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ABSTRACT 

Reflectance and temperature of bare field soil were 

measured to determine the relationship between soil water 

content and spectral reflectance and temperature. Reflectance 

in the six reflective Thematic Mapper (TM) wavebands plus a 

1.15 to 1.30 /xm waveband (referred to as MMR5) was measured 

using a ground-based radiometer across a soil water gradient 

provided by a line source sprinkler system. Temperature was 

measured using a hand-held infrared thermometer. The results 

of this study show that TM band 7 reflectance (2.05 - 2.30 ̂ m) 

provided improved estimates of surface soil water content (0 -

0.5 cm depth) over estimates using reflectance information 

from all seven TM bands. Good correlations were found between 

band ratio spectral indices of TM5/TM7, MMR5/TM7, and MMR5/TM5 

and surface soil water content. A soil temperature 

normalization utilizing daily values of maximum vapor pressure 

deficit was found to provide improved estimates of soil water 

content to depths greater than 0.5 cm over estimates using 

other temperature normalizations. 
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1. INTRODUCTION 

The need for accurate measurement of soil water content 

is of great importance to many areas of study. In agriculture 

it is essential for irrigation scheduling and for prediction 

of crop yields, pest and plant disease outbreaks (Idso et al, 

1975a). In hydrology, knowledge of soil water content may 

help locate shallow water tables, drought or flooded areas, 

and aid in predicting runoff. In engineering, it is essential 

for establishing slope stability, and in controlling erosion 

(Schmugge, 1980). In meteorology, knowledge of soil water 

content is essential for the large scale assessment of 

moisture flux into the atmosphere, and for many soil-plant-

atmosphere energy balance models (Skidmore et al, 1974). As 

world population increases and natural resources decrease, the 

estimation of soil water content will become increasingly 

important in helping optimize water use efficiency in 

agriculture (Jackson, 1981). 

Most field methods for determining soil water content are 

point measurements, and include gravimetric, neutron 

scattering, gamma ray attenuation, time-domain reflectometry, 

tensiometer, and hygrometer methods (Schmugge 1980). These 

methods have the advantage of providing accurate estimates of 

soil water content or potential, and can usually reach well 
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into the rooting zone of plants. These methods also share a 

major disadvantage that numerous samples are required to 

adequately characterize fields, and such sampling is often 

expensive, time consuming, and destructive to the soil. As 

soil water estimation becomes increasingly important, there 

is an increasing need for rapid, repeatable, and reliable 

estimations of soil water over large areas. Remote sensing 

techniques appear to have the potential for providing such 

estimates (Jackson, 1978). 

Remote sensing techniques involve the measurement of 

reflected or emitted electromagnetic radiation from some 

target such as the soil surface. It is widely agreed that 

there are three important regions of the electromagnetic 

spectrum for estimating soil water content: the reflected 

solar (0.3 - 3.0 /m) region, the emitted thermal infrared (8.0 

- 15 /.cm) region, and the emitted microwave (1.0 - 100 cm) 

region of the spectrum. Soil water detection in the third 

region can be done using radiometric (passive) and radar 

(active) techniques (Schmugge, 1980). 

Although research involving all three of the soil water-

sensitive regions of the spectrum have yielded some 

correlation between reflected or emitted energy and soil water 

status, such relationships only hold true in the top few 

centimeters of soil, depending on the particular waveband 
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used. Therefore, the ability to infer soil water status to 

root zone depths would greatly enhance remote sensing 

applications (Jackson, 1981). In arid and semiarid regions 

of the world, however, surface soil water estimations remain 

of extreme importance, because it is where rapid changes in 

soil water content occur soon after irrigation and rainfall. 

This layer is of special significance for plants in water-

sensitive germinating and seedling stages. Surface soil water 

status is also important in tillage, irrigation runoff, water 

and wind erosion, insect breeding, evaporation, and in many 

other factors that affect agricultural productivity (Farah et 

al, 1984). 

The purpose of this study is to investigate the ability 

of remote sensing techniques using reflected solar and emitted 

thermal regions of the radiation spectrum to measure surface 

soil water content. 
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2. EXPERIMENTAL THEORY 

Literature Review 

Reflected Solar Radiation Techniques: 

Soil is darker in appearance when wet than dry. This 

inverse relationship between soil reflectance and moisture 

content is not only well-documented but a familiar sight to 

anyone who has observed wet and dry soil. The relationship 

between soil water content and soil reflectance of shortwave 

radiation (0.3 to 4.0 /m) has been investigated in a number 

of studies. Angstrom (1925) explained that the lower 

reflectance of wet soil resulted from internal total 

reflection in the water film covering the soil surface. 

Curcio and Petty (1951) examined the infrared (0.7 to 2.5 nm) 

absorption spectrum of liquid water and located several strong 

water absorption regions for use in estimating soil water 

content. Skidmore et al. (1974) used these absorption bands 

to examine reflectance as soil water content increased, and 

found constant decreases in soil reflectance with the steepest 

slopes occurring in regions of strongest water absorption. 

Idso et al. (1975) correlated total albedo, normalized for 

solar zenith angle effects, with surface soil water content. 

A number of other studies (Bowers and Hanks, 1965; Planet, 

1970; Reginato et al., 1977) have also contributed to the 
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overall conclusion that there are two major effects of an 

increase in moisture content on soil spectral reflectance: 

a decrease in reflectance across the spectrum, where the 

relative decrease is nearly equal in all non-water-absorbing 

wavebands; and a relatively much greater decrease in 

reflectance at water-absorbing wavebands. Jackson et al. 

(1979) summarized the literature on methods of estimating 

surface soil water from reflectance and concluded that such 

methods have several important limitations. Reflectance-based 

methods are applicable only to bare, unvegetated soils, and 

are influenced only by a thin surface layer of soil. Surface 

soil moisture measurements, however, have proven to be useful 

in providing estimations of soil evaporation and 

susceptibility to wind erosion (Musick and Pelletier, 1988). 

Unfortunately, reflectance-based methods are strongly affected 

by variables other than soil moisture, including soil 

composition, texture, structure, and environmental conditions, 

all of which contributed to the general attitude that 

reflectance methods appeared to show little promise in 

estimating soil water content (Salomonson et al. 1983). 

Several recent studies, however, suggest that some 

features of the TM Tasseled Cap transformation may be useful 

in developing a reflectance measure of soil moisture (Crist 

and Cicone, 1984a,b; Crist et al., 1984, 1986; Musick and 
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Pelletier, 1986, 1988). The original 4-space Tasseled Cap 

transformation of Kauth and Thomas (1976) and other spectral 

indices including the Perpendicular Vegetation Index (PVI) and 

the Soil Brightness Index (SBI) of Richardson and Wiegand 

(1977) are based on the principles of orthogonal linear 

waveband combinations. Quantitative values for these indices 

are calculated by the Gram-Schmidt process, in which a cluster 

of points or pixels is selected that form the end points of 

the parameter to be indexed, such as soil water content, and 

appropriate unit vectors are calculated which form the 

coefficients of the indices (Jackson, 1983). Crist and Cicone 

(1984a,b) showed that the Brightness feature of the Tasseled 

Cap transform responded to changes in soil moisture. 

Another type of spectral index is waveband ratios. The 

technique of band ratioing in manipulation of satellite-based 

remotely sensed data is an important one due to the inability 

to take reference plate readings from space. Band ratioing 

eliminates the need for reference plate readings, by ratioing 

out the external factors that affect radiance readings equally 

in each waveband (Reginato et al. 1977). In 1986, Musick and 

Pelletier reported on the response of some band ratios at 

Thematic Mapper (TM) wavebands to variation in soil moisture 

in a laboratory experiment. They found that ratios of bands 

TM1, 2, 3, and 4 to TM5 and 7 showed no clear correlation with 
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soil water content, while the ratio of TM5/TM7 increased 

linearly with soil water content. 

Emitted Thermal Radiation Techniques: 

Emitted thermal energy has been correlated to soil water 

content in a number of studies. This relationship, however, 

is much more complex than that for reflected solar energy. 

Emitted thermal radiation from soil is a function of many 

parameters including air temperature, cloud cover, wind, 

relative humidity, time of day, season, and anything which 

affects soil temperature, in addition to water content and the 

soil properties. In contrast, reflected solar radiation is 

predominantly a function of the soil properties and water 

content if reflectance is normalized for changes in solar 

zenith angle. Therefore, in order to use emitted thermal 

energy, some means is required to eliminate all complicating 

input factors except change in soil water content (Idso et 

al., 1976a). 

Water has a much higher heat capacity than soil. As a 

result, when a soil is wetted, it becomes more resistant to 

variations in air temperature, than for a dry soil. The high 

heat capacity of water can also be recognized by the 

relatively much lower annual temperature amplitude of ocean 

water than continental land mass temperature amplitudes at the 
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same latitude for a given depth (Strahler and Strahler, 1987). 

This effect has been quantitatively described by the thermal 

inertia concept. The thermal inertia of a soil is defined as: 

I = (KpbC)0-5 

where I = thermal inertia 
K = soil thermal conductivity 

pb = soil bulk density 
C = soil volumetric heat capacity = E fsCs + fwCw +f0Ca 

where f denotes the volume fraction of each phase: solid (s), 

water (w) , and air (a) (Price, 1977) . The contribution of the 

air fraction can generally be neglected, while the water 

fraction has a significant effect on the thermal inertia of 

a soil because the specific heat content of water is more than 

twice that of soil minerals (Hillel, 1982). Thus the thermal 

behavior of a soil is controlled by its water content, as 

described by the thermal inertia concept. 

If the effects of environmental conditions on soil 

temperature could be removed by some normalization, then soil 

temperature would be a function of only its thermal inertia 

(moisture content). In 1974, Blanchard et al. described two 

significant temperature normalizations discovered by R. 

Jackson and T. Schmugge. These normalizations involved the 

use of daily temperature amplitudes to compensate for factors 

of environmental variability. The first normalization is the 

daily amplitude of surface soil temperature, and the second 
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is the daily maximum value of the difference between the soil 

and air temperatures. Idso et al (1975b) reported on the use 

of these normalizations. They found linear relationships 

between soil temperature normalized by either method, and soil 

water content at 0-2 cm and 0-4 cm depths; near-linear 

relationships using the surface soil temperature amplitude 

versus soil water content at the soil surface (< 1 cm) and 0-

1 cm depth; and curvilinear relationships using the maximum 

surface soil temperature minus air temperature amplitude 

versus water content at the soil surface and to 1 cm depth, 

with the curves' slopes approaching zero at approximately 0.15 

cirt3cm"3 for each normalization. This loss of sensitivity when 

the soil surface is wetted is apparently due to the 

complicating effect of evaporation from the soil surface 

(Schmugge, 1980). Such results indicate that surface soil 

temperature is most sensitive to soil water content averaged 

from 0 to 2, or 0 to 4 cm depths. In this particular study, 

Idso et al. also reported that the two temperature 

normalizations could be universally correlated to many soil 

types when soil water content is expressed in terms of soil 

water potential. This is a significant step in developing a 

universal relationship between remotely-sensed measurements 

and soil water content, regardless of the soil type. 

There are several complications in applying these two 
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temperature amplitude normalization approaches. When the soil 

surface is wet, evaporation of water from the soil is largely 

controlled by meteorological conditions, as in the first stage 

of soil drying described by Idso (1974). Thus surface 

evaporation, and hence surface soil temperature are more a 

function of meteorological conditions than moisture content 

during this stage of drying. Prediction of soil water content 

appears to improve considerably once the soil surface has 

dried, represented by a transition from stage one to stage 

two of soil drying (Idso, 1974). 

Another complication concerns the effect of soil surface 

reflectance on the soil temperature. On the one hand, a 

light-colored soil such as sand will absorb significantly less 

solar radiation than a dark-colored soil such as a clay, 

tending to keep the sand cooler than the clay, for a given 

water content. On the other, the textures of these two soil 

types will result in the clay having a larger water holding 

capacity, a larger thermal inertia, tending to keep the clay 

cooler than the sand. So the effects of color (reflectance) 

tend to counteract the effects of soil texture on water 

content. This complication can be largely ignored, though, 

as changes in thermal inertia from a dry soil to a wet soil 

may be an order of magnitude larger than the changes in 

reflectance from a dry soil to a wet soil (Mulders, 1987). 
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A third complication in applying the temperature 

amplitude approach is that although remote thermal 

measurements are sensitive to the surface layer of soil, they 

are influenced by subsurface changes in temperature induced 

by such occurrences as a shallow water table, or an 

underground river. Thus in certain circumstances remote 

thermal measurements may be sensitive to soil moisture content 

to some depth (Idso et al. 1975c). 

Reginato et al. (1976), found good agreement between 

ground based infrared thermometer (I-iT) and the thermal band 

airborne multi-spectral scanner measurements, and in situ 

temperature sensors located at the soil surface (<1 cm) . They 

also reported that thermal measurements hold promise for the 

remote assessment of soil water with depth due to influence 

of subsurface temperatures and heat transfer on the surface 

layer. Lascano and Van Bavel (1981) reported that remote 

thermal signals originate from the soil surface, but reflect 

processes in the entire soil profile. Blanchard et al. (1974) 

reported that remote thermal measurements reflect soil water 

to depths greater than 10 cm, and that a change in temperature 

of several degrees at the soil surface could be produced by 

subsurface temperature changes at depths greater than 10 cm. 

Rosema (1975) also reported that remote thermal measurements 

are subsurface water content dependent. Jackson et al. (1979) 
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cite several studies in which remotely-sensed thermal 

measurements were correlated to water contents at depths 

greater than 10 cm, such as in locating perched water tables. 

