflectance 

measurements were made only at morning sun angles, based 

upon the local longitude (110.95 ) and latitude (32.29) as 

well as day of the year. 

Classlf1cation of the Soils 

TWo of the three soils, Whitehouse A and B , 

respectively came from the surface and subsurface horizons 

of Whitehouse soil which is classified as fine, mixed, 

thermic Ustolllc Haplargids (soil survey,1979). This soil 

series consists of soils that are .150 cm or more in depth. 

They formed in an old alluvium weathered from andesite, 

rhyolite, granite and tuffaceous material. These soils are 

in sloping areas (10 to 40 percent). 

5 
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The Comoro series consists of well drained soils 

that are also 150 cm or more in depth. This soil series is 

classified as loamy coarse sand, mixed, thermic Typic 

Torrifluvent (soil survey, 1979). The Comoro soils formed iri 

recent alluvium weathered from mixed rocks. They are on 

flood plains and alluvial fans. Slopes are 4 to 10 percent. 

Some physical properties of soils used are shown in Table 

2.1. 

Table 2.1. Some physical properties of the soils. 

SOIL 
PARTICLE SIZE 
DISTRIBUTION MUNSELL COLOR 

Textural % % % 
Class Sand Silt Clay Dry Wet 

N/house A Sandy 
loam 

78.4 14.7 6.9 5YR5/6 5YR4/4 

Sandy 
N/house B clay 

loam 
49 18 33 2.5YR4/6 2.5YR3/6 

^ Qo&rsG 
Comoro loamy 80 13 7 10YR5/2 10YR3/2 

sand 

* Particle size distribution was estimated by feel method. 



7 

Collection of the Data 

All soils were passed through a 2 mm sieve. Each 

soil was spread into 1.2 a by 1.2 m black boxes. The height 

of the soil in each box was 3 cm. Each soil was covered with 

gravel ( 93 to 156 mm size range) that came from its own 

natural fragments in order to obtain four different percent 

covers, the actual values of which are calculated later. 

Fragments that had considerably different color than the 

soils were avoided during sampling. Nevertheless, some of 

them were brighter (higher value) than the soils. In the 

field, fragments were coated with fine soil material which 

was either removed during handling and/or was rinsed off 

when moistening plots. One box (a control plot) was left 

bare for each soil. 

Spectral response measurements of dry plots ( soil 

plus fragments ) were made at 20, 25, 30, 45 and 60 degrees 

sun angle altitude using an EXO-TECH 100A radiometer with 

four TM spectral bands (0.48 - 0.52, 0.52 - 0.60, 0.63 

0.69, and 0.76 - 0.90 um) and a field of view of 15 

degrees. The data for the radiometric measurements of the 

soils are presented in the Appendix. The radiometer was 

hand-held during all measurements. This gives the advantage 

of smearing several readings over the target,so that the 

mean spectral response Is obtained by averaging measurements 
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taken from a larger and therfore more representative area 

than is possible to obtain with a mounted instrument (Bass 

and Fuks ,1979 ). 

Ten readings were taken per plot and the average was 

used to calculate the reflectances. A reading from a barium 

sulphate reference plate was taken before and after 

measurements at each sun angle.The whole procedure took 

about 3 minutes. Reflectance was the average sample reading 

divided by the reference plate reading and multiplied by 

plate reflectance properties. 

The percent fragment cover was derived from 35 mm 

slides taken at the time of measurement. The slide was 

projected on a screen that had been divided into small 

squares. Percent cover was determined as the ratio of the 

area on the screen occupied by the fragments to the total 

area of the slide on the screen. 

In a separate, but related experiment, the Influence 

of moisture on the reflectance of soils with fragments was 

studied. A set of three plots with two different percent 

fragment covers was arranged for each soil. Spectral 

measurements were taken at 35 and 60 degrees sun angle 

altitudes. He started with the measurement of dry plots, 

and then the top few millimeters were moistened to get a wet 

reading. After waiting for few minutes a moist reading was 



obtained. Ideally, a dry reading should follow the moist, 

but because of a rapidly changing sun angle, this could not 

be done. 



CHAPTER 3 

RESULTS AND DISCUSSION 

Figures 3.1, 3.2 and 3.3 show plots of reflectance 

against wavelength In micrometers for all three soils 

and fragment covers. The curves within a soil type 

correspond to different percent fragment covers. The 

reflectance of Hhitehouse A and Comoro soils decrease with 

percent cover, while that of Hhitehouse B increases from 0 

through 56 percent and then decreases at 100 percent cover. 