Emitted Microwave Radiation Techniques: 

There remains a third waveband of the electromagnetic 

spectrum, the microwave region, that has been found to be 

sensitive to soil water content to depths greater than 

reflected solar or emitted thermal wavebands. However, in 

this study, the utility of emitted microwave radiation to 

estimate soil water content was not treated due to the lack 

and expense of appropriate equipment and data. A summary of 

current microwave techniques is presented in Appendix A. 

Justification and Purpose 

If thermal measurements are sensitive to changes in water 

status at depths greater than those influencing reflectance 

measurements, then thermal measurements in conjunction with 

reflectance measurements might yield the necessary information 

to accurately assess soil water content across a wide range 

of values and depths (Blanchard, 1974). 

A preliminary study of reflectances and temperature from 

a variety of soil types from around the world (32 types) was 

provided by R.D. Jackson and A. Huete (personal 
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communication). It appears from this data that some 

combinations of soil reflectance and temperature (or 

normalized temperature) may yield better correlations with 

water content than using either region separately. Their data 

set was collected using an 8-band radiometer with wavebands 

similar to those of the Thematic Mapper (TM) satellite 

wavebands, where each soil type was placed in a shallow box 

and measurements were made at three soil moisture levels for 

each soil. Combination methods using reflectance and thermal 

information have been suggested by Blanchard et al. (1974) but 

not attempted. One type of combination would involve the 

employment of reflectance methods to estimate high levels of 

soil moisture, where thermal methods appear to be poorest, and 

thermal methods to estimate lower levels of soil moisture. 

Another type of combination could employ a band ratio or 

product of a strong water absorption band in the reflected 

region, with thermal information. 

This type of manipulation was performed on 25 of the 32 

soil types in the Jackson-Huete data set. By taking the ratio 

of TM band 7 (2.08 - 2.35 jLtm) to soil temperature 

(unnormalized), there resulted greater differentiation among 

the three moisture levels for every soil type, than for 

waveband 7 alone (Figures 1 and 2). Although absolute 

temperature values were used in this preliminary analysis, all 
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measurements were made in a period of less than two hours, so 

that effects of environmental variability were assumed to be 

minimal. It should also be noted that the temperatures 

recorded over these shallow soil boxes may not be 

representative of soil temperature changes in a real field 

setting. Based on the results of this preliminary study, it 

was hypothesized that measurements taken with an 8-band 

radiometer (reflective and thermal bands) of a field soil over 

a wide range of moisture levels would yield a good data set 

with which to attempt reflectance-temperature combination 

methods for estimating soil water content. 

The purpose of this research was thus threefold: to 

provide a field confirmation of some of the findings of Crist 

et al. (1984) and Musick and Pelletier (1986, 1988) concerning 

the use of spectral indices derived from reflectance in TM 

wavebands, and to further investigate the sensitivity of other 

TM reflectance derived spectral indices to soil water content; 

to further investigate the two temperature amplitude 

approaches discussed, and possibly develop an improved 

approach relating thermal data to soil water content; and to 

investigate some reflectance-temperature combination methods 

for estimating soil water content. 
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3. METHODS 

Experiment Design 

Basic Description: 

Soil radiance was measured using a Barnes 12-1000 8-band 

Modular Multiband Radiometer (MMR) which has wavebands 

corresponding to those of the Thematic Mapper with an 

additional bandpass at 1.15 to 1.30 /zm (Table 1). 

Table 1. Nominal bandpasses of the Thematic 
Mapper (TM) and Barnes 12-1000 Modular Multiband 
Radiometer (MMR). 

Wavelength (jum) TM Band MMR Band 

0.45 - 0.52 1 1 
0.52 - 0.60 2 2 
0.63 - 0.69 3 3 
0.76 - 0.90 4 4 
1.15 - 1.30 5 
1.55 - 1.75 5 6 
2.08 - 2.35 7 7 

Measurements were taken over the three day period of May 

7, 8, and 9, 1988, of the reflected solar radiation of soil 

over a wide range of moisture levels in various stages of 

drying in a field setting. The radiometer (provided by the 

United States Water Conservation Laboratory in Phoenix, 

Arizona) was mounted on a shoulder harness and held 

approximately 1.5 m above the soil surface. It has a 15° 

field-of-view, which translates to a circular viewing area of 



30 

80 cm diameter. Twelve measurements were taken per site, 

while the radiometer was moved back and forth several 

centimeters to minimize errors from sampling heterogeneity, 

and specular reflection from standing water or smooth rock 

surfaces in the field-of-view. These 12 measurements were 

averaged to yield one reading per site, for a total of 80 

sites. The 80 sites were sampled by systematically traversing 

a soil water gradient from the wet to the dry region, sampling 

six to eight sites per traverse. The soil water gradient was 

provided by a line source sprinkler system design which is 

described in detail in Appendix B. Eleven traverses across 

the soil water gradient were made over the course of the first 

three days of measurements, yielding a wide variety of spatial 

and temporal measurements of surface soil water content. 

Measurements at any given position could not be repeated due 

to the destructive sampling of the soil surface while other 

measurements were made. 

Although the line source provided uniformly variable soil 

water content gradients perpendicular to the sprinkler line, 

spatial trends of surface soil water content versus distance 

from the line source could not be made due to the drying out 

of the soil surface layer with time. Thus we assumed that the 

data set consists of radiance measurements versus surface soil 

water content measurements only. The sampling geometry of the 
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Table 2. Site sampling geometry of MMR/IRT measurements. 

Distance from 
Distance from line source (m) Approximate 

ID# end of field (m) 123456789 time and date 

A 40 X X X X X X X X 1100, 5-7-88 
B 43 X X X X X X X 1200 
C 46 X X X X X X X X 1400 
D 49 X X X X X X 1500 
E 52 X X X X X X X 1200, 5-7-88 
F 55 X X X X X X X 1400 
G 58 X X X X X X X X 1500 
H 61 X X X X X X X X 1600 
I 64 X X X X X X X X 1000, 5-9-88 
J 67 X X X X X X 1100 
K 70 X X X X X X X X 1400 
L 47 X X X X X X XXX X 1100, 5-13-88 
M 51 X X X X X X X X 1300 
N 60 X X X X X X 1500 
0 63 X X X X X X X X X 1200, 5-14-88 
P 65 X X X X X X XXX X 1400 
Q 73 X X X X X X X X 1300, 5-15-88 

radiance measurements is summarised in Table 2 and illustrated 

in Figure 3. Surface reflectance was calculated by ratioing 

surface radiance measurements with measurements over a 

calibrated barium sulfate standard. The reflectance standard 

was measured after a series of 2 to 3 sites (24-36 separate 

measurements). All of the raw reflectance data is presented 

in Appendix C. Immediately after each radiometer measurement, 

approximately 150 g of soil was collected to a depth of 

approximately 0.5 cm for gravimetric determination of dry mass 

water percentage (0m) . It was assumed that the soil water 
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content was fairly constant from the surface to a depth of at 

least 0.5 cm. At a water content of approximately 0.06 kg 

kg"1, a surface layer crust developed which also appeared to 

have a constant water content to a depth of at least 0.5 cm. 

Emitted thermal radiation measurements were also taken 

at the same time as the reflectance measurements, and over 

additional days on April 12, April 30, March 30, May 1, 13, 

14, and 15, 1988, using a hand-held Everest Interscience Model 

112 Infrared Thermometer (IRT). 

Simultaneous ground truth measurements to depths greater 

than 0.5 cm were made using time-domain reflectometry (TDR) 

and a surface neutron probe (described later). Both of these 

instruments had been calibrated with ring sampler gravimetric 

samples on April 30 and May 1, 1988. A comparison of the ring 

sampler and Oakfield probe gravimetric samplers is presented 

in Appendix D. A thorough discussion on the background theory 

and results of the TDR and surface neutron probe data is 

presented in Appendices E and F, respectively. The raw data 

for the calibrations of the TDR and the surface neutron probe 

is presented in Appendix G, while the raw TDR and thermal data 

is presented in Appendix H. 

Table 3 is a summary table of the measurement methods 

employed on each day of the experiment. 
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Table 3. Summary of measurements. 

Date: March April May 
3 30 12 30 1 7 8 9 13 14 15 

Irrig. length 
in hours 5 8 

in • 

CO 

12.3 0 6.5 0 8 8 0 0 
Catch cans X X X X X X X X X 
TDR X X X X X X X X X X 
Depth NP X X X X X X X X X 
Surface NP X X X X X X X X X X 
Ring sampler X X X 
Oakfield probe X X X 
Surface grav. X X X X X X X X 
IRT X X X X X X X X X X 
8-Band Radiometer X X X X X X 

A second experiment for this study was conducted in an 

attempt to better understand the influence of wetter and 

generally cooler subsurface layers on the thermal measurements 

of the surface layer. While the IRT measures the temperature 

at the soil surface, that temperature can be largely 

influenced by subsurface processes. The hypothesis or 

justification for this experiment was that surface soil 

temperature measurements using an IRT correlated with 

temperature measurements to greater depths would yield 

important information concerning what an IRT "sees" depending 

on the soil water content throughout the soil profile. 

The general description and results of this second 

experiment are presented in Appendix I. 
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Research Site: 

The research was conducted at the University of Arizona 

Campus Agricultural Center (CAC) in Tucson, Arizona (32° 17* 

N, 110° 57' W, elevation 710m above M.S.L.)/ during the spring 

and early summer of 1988. The research site consisted of a 

field of leveled bare soil 21m wide by 90m long, with the long 

axis oriented N-S. The soil is a Gila fine sandy loam, a 

series in the coarse-loamy mixed (calcareous), thermic family 

of a Typic Torrifluvent. Particle size analysis yielded 

average values of 60% sand, 30% silt, and 10% clay. Munsell 

color chart data correpond to 10 YR 6/3 for dry soil, and 10 

YR 4/3 for wet soil. The spatial variability of various soil 

parameters across the field plot was assumed to be negligible 

due to the relatively small size of the plot, and the highly 

mixed nature of the plowed layer. 

Reflectance Analysis Techniques 

The reflectance measurements were analyzed by the use of 

spectral curves, the Brightness index, and band ratios. 

Spectral curves are commonly used to represent 

reflectance data, where reflectance is plotted versus 

wavelength, and the relative magnitude and shape of the 

spectral curves are analyzed. The 80 sample sites were 

categorized into seven groups corresponding to water content 
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values of 0 to 0.04, 0.04 to 0.08, 0.08 to 0.12, 0.12 to 0.16, 

0.16 to 0.20, and greater than 0.20 kg kg"1. Reflectance data 

from each group were averaged to produce seven spectral curves 

(Figure 4). Maximum standard deviation for these values was 

0.05 reflectance units, occurring at a wavelength of 0.66 /an 

for grouped water content values of 0.04 to 0.08 kg kg"1. A 

normalization process was performed to eliminate the 

differences in magnitude and illuminate the differences in 

spectral curve shape, which were assumed to primarily be the 

result of water absorption corresponding to soil water content 

(Figure 5). The normalization process performed was 

Pn m "J (W)°-5. 

where pn is the reflectance and pn' is the normalized 

reflectance in band n. In Figure 5, the maximum standard 

deviation of 0.028 also occurred at a wavelength of 0.66 /xm 

for the grouped water content values of 0.04 to 0.08 kg kg'1. 

The Brightness index, the second method of analysis 

employed, is defined here as the first principal component of 

an orthogonal linear combination with its end points defined 

by wet and dry pixels respectively. Six sites each of wet 

soil (>0.22 kg kg"1) and dry soil (<0.01 kg kg*1) were selected 

and their reflectance values averaged to yield the end points 

of the Brightness scale. Brightness of all 80 sites was 
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calculated using information from all seven wavebands, as well 

as in all combinations of wavebands including individual 

wavebands. These calculations are summarized by Jackson 

(1983) and presented briefly here. For each band (n), 

bn = (Pd ~ /V n' where pD and pg are the averaged reflectance 

values for six dry and six wet pixels respectively. 

An = bn / (S bn2)0'5 where An is the coefficient of Brightness 

in band n. Thus, Brightness, X = A 1p1 + A2p2 + ... + A7p7 

using seven bands for a particular site. The Soil Brightness 

Index (SBI) is a simplified version of this calculation: 

SBI == AredPRED + AnirPNIR* 

The calculated Brightness coefficients for each of the seven 

wavebands utilized are given in Table 4. The magnitude of 

Brightness values depend on what particular combination of 

wavebands are utilized. Therefore the Brightness scale for 

each combination was normalized to a common scale using the 

equation; 

* = B 
v _ x max min 

where B = normalized Brightness value, 
X = unnormalized Brightness value, 
Xmin = minimum Brightness value, 

and X^ = maximum Brightness value 

for a given combination of Brightness wavebands. For clarity, 

a particular combination of wavebands in Brightness is 



expressed as, for example, Bw for Brightness using all seven 

MMR wavebands, or B7 for Brightness using only MMR band 7, 

where all B indices refer to MMR bands and not TM bands. 

Band ratios, the third method of analysis employed, were 

attempted for all possible combinations of the seven 

bandpasses. 

Table 4. Calculated coefficients for the 
determination of Brightness, with the dry 
and wet end point water contents at 0.007 
kg kg"1, and 0.22 kg kg"1, respectively, 
and (2 bn2)0'5 equal to 0.5447. 

MMR Waveband b Value A Value 
1 0.0905 0.1661 
2 0.1097 0.2014 
3 0.1439 0.2642 
4 0.1751 0.3214 
5 0.2110 0.3873 
6 0.2668 0.4898 
7 0.3308 0.6072 

Thermal Analysis Techniques 

The two normalization techniques described by Idso et al. 

(1975) are the daily amplitude of surface soil temperature, 

and the daily maximum value of the difference between the soil 

and air temperatures. Part of the data set that was used by 

Idso et al. in their study was acquired from the United States 

Water Conservation Laboratory (USWCL) in Phoenix, Arizona, for 

use in this study. This data set consists of soil 

temperature, air temperature, and other meteorological 
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measurements taken every 30 minutes over the course of most 

of March, 1971. In this research, the use of the first Idso 

normalization (daily surface soil temperature amplitude) was 

not possible due to the lack of minimum soil temperature 

values. Close examination of the USWCL data set revealed that 

for all but one day, the time of the daily maximum value of 

the difference between the soil and air temperatures (the 

second Idso normalization) occurred between 2:00 and 3:00 PM. 

Hence, only measurements taken between approximately 2:00 and 

3:00 PM were used to normalize temperature. In this study, 

surface soil temperature measurements were made all day of 

each day of measurements. However, each soil temperature 

value that was used as a maximum value was selected from the 

maximum soil temperature measurement for a given small range 

in volumetric water content (approximately 0.03 cm3 cm"3) to a 

depth of 5 cm, for any given day of measurements. 

The use of this new temperature normalization, as well 

as the use of new normalizations that attempt to incorporate 

more effects of meteorological conditions are investigated. 
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4. RESULTS AND DISCUSSION 

Reflectance Data 

Spectral Curves: 

The constant decrease in reflectance across the spectrum 

with increased soil water content can be clearly seen in the 

separate spectral curves given earlier (Figure 4). Based on 

the assumption that the relative differences in spectral curve 

shapes in Figure 5 were due primarily to water absorption 

effects, MMR wavebands 1, 2, 3, 4, and 6, showed little 

difference in normalized reflectance. Waveband 5 showed an 

increase in normalized reflectance with increasing soil water 

content relative to the other wavebands. This implies that 

of the seven MMR wavebands, reflectance in band 5 yielded the 

smallest decrease in response to water absorption. 

Reflectance in waveband 7 showed a large decrease in response 

to increasing water content. This is most likely due to the 

location of a strong water absorption region at 1.8 to 2.1 iim 

which partially overlaps the MMR 7 bandpass. 

Brightness Index: 

Results for all possible combinations of wavebands in 

Brightness yielded an inverse relationship between Brightness 

and soil water content. However, unlike the Bw results 
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reported by Musick and Pelletier (1988), all waveband 

combinations in the experiment yielded relationships that were 

closely approximated using two different linear equations, in 

the ranges of soil water contents from 0.06 to 0.11, and >0.11 

kg kg'1, respectively. In Figure 6, Bw are plotted versus 

surface soil water content to illustrate the distribution of 

Brightness values using all seven bands. Figure 7 illustrates 

the distribution of Brightness values using only MMR3 and 4 

(SBI) bands (B34) . Data presented in Figure 8 illustrate the 

Brightness values for B7. Correlations of Brightness for all 

waveband combinations versus soil water content at <0.06 kg 

kg"1 were poor. Although actual regresssion lines are plotted 

for this dry region in Figures 6, 7, and 8, a horizontal line 

through these points may be just as appropriate. 

The results of calculating three separate regression 

lines through each of the waveband combinations indicate that 

of all possible combinations of the seven MMR wavebands, B7 

yielded the highest r2 values for both the middle (0.06 to 

0.11 kg kg"1) and wet (>0.11 kg kg*1) range of soil water 

content, indicating the least relative amount of scatter, and 

thus the most accurate Brightness index of soil water content. 

Rz values for some of the waveband combinations are summarized 

in Table 5. By comparing r2|s for these various Brightness 

indices, it was found that B7, the Brightness index using 
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reflectance information from MMR7 alone, appeared to be most 

sensitive to soil moisture. Of all the possible waveband 

combinations, it was found that any combination that included 

MMR7 yielded the best relationships having the highest r2 

values, such as B67, or B567. Any combination that did not 

include MMR7 yielded data points with relatively more scatter 

and lower r2 values, such as (the SBI) , or B^. However, 

every possible Brightness waveband combination tested did 

yield some inverse correlation with soil moisture. 

In addition, every possible Brightness waveband 

combination generated similarly shaped plots of points, with 

a region of low slope and generally poor correlation between 

Brightness and water content from 0.00 to 0.06 kg kg"1, a 

region of steeper slope and higher correlation from 0.06 to 

0.11 kg kg"1, and a region of low slope and high correlation 

at water contents greater than 0.11 kg kg"1. These differences 

in type of response of Brightness to soil water content are 

thought to correspond to the three stages of soil drying in 

a field, as described by Idso et al. (1974). Idso et al. 

showed that albedo measurements could distinguish the three 

stages of a drying field soil. They found regions of low 

slope for albedo versus surface soil water content 

corresponding to the first and third stages of drying, and a 

region of higher slope corresponding to the second, 



46 

transitional stage of drying. Idso et al. (1974) also 

reported that the stage two to stage three transition appeared 

to take place at a volumetric water content of 0.06 cm cm3. 

Assuming that the surface soil layer has a relatively low bulk 

density (less than 1.4 g cm3), the dry range of water content 

in this research is quite close to that reported by Idso et 

al. (0.00 to 0.06 kg kg"1). 

Table 5. Correlation coefficients (r*) of some 
Brightness index combinations for two regions of 
soil water content using linear regressions. 

Waveband 0.06 - 0.11 kg kg"1 >0.11 kg kg"1 
Combination R2 Coefficient R2 Coefficient 

7 0.68 0.84 
67 0.66 0.78 
567 0.62 0.73 
4567 0.61 0.67 

6 0.61 0.66 
1234567 0.57 0.65 

5 0.48 0.30 
34 0.38 0.22 

1234 0.32 0.29 
4 0.41 0.19 

Band ratios: 

Any ratio combination without MMR7 (except for the 

MMR5/MMR6 ratio) yielded no correlation with surface soil 

water content. Band ratios of MMR7 to MMR1, 2, 3, and 4 

yielded some correlation with water content, but with 

substantial scatter. Although the ratio of MMR5/6 was well 

correlated to surface soil water content (r2 coefficient = 
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0.88), its slope was relatively flat. Ratios of MMR5/7, and 

6/7 were highly correlated to surface soil water content with 

steeper slopes, as illustrated in Figure 9, with R2 

coefficients of 0.92, and 0.97, respectively. The highly 

responsive, non-water-absorbing region measured by MMR5 proved 

to be an excellent ratio component when ratioed with a strong 

water absorption band such as MMR7. 

Thermal Results 

Figures 10 and 11 illustrate several aspects of the 

relationship between maximum soil surface temperature and soil 

water content. On every day of measurements, with the 

exception of May 7, 8, and 9, 1988, maximum soil temperature 

(Tsoil max) versus volumetric soil water content (0V) to a 

depth of 5 cm yields linear relationships with high 

correlations if each day is examined individually. Non-linear 

correlations also exist between Tsoil max and 0V for May 7, 8, 

and 9. Pooled maximum soil temperatures measured on May 13, 

14, and 15, 1988, also yield a well-correlated linear 

relationship with 0V. With this type of consistent pattern of 

nearly identical daily maximum air temperatures, a temperature 

normalization is not necessary at all, and the maximum soil 

temperature is linearly related to 0V to some depth. Figure 
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11 also illustrates how the maximum soil temperatures on May 

7, 8 and 9 are not linearly related to 0V. During all three 

of these days, there was little change in the maximum soil 

temperature between 8V values of 0.12 to 0.30 cm3 cm"3. 

The expected result of using the previously-described 

temperature normalization is to eliminate the differences in 

slope and intercept of the temperature-0v relationships for 

different days. Figures 12 and 13 illustrate the success of 

the maximum soil minus maximum air temperature (Tsoil max -

Tair max) normalization for all days except April 12, and May 

7, 8, and 9. While r2 values increased for the first four 

days of measurements (Figure 12), r2 values actually decreased 

for the other days of measurements (Figure 13) when using this 

normalization. 

Closer analysis of the weather patterns before, and 

during the 10 different days of data collection proved to be 

revealing. The last week of April and first few days of May 

were characterized by high temperatures in the mid 30's °C. 

A cold front hit southern Arizona on May 6, resulting in 

maximum air temperatures of approximately 25, 26, and 30 °C on 

May 7, 8, and 9, respectively. On May 11, air temperatures 

reached the upper 30's °C and remained consistently high for 

several weeks at least. The non-linear relationship between 
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Figure 10. Maximum soil temperature versus volumetric water 
content to 5 cm depth for March 30, April 12, 30, and May 1, 
1988. R coefficient = 0.32. 
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Figure 11. Maximum soil temperature versus volumetric water 
content to 5 cm depth for May 7, 8, 9, 13, 14, and 15, 1988. 
R2 coefficient = 0.62. 
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the maximum soil temperature and 0V with and without a 

temperature normalization for these days (May 7, 8, and 9) is 

thought to be the result of changes in maximum air temperature 

around these days. The high thermal inertia of wet soil seems 

to have caused higher 6y regions of the soil to remain warmer 

than regions of lower 0V. This would explain the non-linear 

behavior of the maximum soil temperature for these days. The 

reason for the separation of April 30 data from the other 

normalized data, however, remains unclear. 

While both the diurnal soil temperature amplitude and 

maximum soil temperature minus maximum air temperature 

normalizations described by Idso et al. (1975) may be 

effective throughout the year at different air temperatures, 

it appears that these normalizations may be ineffective when 

the change in day to day air temperature is very large. 

These results suggest the development of an alternative 

temperature normalization. The cooler air temperatures that 

developed on May 6 suggest that there were lower vapor 

pressure deficits (VPD) on May 7, 8, and 9 than on May 13 -

15. A lower VPD would tend to reduce evaporation over the 

wetter soils, and thus relatively higher soil temperatures 

would be expected to result on May 7, 8, and 9, before any 

normalizing for differences in air temperature. Thus VPD 
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might be a good normalizing factor because it is related both 

to the maximum air temperature, and to relative humidity. 

A series of empirical relationships incorporating VPD 

into a temperature normalization scheme were attempted in 

hopes of reducing the scatter that remained when using the 

Idso normalization. One possible normalization which appeared 

to reduce scatter was maximum soil temperature minus maximum 

VPD (in kPa) , or (Tsoil max - VPDmax). Figures 14 and 15 

illustrate (Tsoil max - VPDmax) versus 0V (to 5 cm depth). 

While r2 values decreased for the first four days, they 

increased substantially for the remaining days of measurements 

when compared to the correlation coefficients for Figures 12 

and 13, where the (Tsoil max - Tair max) normalization was 

used. 

This concept of using VPD in a temperature normalization 

was further explored in hopes of reducing the scatter 

occurring among different days. It was thought that by 

scaling VPD by some constant, all points in Figures 14 and 15 

would shift together more, resulting in reduced scatter. 

Simply by attempting different values of a constant (K) in the 

normalization of (Tsoil max - K*VPDmax), and examining 

correlation coefficients, it appeared that a value of K = 2.8 

yielded the least scatter and highest r2 values. 

Specifically, r2 values indicate reduced scatter for the 
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first four days, and slightly greater scatter for the 

remaining six days, but when points for all 10 days are 

plotted together, r2 values are increased. This normalization 

is plotted in Figures 16 and 17. The significance of the 

constant K = 2.8 remains unclear, although the term K*VPD of 

this normalization resembles a term in the Penman equation 

relating evaporation to a function of wind speed (U*VPD). 

Thus it was thought that perhaps a temperature normalization 

that incorporated wind speed (U) and VPD might be an 

improvement over other attempted normalizations. In Figures 

18 and 19, (Tsoil max - U*VPDmax) is plotted versus 0V to a 

depth of 5 cm. It is of interest to note that although the 

spread of data points using this normalization is slightly 

different from Figures 16 and 17, r2 values remain identical 

to those when a constant of 2.8 is used instead of U. Thus 

it appears that this newest normalization using wind speed is 

as of yet, incomplete. The development of a "better" 

normalization based on theoretical considerations will be 

explored further in future work. 

Points for all 10 days are plotted together in the next 

series of figures, along with the points from the 1971 USWCL 

data set, in an attempt to evaluate these temperature 

normalizations over a longer period of time. As can be seen 

in Figures 20 through 23, the greatest r2 value occurs when 
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using the (Tsoil max - VPD*2.8) normalization, for all points 

in both data sets. However, the (Tsoil max - U*VPDmax) 

normalization yielded nearly identical r2 values. 

In each of the following 12 figures, soil temperatures 

(with and without normalizations) are plotted against 

volumetric water content to a depth of 5 cm. Analysis of each 

temperature normalization versus 6y to the depths of 1, 5, 10, 

15, and 20 cm indicated that surface soil temperature appeared 

to be most indicative of the soil water content to a depth of 

5 cm. This is illustrated in Figures 24 through 28, in which 

the maximum soil minus maximum air temperature normalization 

was plotted against 6V at five different depths. In these 

figures data is plotted for May 9, 13, 14, and 15, as they 

were relatively "well-behaved" days compared to those of May 

7, and 8, 1988. Correlation coefficients (r2 values) for each 

of these plots were 0.72, 0.83, 0.80, 0.67, and 0.63, 

respectively. 
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Figure 14. Maximum soil temperature minus maximum VPD versus 
volumetric water content for March 30, April 12, 30 and May 
1, 1988. 
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Figure 15. Maximum soil temperature minus maximum VPD versus 
volumetric water content for May 7, 8, 9, 13, 14, and 15, 
1988. R coefficient = 0.70. 