The decreasing reflectance observed in the first two soils 

is due to the shadow of the fragments. The mostly linear 

relationship between cover and reflectance in Figures 3.4 

and 3.5 indicates that reflectance decreases proportionally 

with the shadow of the fragments on the soil surface. 

The reflectance behavior observed in Hhitehouse B 

(Fig. 3.6) soil can be interpreted as the combined influence 

of two opposite effects of fragments on soil reflectance. 

One of them is the brightness of the fragments relative to 

the soil background. This causes the reflectance to increase 

when the soil is darker. The other is the shadow of 

fragments which always tends to reduce it. So the initial 

10 



WAVELENGTH (UM) 

Fig. 3.1 Peflectanoe of W/house A at Different Percent Fragment Covers Versus Ifevelength. 



•' • i 

w u 
z < 
I-
u 
Ui 
.J u. 
Ul 
a: 

« ioox 

0. j. 

sun angle: 30 

-L X 

. 4  . 5  . 6  . 7  . 6  . 9  
WAVELENGTH (urn) 

Fig. 3.2 Beflectance of Oontoro at DLfferent Percent Eragment Govers Versus Wavelength. 

0  



111 
U 
z 
< 
I-u 
UJ 
J 
u. 
LU 
0£ 

30. 

25. 

20. 

15. 

10. 

5. 

0. 

sun angle 

. 4  . 5  . 6  . 7  . 8  
WAVELENGTH (urn) 

.9 

3.3 Reflectance of W/house B at Different Percent Fragment Covers Versus Wavelength. 



sun angle: 30 

20. 40. 60. 80. 100. 120. 
F R A G M E N T  C O V E R  ( X )  

Fig. 3.4 

30. 

25. . 

b# 20. t" 
Ld 

Z 15% 
< i 

h-

uj io.tr 
U-
Ul ^ 
K 5. 

T T T 

sun angle: 30 

N.-. TM4 

TM3 

*•« 
TM2 
—» 
TM1 

0. 20. 40. 60. 80. 100. 120. 
FRAGMENT COVER (X) 

Fig. 3.5 

Fig. 3.4 and 3.5 - Relationship Between Reflectance of W/house A (left) and 
Comoro (right) and Percent Fragment Cover. 



30. 

25. . 

« 20. . 

UJ 

z 15.1 < 
i-
u 
Ui 1n j 10. 
u. 
Hi 
on 

5. 

t 1 1 r 
sun angle: 30 

TM<4 

- TH3 
"—-» 

TMZ 

TH1 

—*• 
_L JL X 

0. 20. 40. 60. 80. 100. 120. 
FRAGMENT COVER «> 

Fig. 3.6 Relationship Between Beflectance of W/house B and percent fragment cover. 



16 

Increase of the reflectance from 0 through 56 percent cover 

and the following decrease at 100 percent (Fig 3.6) can be 

attributed respectively to domlnace of the first and the 
t 

second effects of fragments discussed above. No attempt has 

been made to study the two effects separately. 

Horvath (1981) studied the influence which different 

particle size fractions might have on the reflectance of 

range soils. He reported that the reflectance values of less 

than 2 mm fraction of the soils studied were significantly 

different from those of coarser fractions, while fine gravel 

(2 to 13 mm) and coarse gravel (13 to 76 mm) had reflectance 

values that did not differ significantly. Figures 3.1 and 

3.3, H/house A and B, respectively show similar results, 

while Comoro (Fig. 3.2) show a very small difference in 

reflectance between the bare soil and the plots covered with 

coarse fragments. 

Sun Angle Altitude and Reflectance 

To examine the effect of sun angle altitude on the 

reflectance of soil-fragment plots measurements were made at 

five sun angles. For each soil, reflectance data from a bare 

soil (control), a medium covered (50 to 60%) plot, and one 

with full cover ( 100%) were plotted separately against sun 

, 
.. .4 



angle altitude. See Figures 3.7 to 3.9 . Reflectance at 

all four TM bands are shown in these figures so that their 

relative sensitivities can be compared. 

Reflectance generally increased with sun angle for 

both bare and covered soils. However, a noticeable 

difference between the two is the more gentle slope 

associated with the curves of bare soils . The general trend 

observed in nearly all covered soils has two stages. The 

first stage, from 20 to 30 degrees sun angle, is marked by 

a rapid increase of reflectance. Egbert and Ulaby (1972) 

reported that rapid changes of reflectance occur at lower 

sun angles. In the second stage, from 30 to 60 degrees, the 

slopes become considerably more gentle and seem to remain 

steady. Since the shadow of fragments diminish 

proportionally with increasing sun angle, reflectance 

consequently increases at about the same rate, it is inter

esting to note that at 100 percent cover the curves for 

N/house B (Fig.9) almost did not show the first of the two 

stage trend discussed above. This again supports the idea 

mentioned earlier, that the brightness of the fragments 

compensated for their shadowing effect. 



TM3 

LO. 20. 30. 4Q. SO. BO. 70. 
SUN ANCUE 

(a) 

to. 20. ao. 40. so. so. 70. 
SUN ANCUE 

(b) 

10. 20. ao. 40. so. eo. 70. 
SUN ANCUE 

(C) 

Pig. 3.7 Variation of the Reflectance of W/house A with Sun Angle, (a) Bare Soil 
(b) 67 and (c) 100 Percent Cover. 

00 

fv 



k 

n so 

111 10. u 10. u io. 

* ̂  

30. 40. SO. EO. 70. 
SUN ANGLE 

(a) 

IO. 2D. 30. 40. SO. BO. 70. 
SUN ANCLE 

IO. 20. SO. 40. so. eo. 70. 
SUN ANCLE 

(b) 

Pig. 3.8 Variation of the Beflectance of Comoro 
(b) 62 and (c) 100 Percent Cbver. 

with Sun Angle. 

(c) 

(a) Bare Soil 

t 



A 
H u 

U 
u 
z < 
b 
u 
Ul 
J 
u. 
Ul 
or 

aa. —I—t 1 1 r 
SO. -

25. 
TM4 

20. -

IS. . X-31 -
•  "  • m  " *  

JO. - TM2 " 
s. TMl 

• »n •— "* 
Q. _.i 1 1 1 1 
10. 20. ao. 40. so. BO. 70. 

SUN ANGLE 

TM3 

TM2 
111 lO. Ul JO. 

1Q. SO. 30. 4Q. 50. SO. 70. 
SUN ANGLE 

ao. 20. 3D. 40. so. eo. 70. 
SUN ANCLE 

(a) 

Fig. 3.9 Variation of the Reflectance of W/house B with Sun Angle, (a) Bare Soil 
(b) 56 and (c) 100 Percent Cover. 

IN) e 

-'-V 
K 



21 

Sensitivities of the Bands 

All TM bands showed similarly the same general 

relationship between reflectance and sun angle altitude. But 

the sensitivities of the TM4 (NIR) and TM3 (red) were 

superior to those of the other two bands. The NIR band was 

the most sensitive of all. Figures 3.10 to 3.12 show the 

relative sensitivities of TM4 and TM1 to percent fragment 

cover and sun angle altitude for the three soils. 

Even though there were some differences from soil to 

soil, a few similarities were present in all soils. For 

example, all three figures show that the effects of sun 

angle altitude and fragment cover are not Important in TM1 

(blue) as they are in TM 4 (near Infrared). As for the other 

two bands , TM3 (red) had a trend simillar to TM 4 with a 

close but lesser sensitivity. On the other hand , TM2 

(green) band had a higher reflectance than TM1, but the 

sensitivities with which they displayed the effects examined 

were almost the same and much less than those of TM4 and 3. 

The reflectance in the near infrared band of the 

bare soils and their plots covered with fragments were 

examined at different sun angle altitudes, since any 

difference that existed between the various pecent fragment 

covers would be displayed with the maximum sensitivity. See 
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See Figures 3.10 to 3.12. Considering the line of each bare 

soil as a baseline , the behavior of its covered plots was 

studied. 

The lines corresponding to different fragment 

covers of W/house A deviated to lower reflectance values and 

the spacings between them are greater at lower sun angles. 

This emphasizes that the presence of fragments is important 

at low (less than 30 ) sun angles. The overall behavior of 

Comoro soil was similar to that of N/house A, But notice 

that its lines are not only less separated but also tend to 

converge at around 60 degree sun angle altitude. 