M « 
£ 
Q 
Q, 
> 

I 
X d 
£ 

40 

3B -

36 

34 -

32 

30 -

20 -
26 -

24 

22 
20 

IB 

16 -

14 -

12 

3/3O/B0 

4/12/0B 

4/30/BB 

5/1/00 

O <*> O 

+ 
+ 

r, ° D DCQ D 
—1— 
0.1 

—t— 
0.2 

T 

56 

0.3 

VOLUMETRIC WATER CONTENT (0-5 cm) 

Figure 16. Maximum soil temperature minus (maximum VPD x 2.8) 
versus volumetric water content for March 30, April 12, 30 and 
May 1, 1988. R2 coefficient = 0.49. 
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Figure 17. Maximum soil temperature minus (maximum VPD x 2.8) 
versus volumetric water content for May 7, 8, 9, 13, 14, and 
15, 1988. R coefficient = 0.68. 
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Figure 18. Maximum soil temperature minus (mean wind speed 
x maximum VPD) versus volumetric water content for March 30, 
April 12, 30 and May 1, 1988. R2 coefficient = 0.49. 
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Figure 19. Maximum soil temperature minus (mean wind speed 
x maximum VPD) versus volumetric water content for May 7, 8, 
9, 13, 14, and 15, 1988. R2 coefficient = 0.68. 
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Figure 20. Maximum soil temperature versus volumetric water 
content for all data and USWCL data. R2 coefficient = 0.47. 
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temperature versus volumetric water content for all data and 
USWCL data. R2 coefficient = 0.55. 
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data. R coefficient = 0.58. 
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Figure 24. Calibration of normalized soil temperature versus 
soil water content to a depth of 1 cm. 

14 

12 - O 5/9/00 

A 5/13/08 
10 -

X 5/14/08 

V 5/15/80 

R"2 = 0.03 

-2  -

-4 -

- 6  -

-8 -

-10 

0 0.04 0.12 0.16 0.2 0.24 0.28 0.32 0.00 

VOLUMETRIC WATER CONTENT (0-5 cxn) 

Figure 25. Calibration of normalized soil temperature versus 
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Figure 27. Calibration of normalized soil temperature versus 
volumetric soil water content to a depth of 15 cm. 
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Reflectance - Temperature Combinations 

Many manipulations of reflectance and temperature 

combinations were attempted to increase the sensitivity of 

radiometric measurements to soil water content. In the 

preliminary study described previously (Figures 1 and 2) , the 

ratio of band 7 to soil temperature resulted in an increased 

sensitivity to surface soil water content (0m) for all 32 soil 

types. This manipulation (B7/Tsoil) was attempted using the 

MMR and IRT data correlated to a depth of 0.5 cm, resulting 

in extremely poor correlations with Bm. It is unknown why the 

use of the ratio manipulation used in the preliminary study 
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would completely fail when used on the data in this study. 

Instead of attempting ratioing, the Idso soil temperature 

normalization of (Tsoil max - Tair max) was multiplied by the 

reflectance in each waveband. Figure 29 illustrates the 

effect of this manipulation using reflectance data from MMR7 

with the temperature normalization. The slope of the figure 

from 0.00 to 0.06 kg kg"1 is relatively steep, suggesting that 

a combination of reflectance data in the middle infrared with 

a temperature normalization is sensitive to surface soil water 

content. The steep slope in this dry region can also be seen 

in Figure 24 which is a plot of normalized temperature versus 

surface soil water content. A comparison of Figures 29 and 

24 seems to suggest that there is little or no advantage in 

combining reflectance data with thermal data into one index, 

but rather that reflectance data and thermal data should be 

used separately to estimate different regions of soil water 

content. The apparent sensitivity of thermal measurements to 

surface soil water content from 0.00 to 0.06 kg kg"1 is clearly 

visible in Figure 24, and the lack of sensitivity of 

reflectance measurements to surface soil water content in this 

same region is clearly visible in Figures 6 through 8. The 

obvious recommendation of these observations would thus be to 

use thermal measurements to estimate surface soil water 

content up to 0.06 kg kg'1, and to use reflectance (MMR7) 
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measurements to estimate 0m greater than 0.06 kg kg"1. 

The use of thermal-reflectance combinations to estimate 

soil water content to depths greater than 0.5 cm does not 

appear to be feasible. IRT measurements are sensitive to the 

surface soil layer, but strongly reflect processes to greater 

depths, while reflectance measurements are sensitive to the 

surface soil layer regardless of subsurface processes. 

0.24 

SURFACE SOIL WATER CONTENT (0-1 cm) 

Figure 29. Normalized soil temperature multiplied by 
reflectance versus surface soil water content. 
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5. SUMMARY AND CONCLUSIONS 

These results provided a field confirmation of the 

correlations between several spectral indices derived from TM 

wavebands and surface soil water content reported under 

laboratory conditions (Musick and Pelletier, 1988). However, 

our field results yielded relationships between various 

combinations of wavebands used in the Brightness index and 

soil water content that required three different linear 

equations, in contrast to the single linear relationships 

reported by Musick and Pelletier (1988). In each Brightness 

correlation reported by Musick and Pelletier (1988), 

approximately five measurements were taken per soil type. 

This is compared to 80 sites, over a range comparable to a 

range of 0 to 0.24 kg kg"1 in this study. It is possible that 

more measurements in the Musick and Pelletier (1988) study 

might have yielded relationships between Brightness and soil 

water content closer co those we report. 

The practical implications of the Brightness index 

results indicate that remote sensing systems utilizing 

information from TM7 (MMR7), or some other waveband that 

partially overlaps a strong water absorption band, yield the 

best correlations with surface soil moisture. It is 

speculated that the use of a waveband that completely overlaps 
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a strong water absorption band might yield greater sensitivity 

to surface soil moisture. 

The use of the Brightness index (B7 or any waveband 

combination) appears to be sensitive to the transitions 

between the three stages of drying of a field soil (e.g. Idso 

et al. 1974). The two distinct changes in slope between 

Brightness and soil water content at 0.06 and 0.11 kg kg"1 seem 

to mark the transitions from an environmentally-controlled 

evaporation rate, to a transitional stage, to a soil-

controlled evaporation rate, the knowledge of which is 

imperative for economical and sensible irrigation scheduling. 

The results of the band ratio indices confirm that 

TM5/TM7 yields good sensitivity to soil moisture in the field. 

The strong sensitivity of band ratio MMR5/TM7 to soil moisture 

suggests that the ratio of a non-water-absorption waveband 

(such as MMR5) to a waveband that partially overlaps a strong 

water absorption region (such as TM7) may be the best possible 

waveband combination for use in band ratios. If this proves 

to be true, then it is suggested that satellite-based 

detection of surface soil water content would be improved by 

including another bandpass at a highly-responsive (non-water-

absorbing) region as 1.15 to 1.30 fim (MMR 5) for use as a band 

ratio component with TM7. 

Future research into soil reflectance should address two 
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related topics. First, different soil types have unique 

spectral responses based on their individual color, mineral 

and chemical properties in addition to variation due to water 

content. This research addresses the response of some 

spectral indices to the water content of one soil type. Some 

work has been done in attempting to correlate different soil 

types by replacing water content with the percentage of water 

retained at 0.1 bar tension (Musick and Pelletier, 1988), but 

the dependence of reflectance on a particular soil type 

remains a weak link in developing a universal relation between 

reflectance and water content. Second, the effects of 

atmospheric attenuation on radiance measurements needs to be 

addressed if a bandpass completely overlapping a water 

absorption band is employed in the detection of surface soil 

water content. Measurements made using ground-based 

radiometers might experience little or no effect from 

atmospheric water, while satellite-based measurements would 

experience substantial attenuation due to atmospheric water. 

In the emitted thermal region of the radiation spectrum, 

maximum soil temperature is linearly related to volumetric 

soil water content to depths from 0-5 to 0-20 cm, if daily 

maximum air temperatures remain consistent. If daily maximum 

air temperatures change slowly, a normalization process using 

the maximum soil minus maximum air temperature amplitude may 
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eliminate differences in air temperature and yield good 

correlations with 0V to some depth. If daily air maximum 

temperatures change rapidly, a normalization process that 

incorporates the maximum vapor pressure deficit may be more 

effective in eliminating differences in air temperature and 

establishing a predictive relationship between soil thermal 

properties and that soil•s volumetric water content. 

The use of thermal and reflectance measurements together 

appears to improve sensitivity to surface soil water content 

(0-0.5 cm) when normalized surface temperature is used to 

estimate soil water content from 0.00 to 0.06 kg kg"1, and 

reflectance (in the middle infrared) is used to estimate soil 

water content above 0.06 kg kg"1. Results of this study have 

shown that combinations of these waveband regions used 

together as a ratio or product is not recommended due to the 

differences in sensitivity to depth between the reflected and 

emitted thermal infrared regions of the radiation spectrum. 

The idea of predicting soil water content using remote 

sensing techniques has been addressed in this study. 

Reflectance in the middle infrared appears to be most 

sensitive to changes in surface soil water content, while soil 

temperature normalized for changes in environmental conditions 

appears to be most sensitive to changes in soil water content 

to a depth of approximately 5 cm. Future work should address 
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if these results are applicable to any weather conditions 

other than clear skies, and any area other than southern 

Arizona. 
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APPENDIX A 

EMITTED MICROWAVE RADIATION 

The emission of radiation from soil at microwave 

wavelengths is particularly sensitive to the dielectric 

constant of that soil. Water has a very high dielectric 

constant (80) relative to dry soil (2-5), so dielectric 

constant, and thus emitted microwave radiation, are 

proportional to soil water content. This response between 

microwave radiation and water in general explains why 

microwave ovens are used for cooking and why time-domain 

reflectometry (operated at microwave wavelengths) is sensitive 

to soil water content. 

Passive microwave techniques involve the use of 

radiometers to measure thermal microwave emission from the 

soil surface. Active microwave techniques involve the use of 

a transmitted radar signal at microwave wavelengths and a 

detector to measure the microwave backscatter coefficient from 

the soil. It has been found that this thermal emission is 

proportional to the product of the surface temperature and 

surface emissivity. This is known as the Rayleigh-Jeans 

Approximation. The product, or measured thermal emission, is 

often referred to as the brightness temperature, where 

TB = t(P*T sky + d-P^sou) + Tatm 

and t = atmospheric transmittance 
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p = soil surface reflectance 
Tsky = sky temperature 
(1-p) = microwave emissivity 
TsoU = soil temperature 
Tatm = atmospheric temperature 

The last term, Tatin, is often neglected when using wavelengths 

greater than 10 cm. It should be noted that the Rayleigh-

Jeans Approximation is an approximation assuming that 

microwave energy originates at the soil surface. In reality, 

this microwave energy originates within some volume of the 

soil. The quantity (1-p) * TsoU is therefore a simplification 

that assumes a uniform temperature throughout the emitting 

medium. So, the amount of emitted energy from the soil 

depends on the soil dielectric properties (or the soil 

moisture content) and the soil temperature at that point. If 

brightness temperature measurements are taken over soils whose 

moisture content is known, then a calibration can be 

established and moisture content can be predicted with only 

radiometer readings. (Schmugge 1974, 1978, 1980). 

The use of microwave measurements are not simple and 

straight-forward. Microwave emissions and backscattered 

signals are strongly influenced by the surface material, the 

surface roughness, the polarization and incidence angles, the 

amount of vegetative cover, as well as the moisture content. 

(Meier 1981). The sampling depth represented by a microwave 
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emission is dependent on both the wavelength and on the soil 

water content. As water content increases, the depth of 

penetration decreases, thus making it difficult to correlate 

ground truth with the remotely sensed data. However, many of 

the complex factors controlling microwave emissions can be 

overcome. Calculations using a radiative transfer model for 

layered dielectrics indicate that temperature brightness is 

determined by the moisture content in a layer approximately 

equal to one tenth of the wavelength received by the 

radiometer, or backscatter detector. This value is thus 

generally assumed in estimating the sampling depth, and the 

effects on sampling depth due to differing moisture contents 

are neglected. (Schmugge 1976). One important question 

involving the use of microwave emission is, which 

wavelength(s) is (are) appropriate for estimating soil water 

content? Microwave measurements are either measured by their 

frequency, in GHz, or by wavelength, in cm. Passive microwave 

emissions can be from 1.0 to 50 cm, but most commonly measured 

are the 1.55 and 21 cm wavebands. There are trade-offs for 

each. At longer wavelengths, sampling depth is increased, 

coverage of the moisture content range is increased, the 

ability to penetrate a vegetative canopy is increased, and the 

sensitivity to the effects of surface roughness is decreased. 

But the resolution is worse at a longer wavelength given some 



73 

altitude. (Schmugge 1978, Meier 1981). 

Most of the research concerning passive microwave 

radiometry of soil water status has been conducted using data 

from low-altitude aircraft flights of less than 1 km, or by 

using Skylab, or Nimbus-7 data. Most every study carried out 

has shown some kind of correlation between microwave 

temperature brightness and moisture content, whose results 

depend on the ability to normalize the various sources of 

noise. 

One of the first studies involved aircraft fly-overs in 

Phoenix, AZ, at altitudes of 0.9 km as discussed by Schmugge 

et al, (1974). This particular study illustrated two 

important points. First, that at a wavelength of 1.55 cm, 

there is little or no correlation between brightness 

temperature and water content at values less than 10 to 15% 

0V, whereas at a wavelength of 21 cm, there was a linear 

correlation across all water content values, 0 to 35% 0V. The 

second point is that brightness temperature at a given 

moisture content depended on the soil texture. Soon after 

this, Schmugge et al (1976) reported that the effects of soil 

texture could be normalized by expressing moisture content as 

the percent of field capacity of that soil. This is because 

the dielectric properties of a soil are dominated by the 

amount of free water in the soil, which is related to that 
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soil's texture. Schmugge also suggests that the non-linearity 

of brightness temperature to water content at 1.55 cm, for 0V 

values less than 10%, could be due to the fact that the ground 

truth data for 0V was gravimetric samples averaged over the 

top 15 cm of soil. At 1.55 cm, perhaps only 1-2 cm of soil 

is being sampled, and this top layer may have dried out more 

than the remaining 15 cm of soil. This is an on-going problem 

in the remote sensing of soil moisture: that point source 

measurements may or may not represent the much larger size 

sample being measured radiometrically. 