Unlike the other two soils r the lines of N/house B 

deviate from their baseline towards higher reflectance 

values. However , at around 20 degrees sun angle altitude , 

both 56 and 100 percent cover lines dropped below the 

baseline. That means that these two plots are darker than 

the bare soil. Alsor the 100 percent cover line is below 

that of 67 for nearly the entire range of sun angles tested. 

These two observations together Indicate that even in the 

cases where fragments are brighter than the soil background, 

shadowing of the fragments may overcome their brightness. 



Moisture Effect 

The presence of mlosture reduced the reflectance at 

all TM bands. This is due to the total Internal reflections 

within the thin layer of water on the soil surface 

(Angstrom 1925). But the relationship between percent 

fragment cover and the reflectance remained unchanged for 

all soils regardless of the moisture. This can be seen in 

figures 3.13 to 3.15 . The separation of the lines of 

different covers in W/house A and B was reduced when dry 

plots were moistened. Spacings between the lines of Comoro 

were not affected by miosture. 

Soil Lines 

The soil lines in figures 3.16 , 3.17 and 3.18 show 

how the presence of fragments on the soil surface affect the 

soil line which tries to normalize soil behavior for 

improved vegetation studies. All soil lines were calculated 

using the data collected at 60 degrees sun angle altitude. 

The brightness values of Hhitehouse A and Comoro decreased 

by 2.56 and 0.67 units respectively as percent cover on the 

soils increased from 0 to 54 and 64 percent respectively. 

The shadowing of the soil by the fragments is responsible 

for the reduced brightness in these soils. On the other 

hand, an Increase of about 7 brightness units ocuured when 
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the cover on Whitehouse B changed from 0 to 56 percent. As 

mentioned earlier, this is due to fragment brightness 

dominating the shadowing effect. It is also important to 

mention that the thin soil coating on the fragments in the 

field has been removed during sieving and moistening of the 

plots. This has further Increased the relative brightness of 

the fragments which is partially responsible for the higher 

brightness values observed in W/house B. 

Various investigators (Colwell, 1974; Richardson and 

Hlegand, 1977; Tucker, 1979; and others) developed different 

vegetation indices in attempts to eliminate soil background 

effect for improved vegetations studies. Huete et 

al. (1984) reported that the use of individual soil lines 

reduced soil background sensitivities and Increased the 

accuracy of greenness measurements, especially at low 

vegetation densities. 

In general, the presence of coarse fragments 

increased apparent greenness values except for N/house A 

Where the soil line at 54 percent cover showed a lower 

greenness value than the bare soil. The range in greenness 

for all plots of the three bare soils was 3.18. Nhen 

compared to the greenness value of full vegetation cover 

(34.15) , this would be equivalent to a 9.3 percent 
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vegetation cover. See Figures 3.19 and 3.20. The greenness 

for all soils and their covered plots were calculated using 

Kauth - Thomas (1976) coefficients specific for each plot 

tested. Such greenness has no relation with that of real 

vegetation. Table 3.1 and 3.2 show the brightness, greenness 

and global coefficients of the three bare soils. 

Table 3.1 Brlghtess and Global Coefficients of Bare Soils. 

SOIL TM1 TM2 TM3 TM4 

N/house A .2793 .4237 .5867 .6309 

N/house B .1630 .3032 .5580 .7549 

Comoro .3026 .4243 .5256 .6723 

Global .2077 .3782 .6061 .6681 

Table 3.2 Greenness and Global Coefficients of Bare Soils. 

SOIL TM1 TM2 TM3 TM4 

N/house A -0.1621 -0.2956 -0.5391 .7717 

N/house B -0.1377 -0.3011 -0.6804 .6536 

Comoro -0.2359 -0.3489 -0.5267 .7382 

Global -0.1772 -0.3154 -0.5621 .7436 
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Table 3.3 shows the difference In greenness among bare soils 

and their fragment covered plots. 

Table 3.3 Greenness of bare soils and covered plots. 