Many subsequent experiments have demonstrated a good 

relationship between microwave radiometric measurements and 

surface layer soil moisture. These experiments have been 

extended to studying radiometer measurements on board earth-

orbiting satellites. McFarland (1976) showed a strong 

correlation between the 21 cm brightness temperatures from 

Skylab, with the Antecedent Precipitation Index (API) for data 

obtained during a pass over the Texas and Oklahoma panhandles. 

The API values were calculated from all the rain gauges within 

a 110 kilometer "footprint". (McFarland 1976). Eagleman and 

Lin (1976) also used Skylab*s 21 cm radiometer measurements, 

but took them a step further than McFarland, by correlating 

brightness temperature with point measurements of soil water 

content within the footprint. Once again, however, it should 
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be noted that the radiometer was taking measurements of 

brightness temperature every 7 km across its swath, with a 

pixel size of 110 km, and it is very difficult to correlate 

many point measurements on the ground with those of such 

enormous resolution. 

After these initial studies were done by Schmugge, 

McFarland, and Eagleman, several more attempts were made to 

correlate brightness temperature with moisture content from 

satellite altitudes. It seems that these results were less 

successful because measurements were not made at the optimal 

frequencies suggested. 

Recently, Wang (1985) compared data for fly-overs of 

large-area sparse, and densely vegetated regions. He used 

measurements from the 21 cm radiometer on-board Skylab, as 

well as those of the Scanning Multichannel Microwave 

Radiometer (SMMR) on-board Nimbus-7. Wang found that the 

effect of vegetation previously observed by experiments at 

both ground level and aircraft altitudes was also observed by 

the satellite sensors. That is, that there is a decrease in 

the sensitivity of a microwave radiometer due to vegetative 

cover. When brightness temperature was related to the 

Antecedent Precipitation Index, Wang found that the slope of 

the regression line decreased over vegetated areas. Wang also 

found that measurements made at shorter wavelengths of 4.5 cm 
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(6.6 GHz) and 2.8 cm (10.7 GHz) from the SMMR on Nimbus-7 had 

difficulty in resolving brightness temperature at low values 

of the API (low moisture content). Wang concluded that longer 

microwave wavelengths can better resolve brightness 

temperatures at low Ov values, and that ambiguity is 

introduced when vegetation is present, regardless of 

wavelength observed. The only accurate method for 

distinguishing between sparsely and densely vegetated cover 

data points, is by having an independent means of estimating 

biomass of vegetative cover. Wang also concluded that this 

really only applies to the radiometric measurements made at 

longer wavelengths (21 cm) because measurements at shorter 

wavelengths over a densely vegetated region have substantial 

loss of sensitivity to soil moisture variation. 

Significant correlations between brightness temperature 

and moisture content have been established at both aircraft 

and spacecraft altitudes, using both passive and active 

techniques. Sensors at both altitudes have demonstrated the 

ability to provide the spatial and temporal coverage necessary 

for the optimum utilization of surface soil moisture content 

information. Calibrations must be made for every study and 

every over-pass until all effects of soil type, vegetative 

cover, surface roughness, and any other factors can be 

completely normalized. Some of these noise effects have been 
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overcome. Effects due to different soil textures are 

eliminated by taking moisture content as the percent of field 

capacity of that soil. Effects due to polarization 

orientation and incidence angle can be eliminated simply by 

consistently taking mesurements at the same orientation and 

angles. (Schmugge 1976). Variations due to surface roughness 

effects are minimized by taking measurements at longer 

wavelengths (21 cm). Variations in brightness temperatures 

due to vegetative cover have also been thoroughly examined. 

Again, these variations can be minimized by taking 

measurements at wavelengths of 21 cm. If the degree of 

vegetative cover can be independently established, then the 

brightness temperatures can be adjusted (Theis 1986, Schmugge 

1985). 

Once all of the noise factors have been eliminated, or 

accounted for, the final limitation in the use of microwave 

emission for determining surface soil moisture is, what to use 

for ground truth. Both spatially and temporally, it is 

difficult to correlate multiple point source measurements with 

one measurement many magnitudes larger in size. Measurements 

made at the longer wavelength of 21 cm appear to be better at 

eliminating surface roughness and vegetative effects, but 

emissions at this wavelength require a much larger antennae 

than those at a shorter wavelength to yield some ground 
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resolution. (Schmugge 1980, 1985). 

Clearly, microwave measurements have been successfully 

related to surface soil water content, under a variety of 

conditions and altitudes. The question of how useful this may 

be depends on other factors of cost of equipment, size of 

antennae required for the wavelength and resolution required, 

and the ability to correlate remotely sensed data with ground 

truth. 
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APPENDIX B 

SOIL MOISTURE GRADIENT 

Soil moisture gradients were established with line source 

sprinklers which have been documented to be an excellent 

irrigation design for establishing a near-linear water 

application gradient, ranging from an application maximum 

along the line source to an application minimum at the edges 

of the sprinkler radii. Such a design yields uniform 

application rates along the length of the plot, and uniformly 

variable application rates across the plot, while minimizing 

the amount of land needed for such purposes. The optimum 

design of sprinkler spacing, nozzle size, and water pressure 

will yield a "triangular pattern line source effect," or a 

linear relationship between water application and distance 

from the line source (Hanks et al, 1976). 

The line source was placed directly down the center of 

the long axis of the field plot. A 5 h.p. centrifugal pump 

was used to pump water from a 50 m3 sump located at the south 

end of the field. The sump was automatically refilled from 

a local well. Lightweight aluminum pipes, 9.15 m (30 ft) long 

and 100mm in diameter with quick-connecting couplers were used 

as the line source. Sprinkler heads attached to 0.6 m 

galvanized pipe risers of 19 mm (3/4 in) diameter were located 

every 4.58 m (15 ft). Each sprinkler had a nozzle orifice 
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diameter of 2.4 mm (3/32 in). There were a total of 18 

sprinklers placed along the line source. Water application 

was monitored by a flow meter, operated between 1.25 and 1.40 

1/s, and adjusted by turning the pump's gate valve. The 

optimum flow allowed a wetted diameter at each sprinkler of 

about 21 meters. Each irrigation was done between midnight 

and. seven a.m., when wind speed and water loss due to 

evaporation was lowest, resulting in the most uniform water 

distribution possible. 

Catch cans were placed every meter in two rows 

perpendicular to the line source pipe for each irrigation. 

One row began at a sprinkler head riser, and the other began 

between two sprinkler head risers, in order to examine the 

uniformity of water distribution. There were a total of seven 

separate irrigations performed using approximately 300 m3 of 

water (about 40 m3 per irrigation) . Catch can data revealed 

water applications being less than the ideal "triangular" 

distribution described by Hanks, and seemed to indicate equal 

water applications collected for catch cans at, and between 

sprinkler heads, with the exception of cans located at 0 and 

1 m from the line source. Table 6 shows dates and measured 

depths of applied water in cm, Figures 30 and 31 illustrate 

actual water distribution for six irrigations, and Figures 32 

and 33 illustrate the water distributions normalized to 
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account for differences in total water applications. The 

"humps" located in the catch can profiles at May 9 and May 13 

are hypothesized to be the result of a sprinkler head near 

catch can site 2 getting stuck during the last two 

irrigations, because such sticking of the sprinkler heads was 

occasionally observed. The high value located at the line 

source on May 13 Site 1 is hypothesized to be a result of a 

leak in the sprinkler head, although no leak was observed. 

Arrangement of the catch cans, general field geometry, and 

location of most of the reflectance and temperature 

measurement transects are shown in Figure 3. 
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Table 6. Catch can data. 

Site 1: at sprinklers (sprinkler 4) 
Site 2; between sprinklers (sprinkler 12.5) 

Irrigation depths are in cm. 
Date Site Distance from line source in m: 

west 11 10 9876543210 
3-8 1 0.2 0.3 0.3 1.1 1.1 1.3 1.4 1.5 1. 6 1.9 1.9 

3-30 
£ 

l no 
2 data 

4-12 1 
o 

0.1 0.3 1.4 1.9 2.5 2.6 2.7 2.7 3. 1 3.5 4.0 

4-30 
6 
1 2.0 3.4 3.8 4.2 4.3 4.5 5.1 5.3 5. 5 5.8 6.4 7. 2 
2 2.0 3.5 4.7 4.7 4.8 4.8 5.0 5.2 5. 5 5 - ~ ,.0 6. 5 

5-7 1 0.4 1.7 2.1 2.3 2.3 2.5 2.8 2.9 3. i  j  i .8 4. 0 
2 0.9 1.7 2.3 2.5 2.5 2.5 2.6 2.7 2 .  .9 3.4 3. 5 

5-9 1 0.7 0.9 1.1 1.3 1.3 1.5 1.6 1.8 t  J!,. •- C )  1.9 2.1 2. 6 
2 0.7 0.9 1.2 1.2 1.5 1.5 1.5 1.5 1, 6 1.7 1.7 1. 8 

5-13 1 0.4 1.3 1.6 1.6 1.8 1.9 2.2 2.2 2. 2 2.4 2.8 5. 0 
2 0.4 1.4 1.8 2.0 2.0 2.0 2.0 2.0 2. 3 2.5 2.6 2. 8 

east 
3-8 1 

2 0.0 0.0 0.0 0.1 0.1 0.4 0.8 1.3 1. 5 1.7 1.7 
3-30 1 no 

2 data 
4-12 1 

o 
0.0 0.5 1.9 2.5 2.7 2.8 2.8 2.9 3. 0 3.1 4.0 

4-30 1 0.3 1.2 3.0 3.6 4.4 4.5 5.0 5.5 5. 5 5.8 6.1 7. 2 
2 0.1 1.1 2.3 3.6 4.4 5.0 5.0 5.0 5. 2 5.5 6.2 6. 5 

5-7 1 0.0 0.2 1.5 2.4 2.6 2.6 2.7 2.9 3. 1 3.2 3.3 4. 0 
2 0.0 0.2 1.1 2.0 2.4 2.6 2.6 2.6 2. 7 2.9 3.2 3. 5 

5-9 1 0.0 0.2 0.8 1.3 1.5 1.5 1.6 1.7 1. 9 1.9 2.0 2. 6 
2 0.0 0.2 0.8 1.3 1.4 1.6 1.4 1.4 1. 6 1.8 1.8 1. 8 

5-13 1 0.1 0.2 1.7 2.0 2.2 2.2 2.2 2.3 2. 6 2.7 3.0 5. 0 
2 0.1 0.2 1.5 2.2 2.5 2.7 2.0 2.0 2. 0 2.4 2.5 2. 8 
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Figure 30. 
1988. 
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Catch can data for March 8, April 12, and 30, 
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Figure 31. Catch can data for May 7, 9, and 13, 1988. 
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DISTANCE FROM LINE SOURCE (in m) 

Figure 32. Normalized catch can data for March 8, April 12, 
and 30, 1988. 

U J < L> (fl 
U > 

0.9 -

0.0 -

5/13 
5/13 

Figure 33, 
1988. 

DISTANCE FROM UNE SOURCE (in m) 

Normalized catch can data for May 7, 9, and 13, 
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APPENDIX C 

RAW REFLECTANCE DATA 

Waveband: 
Date Site 1 2 3 4 5 6 7 

A1 0. 079 0. 107 0. 139 0. 193 0. 275 0. 267 0. 180 
A2 0. 082 0. 111 0. 145 0. 180 0. 273 0. 265 0. 183 
A3 0. 085 0. 114 0. 149 0. 175 0. 271 0. 264 0. 183 
A4 0. 088 0. 118 0. 154 0. 175 0. 269 0. 265 0. 191 
A5 0. 100 0. 135 0. 175 0. 197 0. 305 0. 311 0. 246 
A6 0. 130 0. 173 0. 217 0. 236 0. 375 0. 392 0. 332 
A7 0. 150 0. 192 0. 248 0. 284 0. 461 0. 503 0. 473 
BX 0. 087 0. 119 0. 149 0. 184 0. 275 0. 260 0. 177 
B2 0. 089 0. 120 0. 152 0. 189 0. 278 0. 267 0. 184 
B3 0. 087 0. 117 0. 150 0. 181 0. 267 0. 260 0. 183 
B4 0. 085 0. 115 0. 149 0. 173 0. 263 0. 263 • 0. 192 
B5 0. 107 0. 147 0. 186 0. 202 0. 290 0. 302 0. 248 
B6 0. 208 0. 263 0. 322 0. 346 0. 487 0. 533 0. 510 
B7 0. 162 0. 209 0. 264 0. 305 0. 454 0. 501 0. 482 
CI 0. 090 0. 120 0. 151 0. 189 0. 294 0. 285 0. 207 
C2 0. 082 0. 109 0. 139 0. 206 0. 277 0. 267 0. 189 
C3 0. 087 0. 115 0. 145 0. 220 0. 286 0. 279 0. 203 
C4 0. 083 0. 111 0. 143 0. 222 0. 292 0. 293 0. 224 
C5 0. 111 0. 144 0. 183 0. 292 0. 385 0. 411 0. 362 
C6 0. 165 0. 216 0. 273 0. 377 0. 479 0. 521 0. 490 
C7 0. 164 0. 219 0. 283 0. 353 0. 465 0. 515 0. 484 
C8 0. 156 0. 205 0. 266 0. 339 0. 452 0. 496 0. 471 
D1 0. 096 0. 131 0. 171 0. 228 0. 295 0. 288 0. 208 
D2 0. 111 0. 151 0. 197 0. 254 0. 326 0. 334 0. 267 
D3 0. 185 0. 238 0. 301 0. 374 0. 460 0. 488 0. 441 
D4 0. 203 0. 269 0. 341 0. 411 0. 501 0. 538 0. 502 
D5 0. 206 0. 271 0. 344 0. 416 0. 506 0. 533 0. 498 
D6 0. 184 0. 245 0. 314 0. 385 0. 481 0. 514 0. 482 
El 0. 102 0. 138 0. 171 0. 202 0. 239 0. 296 0. 218 
E2 0. 100 0. 135 0. 166 0. 201 0. 298 0. 316 0. 245 
E3 0. 109 0. 143 0. 178 0. 213 0. 320 0. 337 0. 268 
E4 0. 185 0. 240 0. 285 0. 305 0. 426 0. 451 0. 395 
E5 0. 179 0. 236 0. 297 0. 321 0. 454 0. 488 0. 456 
E6 0. 168 0. 225 0. 286 0. 311 0. 465 0. 510 0. 494 
E7 0. 162 0. 214 0. 267 0. 294 0. 456 0. 504 0. 491 
F1 0. 100 0. 138 0. 169 0. 204 0. 329 0. 335 0. 258 
F2 0. 095 0. 130 0. 162 0. 213 0. 317 0. 313 0. 234 
F3 0. 129 0. 176 0. 223 0. 303 0. 400 0. 410 0. 340 
F4 0. 183 0. 234 0. 294 0. 409 0. 510 0. 537 0. 477 
F5 0. 150 0. 199 0. 255 0. 372 0. 472 0. 495 0. 441 
F6 0. 127 0. 169 0. 215 0. 328 0. 447 0. 499 0. 485 
F7 0. 130 0. 170 0. 216 0. 324 0. 450 0. 502 0. 492 



G1 0.138 0.184 0 
62 0.175 0.235 0 
G3 0.164 0.215 0 
G4 0.147 0.195 0 
G5 0.156 0.210 0 
G6 0.205 0.272 0 
G7 0.160 0.218 0 
G8 0.210 0.278 0 

May 9 HI 0.082 0.118 0 
H2 0.082 0.121 0 
H3 0.066 0.115 0 
H4 0.069 0.116 0 
H5 0.078 0.105 0 
H6 0.073 0.099 0 
H7 0.119 0.154 0 
H8 0.134 0.177 0 
11 0.083 0.113 0 
12 0.079 0.108 0 
13 0.085 0.116 0 
14 0.086 0.117 0 
15 0.090 0.122 0 
16 0.130 0.174 0 
17 0.177 0.230 0 
18 0.155 0.204 0 
J1 0.086 0.117 0 
J2 0.086 0.116 0 
J3 0.091 0.124 0 
J4 0.149 0.187 0 
J5 0.185 0.248 0 
J6 0.201 0.261 0 
K1 0.085 0.117 0 
K2 0.094 0.128 0 
K3 0.088 0.119 0 
K4 0.088 0.120 0 
K5 0.121 0.157 0 
K6 0.175 0.226 0 
K7 0.165 0.217 0 
K8 0.152 0.197 0 
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0.323 0. 444 0. 485 0. 443 
0.377 0. 500 0. 546 0. 513 
0.355 0. 475 0. 523 0. 499 
0.327 0. 448 0. 498 0. 481 
0.351 0. 464 0. 507 0. 485 
0.440 0. 543 0. 573 0. 548 
0.388 0. 515 0. 558 0. 534 
0.432 0. 530 0. 566 0. 538 
0.223 0. 297 0. 278 0. 189 
0.225 0. 293 0. 271 0. 182 
0.214 0. 284 0. 268 0. 182 
0.215 0. 283 0. 271 0. 190 
0.209 0. 272 0. 267 0. 196 
0.211 0. 294 0. 304 0. 239 
0.301 0. 417 0. 450 0. 403 
0.315 0. 432 0. 476 0. 451 
0.172 0. 277 0. 266 0. 185 
0.169 0. 278 0. 264 0. 180 
0.175 0. 276 0. 264 0. 180 
0.180 0. 278 0. 266 0. 185 
0.180 0. 278 0. 284 0. 220 
0.274 0. 426 0. 466 0. 426 
0.311 0. 459 0. 504 0. 483 
0.292 0. 441 0. 485 0. 472 
0.175 0. 260 0. 257 0. 184 
0.176 0. 262 0. 262 0. 192 
0.191 0. 286 0. 294 0. 229 
0.227 0. 333 0. 369 0. 341 
0.333 0. 467 0. 514 0. 496 
0.340 0. 475 0. 528 0. 513 
0.174 0. 274 0. 272 0. 199 
0.191 0. 288 0. 281 0. 207 
0.214 0. 281 0. 282 0. 214 
0.209 0. 277 0. 280 0. 217 
0.303 0. 396 0. 425 0. 375 
0.395 0. 487 0. 528 0. 503 
0.399 0. 490 0. 531 0. 505 
0.372 0. 468 0. 514 0. 491 

243 
299 
277 
251 
276 
350 
296 
356 
151 
152 
150 
153 
133 
129 
201 
222 
142 
136 
143 
148 
156 
232 
284 
260 
147 
148 
161 
210 
305 
316 
141 
156 
148 
146 
198 
277 
294 
269 
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APPENDIX D 

GRAVIMETRIC SAMPLING TECHNIQUES 

Ring Sampler: 

Volumetric soil samples obtained using a ring sampler 

were used as "absolute" ground truth throughout the experiment 

with which all other methods were calibrated. The ring 

sampler is a core sampling device and consists of a hollow 

cylinder within which fit three open-ended rings. Two rings 

38mm in height were placed in the sampler, sandwiching a third 

ring 10mm in height. All rings have an inner diameter of 

44mm. This arrangement was made such that when the sampler 

is inserted into the soil, the top two rings in the sampler 

would yield the sample representing 0-5 cm, and the third ring 

would yield the sample representing 5-9 cm. This is achieved 

by pounding the sampling scoop into and flush with the soil 

surface. A shovel was then used to clear out an area to 10 

cm depth, where the procedure was repeated to obtain 10-15 cm, 

and 15-19 cm depth samples. When cumulative depths were used, 

e.g. from 0-10 cm, or 0-20 cm, a weighted average was used to 

compensate for the missing data at 9-10 cm and 19-20 cm 

depths. 

oakfield Probe: 

Volumetric soil samples were also obtained using an 
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Oakfield probe, a core sampling device consisting of a hollow 

cylinder with one side cut away to allow access to the soil 

sample. The probe is simply pushed into the soil, and then 

carefully removed to avoid losing soil from the exposed side. 

The Oakfield probe is considerably easier to use than the ring 

sampler, but appears to be less accurate for volumetric 

samples due to the "shaving off" of soil from the exposed side 

of the probe while it is being removed. Figure 34 represents 

a comparison of gravimetric soil water content (kg kg"1) 

measurements by both the ring sampler and Oakfield probe 

methods. Linear regression yielded an r2 value of 0.89, where 

the greatest deviation in gravimetric water content between 

the two methods was approximately 3 percent. Such results 

indicate that the Oakfield probe yielded comparable 

gravimetric water content values to the ring sampler. 

The difficulties in separating the Oakfield probe soil 

core into samples of known volume, and the shaving off of soil 

from the core prompted the decision to use only the ring 

sampler volumetric samples for ground truth. The comparison 

of volumetric water content between these two methods is 

illustrated in Figure 35, with linear regression yielding an 

r2 value of 0.80. Although the consistent under-estimation of 

volumetric water content by the Oakfield probe may have also 

been the result of compaction of the ring sampler samples, it 
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was decided that the ring sampler yielded more reliable values 

of volumetric water content than the Oakfield probe. 



0.22 - • 0—5 cm 

+ 5—10 cm 

o 10-15 cm 
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_1 , r 

0 0.04 0.06 0.12 0.16 0.2 0.24 

RING SAMPLER WATER CONTENT (kg/kg) 

Figure 34. Gravimetric soil water content of the ring sampler 
method versus the Oakfield probe method to four depths. 

0 0.1 0.2 0.3 

RING SAMPLER VOLUMETRIC WATER CONTENT 

Figure 35. Volumetric soil water content of the ring sampler 
method versus the Oakfield probe method to four depths. 
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APPENDIX E 

TIME-DOMAIN REFLECTOMETRY 

Time-domain reflectometry (TDR) is a technique used to 

measure soil water content based on the high-frequency 

dielectric properties of soils and water. TDR measures the 

propagation velocity of a high-frequency voltage impulse in 

a transmission line, which is proportional to the dielectric 

constant, K, of the material immediately surrounding the 

transmission line. The relatively high dielectric constant 

of water (80) compared to that of dry soil (2-5), results in 

dielectric constant being an excellent measure of soil water 

content. Distributed circuit analysis theory relates 

propagation velocity v, to dielectric constant by v = c/K0-5. 

This can be written as K = (ct/L)2 where L = length of 

transmission line, and t = time for pulse to travel distance 

L. The portable cable tester used here (Tektronix model 

1502A) internally translates c (ms"1) * t (ns) into a distance, 

Ltrace' whi°h is determined from the trace on the cable tester 

oscilloscope display. The equation thus becomes K = 

(Ltrace/Lprobe)2, In 19801 Topp et al. conducted a number of 

experiments to relate the dielectric constant of a wide 

variety of soil types to volumetric soil water content. This 

was accomplished by placing the soil samples within a coaxial 

cylinder, with one line of the coaxial placed down the center 
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of the cylinder, and the cylinder sheath acting as the other 

coaxial line. They found a curve described the relationship 

and fit the polynomial equation: 

0V = -5.3xE-2 + 2.92XE-2 K - 5.5XE-4 K2 + 4.3xE-6 K3. 

Knowledge of a transmission line length, along with the 

measured Ltrace value from TDR yields 0V by substituting K = 

(L t r ace/L t ransmission l ine) 2  into the polynomial equation (Topp et al, 

1980; Topp and Davis, 1985). 

In 1981, Topp and Davis reported on the success of using 

balanced parallel transmission lines consisting of two rods 

with a center-to-center spacing of 5 cm. This technique 

proved to be more appropriate for field measurements than the 

coaxial cylinder. The coaxial cylinder formerly used produced 

an easier to read "square wave" on the TDR oscilloscope, but 

was deemed inappropriate for field use. 

Between 1981 and 1988, a number of articles were 

published relating TDR to a variety of applications, including 

tracking wetting fronts and measuring soil electrical 

conductivity (Topp and Davis, 1981; Topp et al, 1982; Baker 

et al, 1982; Stein and Kane, 1983; Topp and Davis, 1983; 

Topp et al, 1983; Topp and Davis, 1984; Topp et al, 1984a; 

Topp and Davis, 1984b; Dasberg and Dalton, 1985; Dalton and 

Van Genuchten, 1986). In Spring 1988, I. White (seminar 

communication) reported on the use of TDR probe geometries 
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other tha??6- paired parallel rods. White reported a more 

readable square wave on the TDR oscilliscope display when 3 

and 4 rod, rather than when 2 rod geometries were used, which 

implied improved accuracy in TDR measurements. Increasing the 

number of rods used in the probe handle resulted in a better 

square wave, because increasing numbers of rods better 

emulates the coaxial geometry originally used in the study 

(Zegelin et al, 1988). White's recent results were noted, 

and used in the design of the probe handle used for this 

experiment. 

The probe handle consisted of two half-inch thick 

plexiglass sheets cut to dimensions of 3 x 4 inches for easy 

manageability. A configuration was used of three rods with 

a rod spacing of 2 cm. The rods were connected to the handle 

by solderless banana plugs. The threaded end of each plug was 

shaved down with an electric lathe to a diameter of 3.0 mm to 

match the outer diameter of each rod. This was done in an 

attempt to minimize impedence mismatches and improve the TDR 

signal. The banana plugs were fitted into one of the 

plexiglass pieces. Channels were routed out of the other 

plexiglass piece to allow room for the TDR cable and banana 

plug ends. The plug ends were soldered to the TDR cable, with 

the two outer plugs connected to the outer coaxial cable line, 

and the single center plug connected to the center coaxial 
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line. The two plexiglass pieces were then sandwiched and held 

together by screws. There were a total of 12 rods used 

corresponding to 3 rods per length of 5, 10, 15, and 20 cm. 

Holes of 2.0 mm diameter were drilled into the ends of each 

rod, to enable rapid connection and removal of different 

length rods from the banana plugs within the handle. This 

design is illustrated in Figure 36. 

TDR offers a variety of advantages which include rapid, 

reliable, and repeatable measurements of soil water content. 

In theory, TDR requires no calibration and is independent of 

soil texture, structure, salinity, density, or temperature. 

This is due to the relatively much higher dielectric constant 

of water than soil, which results in changes in dielectric 

constant being primarily due to soil moisture constant. 

Time-Domain Reflectometrv Results and Discussion; 

Measurements were made on April 30 and May 1, 1988, 

across many transects of the line source gradient in an 

attempt to calibrate both TDR and surface neutron probe 

readings with gravimetric samples using the ring sampler and 

oakfield probe methods. These days are thus referred to as 

the calibration days. Reference volumetric water content was 

established using the ring sampler, as previously described. 

TDR measurements at 25 separate sites, to the four depths of 
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2 cm 

7.6 cm 

C O A X I A L  

m 

Figure 36. TDR probe handle design. 
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5, 10, 15, and 20 cm, were taken over a wide range of soil 

water contents. Figure 37 illustrates the correlation of the 

TDR 0V with ring sampler 0V at the four depths, using Topp's 

polynomial equation. These results indicate a consistently 

lower reading of approximately 3 to 4 percent volumetric water 

content using TDR compared to the ground truth. In an attempt 

to better understand the consistently low 8V values estimated 

by TDR, the Topp polynomial equation was solved for dielectric 

constant K as a function of water content, and the calculated 

values of K and distance in feet (theoretical reading) were 

compared to the field readings of K and distance in feet. As 

can be seen in Figure 38, results indicate that one 

explanation for the TDR square wave trace was consistently 

being under-estimated. Figure 39 illustrates the difference 

between the theoretical and field readings versus the 

theoretical reading. With increasing length of probes, the 

average reading offsets are 0.05, 0.10, 0.13, and 0.15 feet. 