G(max)-G(min) 
SOIL G(max) G(min) G(max)-G(mln) % 

G(green point) 

Bare 3.69 0.51 3.18 9.31 
Soils 

H/house A 4.41 2.64 1.17 5.18 

W/house B 3.09 1.70 1.39 4.07 

Comoro 3.48 2.87 0.61 1.79 

In the above table G(max) and G(min) are the maximum 

and the minimum greenness and G(green point ) is the value 

of greenness at full vegetation cover.The percent ratio of 

the two is the error introduced in estimating the greenness 

index. Such error is 9.31 for bare soils and 5.18r 4.07 and 

1.79 respectively for the covered plots of N/house A , B and 

Comoro soils. This means that the error introduced by 

percent fragment cover in estimating greenness is less 

important than the one due to soil type , but still may be 

significant. 



CHAPTER 4 

CONCLUSIONS 

The reflectance of H/house A and Comoro soils were 

reduced, and that of H/house B was increased by the presence 

of their native fragments on the surfaces. The balance 

between the shadowing effect of fragments and their relative 

brightness to the soil background determines wether the 

global effect Is an increase or decrease of reflectance. 

However, a separate study is needed to understand better the 

interaction between them and the resultant effect they have 

on the reflectance of soils. 

Reflectance of both bare soils and covered plots 

increased with sun angle altitude, with most of the change 

occuring at sun angles below 30 degrees. The near Infrared 

band (TM 4), followed by the red (TM 3), showed the highest 

sensitivity to both the effects of coarse fragments and sun 

angle on the reflectance. The sensitivities of the other two 

bands were much lower. The presence of moisture reduced 

reflectance of the soils in all TM bands. It also reduced 

any change of reflectance due to coarse fragments in H/house 

A and B and had no effect on Comoro. 
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A close look of Figures 3.1 to 3.3 and 3.13 to 3.15 

indicates that the presence of coarse fragments is important 

at long wavelengths (.63 to .90 um). Since no attempt to 

determine separately the effects of shadowing and brightness 

of the fragments has been mader a combined influence of the 

two is shown in the above mentioned figures. However, they 

seem to show a possibility that the brightness and the 

shadowing effects of fragments cancell out each other in 

short wavelengths (.48 to .60 um). A separate study of the 

two effects stands a good chance of revealing more 

information regarding the above statement. Such a study may 

show the existance of wavelength(s) in which the 

interference of coarse fragments in vegetation analyses is 

at a minimum. 

The brightness of W/house B Increased , while those 

of W/house A and Comoro were reduced with percent cover. 

Greenness , on the other hand , increased with cover for 

all soils except for soil A from 27 to 54 percent. The size 

range of the fragments used for this study was 93 to 156 

mm. A question worth asking could be what is the role of 

fragment size ? In other words, given the same percent 

fragment cover of fine gravel and cobbles, would the effects 

of fragment shadowing and brightness significantly be the 
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same ? Further study of the problem is needed to answer this 

question and also to understand better the some of the 

observations made in this study. 

However, even though there are still questions to be 

answered , this study indicated that the errors introduced 

by the presence of coarse (93 to 156 mm) fragments in 

estimating greenness indices are less important, but may be 

significant, than those due to soil type differences. 



APEENDIX A 

EXPERIMENTAL DATA 
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EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM4 Cover(%) 

W/house B 

7:07, .1632, .3431, .3463, .3977 Plate 

7:07, .0028, .0339, .0579, .0943 0% 

7:08, .0056, .0440, .0691, .1040 24% 

7:08, .0077, .0490, .0750, .1067 39% 

H/house A 

7:09, .0111, .0595, .0857, .1337 0% 

7:09, .0110, .0586, .0838, .1268 30% 

7:09, .0107, .0566, .0815, .1172 36% 

Comoro 

7:10, .0104, .0497, .0638, .1078 0% 

7:10, .0103, .0492, .0619, .1019 29% 

7:11, .0097, .0475, .0591, .0981 36% 

7:11, .1845, .3755, .3965, .4468 Plate 

Sun angle altitude: 20 degrees July 12,1985 



EXPERIMENTAL DATA 

Target reading in milivolts 

TIME TM1 TM2 TM3 TM3 C0VER(%) 

W/house B 

7:35, .2497, .5352, .5386, .6204 Plate 

7:35, .0064, .0467, .0842, .1352 0% 

7:36, .0108, .0621, .1006, .1509 24% 

7:36, .0134, .0688, .1067, .1542 39% 

H/house A 

7:36, .0185, .0851, .1259, .1946 0% 

7:36, .0179, .0831, .1202, .1805 30% 

7:37, .0176, .0811, .1165, .1700 36% 

Comoro 

7:37, .0170, .0696, .0900, .1510 0% 

7:38, .0169, .0692, .0880, .1458 29% 

7:38, .0157, .0656, .0829, .1375 36% 

7:38, .2603, .5605, .5554, .6410 Plate 

Sun angle altitude: 25 degrees July 12, 19£ 



EXPERIMENTAL DATA 

Target reading In millivolts 

TIME TM1 TM2 TM3 TM4 COVER (%) 

N/house B 

7:55, .3096, .6561, .6312, .7127 Plate 

7:55, .0088, .0545, .0975, .1572 0% 

7:56, .0142, .0734, .1175, .1724 24% 

7:56, .0184, .0838, .1289, .1810 39% 

N/house A 

7:57, .0257, .1080, .1587, .2409 0% 

7:57, .0236, .0992, .1443, .2114 30% 

7:58, .0239, .1016, .1457, .2117 36% 

Comoro 

7:58, .0230, .0864, .1109, .1830 0% 

7:59, .0228, .0865, .1102, .1827 29% 

7:59, .0216, .0824, .1047, .1726 36% 

8:00, .3330, .7108, .6780, .7732 Plate 

Sun angle altitude: 30 degrees July 12, 1985. 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM3 TM3 TM4 COVER <%) 

W/house B 

9:10, .5030, 1.0547, 1.0038, 1.1203 Plate 

9:11, .0174, .0862, .1551, .2433 0% 

9:11, .0265, .1146, .1939, .2795 24% 

9:11, .0309, .1275, .2016, .2856 39% 

H/house A 

9:11, .0418, .1618, .2317, .3513 0% 

9:12, .0413, .1612, .2306, .3408 30% 

9:12, .0412, .1583, .2278, .3260 36% 

Comoro 

9:12, .0380, .1294, .1660, .2737 0% 

9:13, .0394, .1337, .1717, .2809 29% 

9:13, .0363, .1244, .1589, .2572 36% 

9:13, .5194, 1.0891, 1.0416, 1.1595 Plate 

Sun angle altitude: 45 degrees July 12, 1985 



EXPERIMENTAL DATA 

Target reading In millivolts 

TIME TM1 TM2 TM3 TM4 COVER (%) 

N/house B 

10:20, .6732, 1.4024, 1.3365, 1.4807 Plate 

10:20, .0260, .1177, .2113, .3272 0% 

10:21, .0392, .1629, .2657, .3854 24% 

10:21, .0440, .1760, .2766, .3936 39% 

N/house A 

10:21, .0618, .2271, .3266, .4898 0% 

10:22, .0623, .2274, .3262, .4735 30% 

10:22, .0616, .2261, .3246, .4620 36% 

Comoro 

10:22, .0547, .1783, .2291, .3730 0% 

10:23, .0571, .1855, .2373, .3821 9% 

10:23, ..0555, .1800, .2299, .3696 36% 

10:23, .6914, 1.4219, 1.3675, 1.5034 Plate 

10:21, -.0044, .0007, -.0022, -.0067 Dark 

Sun angle altitude: 60 degrees July 12, 1985. 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM4 COVER (%) 

W/house B 

7:26, .2360, .5024, .4855, .4551 Plate 

7:26, .0139, .0700, .0992, .1326 0% 

7:27, .0109, .0580, .0848, .1073 56% 

7:27, .0167, .0796, .1120, .1661 100% 

N/house A 

7:27, .0129, .0662, .0977, .1291 0% 

7:28, .0120, .0644, .0914, .1202 67% 

7:27, .0112, .0559, .0704, .1177 100% 

Comoro 

7:29, .0135, .0618, .0719, .1198 0% 

7:29, .0134, .0588, .0712, .1103 62% 

7:27, .0091, .0472, .0558, .0899 100% 

7:30, .2372, .5051, .4876, .5481 Plate 

Sun angle altitude: 20 degrees August 12, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM4 COVER 