The relative errors in reading that these lengths correspond 

to are illustrated in Figure 40. Reading the square wave for 

the 5 cm probes proved to be the most difficult because the 

display trace was so short, so as would be expected, the 

greatest relative error occurs for the shortest probe length 

of 5 cm, with up to 22 percent error. 

It was decided that this 3 to 4 percent offset in water 
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content using Topp's polynomial equation was not the result 

of misreading the oscilloscope display square wave, especially 

in light of the improved signal using the new 3-rod probe 

design. The TDR unit appeared to function properly, and 

yielded precise measures of the length of the calibration 

coaxial line included with the unit. It was thus decided that 

the offset was the result of either the soil type used, or the 

probe handle design. 

Topp et al. (1980) state that the TDR estimate of 0V is 

independent of soil type (within 1-2%), but careful analysis 

of their polynomial curve for various soil types indicates 

that the individual soil types do exhibit slightly different 

values of dielectric constant in response to water content. 

Thus it was thought that perhaps the Gila soil simply required 

its own calibration. 

The handle design described by Ian White utilized a metal 

disc for connecting the outer coaxial line to the two outer 

probe rods, while the implemented design uses the actual outer 

coaxial cable, separated into two lines, and soldered to 

banana plugs to which the rods were connected (Figure 36). 

Possible impedence mismatches caused by the banana plugs, or 

the encassing plexiglass handle may be responsible for the 

reading offset. 

A third order polynomial equation was solved for the 
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field readings of dielectric constant K as a function of the 

ground truth volumetric water content. This relationship is 

illustrated in Figure 41, with the Topp polynomial curve. 

This new polynomial curve is refered to as the Gila 

polynomial: 

0V = -4.58XE-3 + 2.34XE-2 K + 3.75XE-4 K2 - 3.87XE-5 K3. 

Figure 42 illustrates 0V using the Gila equation compared to 

ground truth. The improvement in water content estimation 

using the Gila equation is significantly improved compared to 

that using the Topp equation as illustrated in Figure 37. 

Estimations of 6V using both equations are illustrated in 

Figure 43. Comparisons and linear regressions of the two 

equations to estimate 0V at the four depths of 0-5, 0-10, 

0-15, and 0-20 cm are illustrated in Figures 44-47, 

respectively. R2 values ranging from 0.92 to 0.95 suggest 

that TDR can provide excellent estimations of soil water 

content. Even to a depth of 5 cm, TDR appears to yield 

accurate and precise estimations of soil water content when 

the Gila polynomial equation is used. 

Further research into the reason for the reading offset 

when using the Topp polynomial has resulted in one significant 

conclusion. It appears that after using the Gila polynomial 

equation to predict soil water content with several soil types 
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other than the Gila soil, the Gila equation still proved to 

be more accurate than the Topp equation. Such tests were 

conducted in a lab setting using soil columns. 

The theory that the probe handle design is responsible 

for the reading offset for the Topp polynomial also is suspect 

in that previous studies using this particular TDR unit 

yielded the same 3 to 4 percent offset, but those studies used 

the original two probe design (J. Simpson, personnal 

communication). 

Thus the reason for the reading offset when using the 

Topp equation remains unknown, and will be the focus of future 

research using TDR. 

RING SAMPLER VOLUMETRIC WATER CONTENT 

Figure 37. Calibration of TDR using the Topp polynomial 
equation with ring sampler volumetric water content. 
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Figure 46. Ring sampler volumetric water content versus TDR 
volumetric water content using Topp and Gila equations for 
0-15 cm. 
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APPENDIX F 

SURFACE NEUTRON PROBE 

Estimation of soil water content by the neutron 

scattering method has been practiced commonly since its 

development in 1950 by D.J. Belcher et al. The neutron probe 

has been used extensively both at varying depths and at the 

soil surface, with well-documented results supporting its 

effectiveness in measuring soil water content (Farah et al, 

1984; NaJcayama and Reginato, 1982; Hanna and Siam, 1980; 

Grant, 1975; Visvalingam and Tandy, 1972; Leubs et al, 1968; 

Van Bavel, 1961). The basic theory behind this technique 

involves the injection of fast neutrons from a high energy 

neutron source into the soil surrounding the source. These 

neutrons are slowed by elastic collision with nuclei of 

hydrogen atoms and eventually become thermalized. This 

thermalization, or energy loss, is much greater in collisions 

with low atomic weight atoms than heavier atoms. As hydrogen 

is the only element of low atomic weight in appreciable 

amounts in soils, it is the primary element that slows fast 

neutrons, and hydrogen in soils is present almost entirely in 

the form of water. Thus the post-collision thermalized 

neutrons are measured by the detector located next to the 

neutron source, and are a direct measure of soil water content 

(Visvalingam and Tandy, 1972). 
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A Campbell Pacific Nuclear Model 503DR Agricultural 

Moisture Gauge was used in the experiment to estimate soil 

water content at depths ranging from 20 to 100cm. This was 

accomplished by lowering the Am-Be neutron source/detector 

down pre-installed access tubes, and counting thermalized 

neutrons for 30 seconds per measurement. A standard count was 

also made each day the probe was used, by placing the probe 

onto the nameplate depression on the shipping case and 

counting neutrons thermalized by the parafin layer in the 

case. All results were recorded as a count ratio of site 

count/standard count. The neutron probe measurements made in 

the six access tubes across the experimental plot (Figure 3) 

were used only to monitor the relative amount and location of 

soil water. These results are presented in Appendix I. 

Neutron probe measurements were also made at the soil 

surface, at many locations across the field. This was 

accomplished by removing the probe source from its container 

and inserting it into the surface probe attachment, which is 

placed directly on the soil surface with the source probe 

lying horizontally. The surface attachment consists of a 

polyethylene shield covering the facing-up portion of the 

probe, that is meant to thermalize fast neutrons travelling 

anywhere but into the soil. This provides a consistent count 

contribution and protects the operator, while only allowing 
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changes in surface soil water content to be monitored. 

The use of the neutron probe at depths, and at the soil 

surface requires calibration over the range of observed 

moisture content. Soil texture, structure, organic matter, 

and other parameters affect the count ratio. Thus many 

separate calibrations are often necessary when neutron probe 

measurements are made over a large area. For the surface 

measurements, one calibration with volumetric samples taken 

simultaneously was made over a two-day period across many 

transects of the moisture gradient. The small size of the 

experimental plot and the homogeneous nature of the plowed 

layer of soil led to the assumption that one calibration was 

sufficient. One calibration was also made for the neutron 

depth measurements, although soil parameters such as texture 

may have varied at depth and at various access tube locations. 

A considerable number of experiments involving the 

neutron probe have been conducted to determine its "sphere of 

influence." That is, the size of the soil region surrounding 

the probe that is thermalizing fast neutrons. For the depth 

probe, a widely-used relationship is 

R = 100 
1.4 + 0.1 (%0V) 

where R = radius of the assumed spherical region. This would 

yield values of R = 70 cm for 0V = 0, and R = 22 cm for 0V = 



108 

35% (Visvalingham and Tandy, 1972). Estimation of the 

sampling depth for a surface probe is more difficult, due to 

the loss of neutrons above the soil surface. Van Bavel (1961) 

used boxes filled with different amounts of soil to determine 

the sampling depth for a neutron surface probe and concluded 

that a sampling depth of 15 cm was represented over a wide 

range of moisture contents if there was a uniform distribution 

of soil water content to 15 cm, with no significant 

stratification. Farah et al (1984) have reported good 

estimations of surface soil water content from 0 to 30 cm, 

when using one calibration equation for depths 0 to 5 and 0 

to 10 cm, and a separate equation for depths 0 to 15 and 0 to 

30 cm. In this study, surface probe measurements were 

calibrated with volumetric samples to depths of 5, 10, 15 and 

20 cm. 

The neutron probe method has proven to be rapid, simple, 

reliable, and repeatable for measurements both at depth, and 

at the soil surface. Radiation hazards exist, but can be 

minimized when the probe is used properly, with appropriate 

safeguards such as maintaining a safe distance from the probe, 

and the use of radiation badges. The surface probe can 

provide valuable information for monitoring water stress for 

shallow-rooted crops that are irrigated frequently, such as 

vegetables (Farah et al, 1984). 



109 

Surface Neutron Probe Results; 

Measurements made on the calibration days of April 30 and 

May 1 also included the surface neutron probe calibration. 

Results yielded r2 values ranging from 0.97 to 0.95 for the 

four depth increments compared to the volumetric samples 

collected by the ring sampler. Although these r2 values were 

higher than those for TDR calibration, soil water content was 

believed to be better estimated by TDR. This is because of 

the well-documented problem in using surface neutron 

measurements for 0V estimates at precise depths, that the 

sphere of influence of neutron scattering depends on the soil 

water content (Farah et al, 1984). Although Van Bavel (1961) 

reported that a sampling depth of 15 cm is represented by a 

wide range of moisture contents when using a surface probe 

attachment, TDR estimates were deemed to be more 

representative of 0V at specific depths. Figures 48-51 

represent the surface neutron probe count ratios calibrated 

with ring sampler 0V estimates at four depths. The most 

accurate calibrations appear to correspond to the 0-5 and 

0-10 cm depths, with r2 values of 0.97, followed closely at 

the 0-15 and 0-20 cm depths with r2 values of 0.96. 

Figures 52-55 represent comparisons of TDR (using the 
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Gila polynomial equation) and surface neutron probe estimates 

of soil water content to the four depths. The results of this 

comparison suggest that the tedious calibrations of the 

surface probe by gravimetric sampling can be eliminated by 

using calibrations with TDR. 
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Figure 54. Comparison of estimates of volumetric water 
content by TDR and surface neutron probe to a depth of 15 cm. 
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APPENDIX G 

CALIBRATION DATA OF SURFACE NEUTRON PROBE AND TDR 
SNP 

RING SAMPLER THETAv: Count TDR Data in feet: 
Site Date 0-5cm 0-9cm 0-15cm 0-19cm Ratio 0-5cm 0-10cm 0-15cm 0-20cm 

A1 4-30-88 30.56 31.51 31.11 30.59 0.148 0.72 1.38 2.04 2.55 
A2 30.23 31.95 30.75 30.08 0.144 0.7 1.35 2.1 2.7 
A3 32.04 31.65 31.08 30.73 0.138 0.7 1.26 1.94 2.58 
A4 27.94 29.66 29.37 28.76 0.128 0.62 1.25 1.98 2.58 
A5 23.74 26.89 25.82 24.83 0.114 0.52 1.1 1.63 2.22 
A6 15.93 18.38 18.21 18.18 0.086 0.38 0.83 1.29 1.8 
B1 32.51 32.96 32.17 32.07 0.141 0.62 1.28 1.94 2.51 
B2 32.8 32.24 30.56 29.93 0.144 0.62 1.2 1.86 2.35 
B3 31.23 31.45 28.91 27.97 0.143 0.58 1.31 1.98 2.34 
B4 23.32 26.73 25.95 25.12 0.122 0.57 1.2 1.7 2.34 
BS 22.82 24.29 23.98 22.59 0.114 0.48 1.1 1.6 2.15 
B6 18.91 21.54 21.43 20.75 0.105 0.5 1.0 1.48 2.05 
B7 16.05 17.99 17.05 17.27 0.094 0.44 0.98 1.42 1.85 
B8 11.42 13.94 13.91 14.66 0.08 0.35 0.77 1.2 1.75 
C1 5-1-88 24.35 26.14 25.01 24.62 0.126 0.62 1.2 1.7 2.26 
C2 25.4 25.82 24.25 23.99 0.121 0.52 1.08 1.52 2.15 
C3 23.59 25.83 25.29 25.3 0.118 0.54 1.11 1.7 2.24 
C4 20.81 23.09 22.9 23.17 0.111 0.48 0.95 1.5 2.26 
C5 20.04 22.42 22.14 21.74 0.11 0.48 1.02 1.5 2.05 
C6 17.68 19.66 18.58 17.9 0.097 0.4 0.95 1.45 1.85 
C7 16.03 19.55 18.86 18.9 0.095 0.38 0.93 1.53 1.98 
C8 10.22 11.82 13.03 13.73 0.071 0.34 0.77 1.16 1.74 
D1 7.92 11.52 13.07 13.85 0.074 0.3 0.72 1.18 1.62 
02 9.92 12.76 15.16 16.15 0.077 0.34 0.78 1.23 1.8 
03 3.57 5.49 3.53 2.75 0.059 0.25 0.68 
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APPENDIX H 