N/house B 

7:51, .2981, .6331, .6072, .6812 Plate 

7:51, .0100, .0629, .1040, .1564 0% 

7:52, .0193, .0873, .1243, .1651 56% 

7:52, .0171, .0790, .1170, .1536 100% 

N/house A 

7:53, .0247, .1059, .1506, .2240 0% 

7:54, .0189, .0863, .1254, .1673 67% 

7:54, .0168, .0815, .1145, .1574 100% 

Comoro 

7:54, .0151, .0661, .0848, .1409 0% 

7:54, .0168, .0694, .0845, .1345 62% 

7:55, .0196, .0770, .0948, .1478 100% 

7:55, .2933, .6274, .6108, .6794 Plate 

Sun angle altitude: 25 degrees August 12, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM3 COVER <%) 

W/house B 

8:11, .3669, .7813, .7561, .8435 Plate 

8:11, .0150, .0796, .1371, .2019 0% 

8:11, .0267, .1108, .1609, .2184 56% 

8:11, .0240, .1025, .1522, .1996 100% 

H/house A 

8:12, .0314, .1271, .1818, .2685 0% 

8:12, .0251, .1065, .1577, .2116 67% 

8:12, .0235, .1043, .1504, .2065 100% 

Comoro 

8:12, .0225, .0884, .1150, .1925 0% 

8:13, .0255, .0942, .1178, .1888 62% 

8:13, .0270, .0965, .1195, .1826 100% 

8:13, .3747, .7943, .7681, .8461 Plate 

Siin angle altitude: 30 degrees August 12, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM4 COVER (%) 

N/house B 

9:23, .5523, 1.1579, 1.0914, 1.1921 Plate 

9:23, .0250, .1185, .2040, .2943 0% 

9:24, .0421, .1633, .2397, .3207 56% 

9:24, .0401, .1587, .2333, .3062 100% 

N/house A 

9:24, .0492, .1865, .2658, .3867 0% 

9:25, .0408, .1626, .2361, .3175 67% 

9:25, .0398, .1616, .2318, .3128 100% 

Comoro 

9:25, .0374, .1337, .1721, .2815 0% 

9:25, .0418, .1427, .1788, .2802 62% 

9:26, .0439, .1470, .1798, .2735 100% 

9:26, .5622, 1.1739, 1.1071, 1.2050 Plate 

Sun angle altitude: 45 degrees August 12, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM4 COVER (' 

N/house B 

10:37, .6907, 1.4430, 1.3482, 1.4679 Plate 

10:38, .0336, .1499, .2571, .3701 0% 

10:38, .0546, .2057, .3021, .4064 56% 

10:38, .0562, .2136, .3073, .4099 100% 

W/house A 

10:38, .0633, .2321, .3277, .4725 0% 

10:39, .0559, .2109, .3082, .4134 67% 

10:39, .0563, .2168, .3107, .4180 100% 

Comoro 

10:39, .0548, .1837, .2346, .3777 0% 

10:40, .0598, .1945, .2410, .3757 62% 

10:40, .0637, .2034, .2496, .3765 100% 

10:40, .7075, 1.4693, 1.3792, 1.5023 Plate 

10:41, -.0046, .0024, -.0018, -.0063 Dark 

Sun angle altitude: 60 degrees August 12, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM3 COVER (%) 

W/house B (drv) 

8:30, .4050, .8566, .8135, .9123 Plate 

8:30, .0151, .0810, .1413, .2138 0% 

8:30, .0178, .0896, .1417, .2074 35% 

8:31, .0303, .1254, .1794, .2471 56% 

W/house A (drv) 

8:31, .0333, .1357, .1942, .2895 0% 

8:31, .0308, .1285, .1858, .2696 27% 

8:31, .0296, .1226, .1825, .2475 54% 

Comoro (drv) 

8:32, .0284, .1059, .1363, .2250 0% 

8:32, .0288, .1043, .1308, .2086 36% 

8:32, .0289, .1041, .1299, .2096 61% 

Sun angle altitude: 35 degrees August 13, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM4 COVER (%) 

W/house B (wet) 

8:33, .0078, . 0554,. .1028, .1591 0% 

8:34, .0100, .0642, .1042, .1606 35% 

8:34, .0140, .0754, .1192, .1724 56% 

W/house A (wet) 

8:35, .0151, .0782, .1214, .1948 0% 

8:35, .0139, .0724, .1158, .1749 27% 

8:36, .0126, .0704, .1150, .1638 54% 

Comoro (wet) 
* 

8:37, .0125, .0588, .0798, .1447 0% 

8:37, .0111, .0545, .0723, .1283 36% 

8:38, .0110, .0541, .0682, .1247 61% 

8:38, .4512, .9590, .9178, 1 .0307 Plate 

Sun angle altitude: 35 degrees August 13, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TMl TM2 TM3 TM4 COVER (%) 

W/house B (moist) 

8:49, .4790, 1.0164, .9625, 1. 0640 Plate 

8:49, .0132, .0761, .1356, • 2109 0% 

8:49, .0210, .1017, .1593, • 2352 35% 

8:50, .0326, .1348, .1954, • 2690 56% 

W/house A (moist) 

8:50, .0297, .1313, .1755, • 2799 0% 

8:50, .0317, .1369, .2026, • 3056 27% 

8:51, .0277, .1199, .1853, • 2532 54% 

Comoro (moist) 

8:51, .0229, .0950, .1197, m 2135 0% 

8:51, .0275, .1035, .1303, • 2168 36% 

8:51, .0278, .1030, .1302, • 2105 61% 

8:52, .4841, 1.0301, .9787, 1. 0933 Plate 

9:27, -.0047, .0032, -.0016, — • 0056 Dark 

Sun angle altitude: 35 degrees August 13, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM4 COVER (%) 

N/house B (drv) 

10:38, .7305, 1.5305, 1.4363, 1.5696 Plate 

10:38, .0275, .1346, .2373, .3599 0% 

10:39, .0367, .1613, .2678, .3806 35% 

10:39, .0530, .2057, .3039, .4154 56% 

N/house A (drv) 

10:39, .0562, .2160, .3128, .4575 0% 

10:40, .0553, .2160, .3134, .4520 27% 

10:40, .0506, .2057, .3024, .4172 54% 

Comoro (drv) 

10:40, .0551, .1859, .2362, .3788 0% 

10:40, .0573, .1900, .2384, .3746 36% 

10:40, .0558, .1854, .2336, .3682 61% 

10:41, .7326, 1.5283, 1.4291, 1.5627 Plate 

Sun angle altitude: 60 degrees August 13, 1985 



EXPERIMENTAL DATA 

Target reading in millivolts 

TIME TM1 TM2 TM3 TM4 COVER (%) 

W/house B (wet) 

10:42, .0171, .0946, .1662, .2542 

10:42, .0208, .1084, .1859, .2732 

10:42, .0268, .1251, .2012, .2884 

W/house A (wet) 

10:43, .0284, .1289, .1969, .3110 0% 

10:43, .0279, .1260, .1983, .3008 27% 

10:43, .0254, .1241, .1995, .2822 54% 

Comoro (wet) 

10:44, .0251, .0991, .1323, .2329 0% 

10:44, .0260, .0989, .1331, .2289 36% 

10:45, .0236, .0934, .1286, .2261 61% 

10:45, .7379, 1.5420, 1.4449, 1.5812 Plate 

Sun angle altitude: 60 degrees August 13, 1985 



EXPERIMENTAL DATA 

Target reading In millivolts 

TIME TM1 TM2 TM3 TM4 COVER (%) 

W/house A (moist) 

10:49, .7461, 1.5570, 1.4556 1.5945 Plate 

10:50, .0233, .1160, .2028, .3141 0% 

10:50, .0341, .1484, .2433, .3464 . 35% 

10.50, .0507, .2011, .2994, .4067 56% 

W/house B (moist) 

10.50, .0561, .2165, .3147, .4613 0% 

10:51, .0546, .2144, .3121, .4517 27% 

10:51, .0501, .2066, .3047, .4237 54% 

Comoro (moist) 

10:51, .0457, .1577, .2091, .3416 0% 

10:52, .0527, .1774, .2241, .3584 36% 

10:52, .0574, .1899, .2399, .3781 61% 

10:52, .7540, 1.5834, 1.4875, 1.6330 Plate 

10:53, -.0044, .0023, -.0020, -.0063 Dark 

Sun angle altitude: 60 degrees August 13, 1985 



Appendix A.l Reflectance of the Plate at 
Various Sun Angles. 

SUN ANGLE RELECTANCE (%) 

TMl TM2 TM3 TM4 

20 83.10 84.61 82.80 81.51 

25 84.80 86.10 84.20 83.10 

30 86.10 87.30 85.20 84.30 

45 90.80 91.50 89.20 88.70 

60 95.20 95.50 92.90 92.80 
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