RAW TEMPERATURE AND WATER CONTENT DATA 

SURFACE SOIL AIR TDR READING at depths: 
DATE SITE TIME THETAro TEMP TEMP 0-5 0-10 0-15 0-2Ocm 

A1 10:35 23.3 27 24. 5 6. 6 13.5 19.8 26. 5 
A2 21.7 27 26 6. 5 12.4 18.4 23. 8 
A3 11:00 22.5 26. 8 23. 5 6. 4 12.1 19.2 25. 5 
A4 18.5 27. 5 27 6 12.8 19 25. 2 
A5 13.1 28. 6 27 5 11.1 16 20. 3 
A6 9.5 31. 8 28. 7 4. 9 9.8 13.8 19. 1 
A7 11:40 2.9 36 31 3 7.5 12.5 17. 1 
B1 12:00 21.9 29 27 6 12.8 19.8 24. 3 
B2 19.5 29. 2 25. 5 5. 4 11.1 17.8 22 
B3 20.8 29. 5 23. 5 6 13.4 19.8 24. 5 
B4 21.3 29. 8 28 5. 7 11.5 17.6 22. 5 
B5 12.3 29. 5 27 5. 2 10.7 14.5 19 
B6 5.1 32. 5 27 3. 6 8.2 12.9 17. 1 
B7 12 50 0.9 43. 5 28 3. 2 7.3 11.5 17 
CI 2 10 18.1 27. 5 27 6. 1 13 19.3 24 
C2 2 25 20.7 27. 5 27 5. 4 12.2 18.5 22. 5 
C3 2 35 18.7 25. 7 27 5 11 17.4 21. 2 
C4 2 50 16.2 24. 5 26. 5 5. 9 11.8 17.6 21. 7 
C5 3 05 8.5 25. 5 28 5 8.6 15.1 21. 8 
C6 3 17 3.1 28. 5 27. 2 4. 2 8.9 14 18. 8 
C7 3 28 2.7 32 27 3. 5 7.5 13 17. 7 
C8 3 43 1.1 36. 5 26 3 6.5 11.4 16. 8 
D1 4 00 19.5 23. 1 26 5. 8 12.4 18.5 25. 9 
D2 4 15 14.6 22 25 5. 3 11.6 17.4 23 
D3 4 30 7.4 21 25 5 9.7 14.8 21. 8 
D4 4 43 4.6 24. 2 24. 6 3. 8 9.8 14.5 20 
D5 4 57 2.1 25. 3 24. 5 3. 3 7.3 12.4 17. 3 
D6 5 12 1.1 27. 5 23. 5 3 7 11.4 16 
El 12 38 19.0 29. 3 33 5. 1 10.4 16.4 22. 7 
E2 12 57 13.6 29. 5 31. 3 4. 3 9.7 14.8 20. 8 
E3 1 05 9.4 30 34. 5 4. 8 9.8 15.6 21 
E4 1 17 7.1 29 30 3. 9 10.2 15 21 
E5 1 24 2.7 34 26 4. 3 9.1 14.2 20. 1 
E6 1 33 2.1 34 30. 5 3. 8 9.2 14 18. 9 
E7 1 40 1.2 45. 2 32. 5 3. 2 7.5 12.9 18. 2 
F1 1 55 13.7 30 29 5. 1 11.2 17.5 22 
F2 2 04 13.8 31. 1 29. 6 6 11.4 15.7 20. 6 
F3 2 13 9.4 29. 4 27 4. 6 10.4 16.7 21. 6 
F4 2 22 4.2 32 30. 2 4 9.9 16.2 22. 2 
F5 2 32 3.9 32. 7 31 4. 2 9.5 15.3 20. 4 
F6 2 41 1.1 42 29. 5 3. 5 8 12.9 18. 2 
F7 2 51 0.8 46. 5 29 3. 4 7.6 11.8 17. 1 
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G1 3:35 6.1 28. 2 29 4. 8 10.8 17 22. 2 
G2 3:42 2.7 33. 3 30. 5 5 10.5 16. 1 21 
G3 3:50 2.0 37. 1 29 3. 4 8.8 14. 4 20 
G4 3:57 1.0 38. 5 28 3. 5 7.6 12. 5 17. 5 
G5 4:07 0.7 38 27. 1 3 7.2 12 17. 5 
G6 4:25 0.5 37. 3 29. 6 
G7 4:30 0.5 41. 5 30. 5 
G8 4:35 0.6 37 29. 5 
HI 9:00 22.6 22 29. 5 6. 5 13.1 19. 4 25 
H2 22.0 23 28. 3 6. 7 13 19. 6 27 
H3 9:23 20.1 24 26 6. 4 12.9 19. 7 26. 8 
H4 19.9 23. 5 26. 8 6. 6 13.2 19. 7 25. 8 
H5 9:42 16.8 25. 7 26. 5 5. 6 12.7 18. 6 24 
H6 13.4 26 26. 7 5. 3 10.1 15. 8 21. 2 
H7 10:03 6.8 28. 8 31 4. 3 8.7 14. 6 20. 1 
H8 2.3 36 30. 4 3. 2 7.4 11. 7 16. 5 
11 10:31 20.9 28. 7 28. 5 6. 1 13.8 18. 5 23. 2 
12 21.5 28. 3 29 6. 6 13 19. 9 25. 2 
13 10:52 21.7 29. 6 29 6. 5 12.6 17. 7 23. 6 
14 19.7 29. 1 28. 5 6. 6 12.2 18. 8 24. 9 
15 11:11 15.5 29. 8 29. 8 5. 4 11.9 18 23. 1 
16 8.0 32 32 4. 5 9.6 14. 2 19. 8 
17 11:31 3.3 34. 5 32. 5 3. 8 8.5 14 18. 4 
18 1.2 47 33 3. 2 7.2 11. 7 16. 6 
J1 12:05 20.8 30 31. 6 6. 6 13 19. 8 25. 8 
J2 18.9 31. 2 32. 4 6. 2 11.7 18. 2 23. 3 
J3 12:25 15.1 31. 3 33. 3 5. 1 10.7 16. 7 21. 7 
J4 8.4 31. 8 36. 8 4. 3 10.2 14. 3 20. 2 
J5 12:47 4.2 37. 5 34 3. 8 9 12. 9 18. 7 
J6 1.2 45. 5 36. 5 3. 3 7.5 12. 6 16. 5 
K1 2:20 18.3 31. 3 33. 3 6 11.8 19 23. 7 
K2 18.3 31. 9 34 6. 3 11.1 18. 5 24. 1 
K3 2:36 16.7 30. 7 37 5. 7 12.5 19. 2 24. 2 
K4 15.7 31. 5 37. 2 5. 5 11.6 18. 2 24 
K5 2:58 7.4 30. 7 33. 3 5. 2 10.8 16. 2 22 
K6 2.6 35. 3 33. 3 4 £.2 14. 5 21 
K7 3:22 2.5 36. 8 35. 5 3. 2 7.2 11. 7 16. 7 
K8 1.0 40. 8 36 3 7.3 12. 3 17. 1 
LI 11:18 21.9 31. 2 39. 4 6. 4 13.4 18. 7 25. 6 
L2 20.4 32. 4 39. 1 6. 2 13 19. 3 24. 7 
L3 11:40 21.4 33. 1 42. 4 6. 4 13.4 19. 9 26. 2 
L4 18.4 33. 8 43 5. 9 11.5 17. 7 23. 4 
L5 12:00 17.4 33. 9 43 5. 3 11.7 17 22. 9 
L6 17.0 34. 5 42 6. 1 12.2 17. 6 23. 8 
L7 12:22 15.9 35. 4 39 5. 4 12.2 17. 2 23. 2 
L8 8.6 35. 1 40. 3 4. 8 11 16. 1 22. 2 
L9 12:43 4.9 37 40. 7 3. 9 9.2 14. 2 19. 5 
LIO 3.5 40. 2 39. 7 4. 2 8.3 13. 6 18. 5 
Ml 1:13 19.6 36 42. 5 5. 9 12.3 18 24. 8 
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M2 17.5 36.4 41 5.9 11.5 18 24 
M3 1:33 15.6 35.2 42.7 5.8 12.5 18. 6 24. 7 
M4 17.0 35.8 40 5.8 11.8 17. 5 23. 6 
M5 1:52 14.0 35.8 42.5 5.2 10.5 15. 7 21 
M6 6.6 37.8 44.5 4.6 10.4 15 20. 8 
M7 2:15 3.6 40.4 40.9 4.2 9.9 15. 5 20. 4 
M8 1.8 46.9 41.5 3.7 9.2 13. 5 18. 2 
N1 2:50 19.4 34.6 48.5 5.8 11.8 17. 8 20. 7 
N2 18.3 35.7 47 5.8 10.8 17. 8 23 
N3 3:10 15.7 32.5 -12 5.2 11.3 16. 7 22. 6 
N4 13.4 32.5 -12 5 10.4 16. 6 22. 6 
N5 3:38 8.9 31.8 -9.4 5.4 10.2 15. 3 20. 4 
N6 2.9 35.1 -5.1 4.2 9.7 16. 7 21. 2 
01 12:05 16.2 34.3 -4.5 5.4 11.1 16 21. 6 
02 15.1 34.3 -4.3 5.2 10.4 15. 7 19. 9 
03 12:30 7.7 34.3 -9 5.3 10 15. 7 21. 8 
04 4.2 38.4 -4.4 4.7 9.7 15. 8 19. 2 
05 12:47 3.2 41.5 -4.8 4.6 10.1 15. 3 20. 3 
06 4.4 38.3 -6.8 4.7 10.3 17. 1 22. 3 
07 1:08 1.2 40.1 -6.1 3.7 9 15. 6 20. 3 
08 1.1 46.2 -0.6 3.3 8.2 13 17. 6 
09 1:23 0.8 49.7 3.7 3.6 7.5 12 15. 8 
PI 2:05 4.4 36.8 -7.5 4.5 10 15. 2 21. 9 
P2 3.5 37.5 -7.2 4.5 10 16. 3 21. 5 
P3 2:25 4.1 40.1 -5.5 4.5 10.3 16. 3 21. 8 
P4 3.1 38.7 -5.3 4.6 10 15. 1 20. 2 
P5 2:46 3.2 38.2 -7.3 4.6 11.1 15. 7 21. 3 
P6 5.2 34.3 -11.5 4.4 9.9 15. 1 21. 4 
P7 3:12 2.4 42.7 -1.4 4 9.9 15. 6 21. 1 
P8 1.9 43 -0.6 4 9.4 14. 2 20. 5 
P9 1.4 45.2 1.1 3.7 8.5 14. 8 19. 6 
PIO 1.0 50.6 6.2 3 6.4 11. 1 
Q1 1:10 1.2 43.6 1.9 3.9 9.3 15. 2 21 
Q2 1.5 43.2 2.5 3.7 10.1 14. 6 21 
Q3 1.9 41.5 1.1 4.3 8.8 13. 9 19. 7 
Q4 1.4 44 3.4 3.7 9.1 14. 1 18. 8 
Q5 1:45 1.2 44.8 0.8 4 8.7 13. 9 20. 2 
Q6 1.5 45.3 3.1 3.8 9.1 14. 6 20. 9 
Q7 1.4 47.6 4.1 3.5 8.7 14 19. 4 
Q8 1.0 48.4 5.1 3.3 7.6 12. 5 17. 1 
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APPENDIX I 

IRT DEPTH SENSITIVITY 

Ten temperature sensors were buried in a field at depths 

of 1, 5, 10, 15, and 20 cm, at two separate sites. These 

sensors were connected to a Campbell Scientific 2IX 

micrologger. Over a period of six weeks in the Fall of 1988, 

measurements of the surface of each site were made 3 to 4 

times per week using a hand-held IRT, and temperatures were 

correlated with those recorded in situ at various depths. 

Measurements were taken over a wide range of soil water 

contents provided by the line source sprinkler system, with 

the two sensor sites located perpendicular to the line source 

at 12m and 24m from the line source (refer to Figure 3). The 

IRT has a band pass corresponding to 8.0 to 14.0 um, and a 15° 

field-of-view. Measurements were taken approximately 50 cm 

above each sensor site, corresponding to a 25 cm diameter 

circular viewing area, over a wide range of soil drying 

conditions. 

This experiment was conducted in hopes of revealing any 

IRT sensitivities to changes in soil water content to depths 

down to 20 cm. The results of experiment 2 yielded one simple 

conclusion: IRT measurements of bare soil are sensitive to 

soil temperature only at the surface. As can be seen in 

Figure 29, across a wide range of soil water contents, IRT 
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measurements simply report the surface soil temperature. This 

surface soil temperature, however, is strongly influenced by 

the water content and thus soil temperature at depths greater 

than the top 0.5 cm. Figure 30 illustrates the influence of 

a relatively wet root zone volumetric water content under a 

dry surface crust (<0.02 kg kg"1 water content) on the 

normalized IRT reading. This figure clearly illustrates the 

effect of changes in soil water content with depth on the soil 

surface temperature, when the surface water content remains 

constant (constant reflectance factor). 



u K D 
U Q. 5 
u 

5 cm 

10 cm 

15 cm 

20 cm 

*"•* 5*£" 

121 

20 ! 111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 r I lYl 1111111111111111111111111111111111111 
265 266267 269 270 271 272 273 277 279 2B5 286 209 

JULIAN DAY 

Figure 56. Relationship between IRT measurements and soil 
temperature at various depths. 
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Figure 57. Normalized soil temperature (IRT) versus 
volumetric water content under a dry soil crust (0-0.5 cm 
thick) that has a water content of <0.02 kg kg*1. 
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APPENDIX J 

DEPTH NEUTRON PROBE CALIBRATION 

As mentioned previously, six neutron probe access tubes 

were installed across the site in order to monitor soil water 

content to depths greater than 20 cm. One calibration for the 

entire site was deemed to be sufficient, regardless of soil 

spatial variability, because relative changes in water 

content, rather than absolute values were monitored. 

The calibration was made by taking neutron probe 

measurements at various depths and sites, and correlating them 

to volumetric soil samples collected by a Madera probe. A 
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Figure 58. Calibration of the depth neutron probe count ratio 
measurements with Madera probe volumetric soil water content. 
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Madera probe consists of a cylinder of known volume, connected 

to a long rod which is hammered into a pre-augered hole 

located next to the access tube. When used properly, such a 

probe yields accurate estimates of volumetric water content 

to precise depths. 

Linear regression yielded a calibration of 

Water Content = Count Ratio * 21.712 - 2.494 

with an R2 value of 0.90. The calibration is illustrated in 

Figure 56. 
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RAW DATA: COUNT RATIOS AND VOLUMETRIC WATER CONTENT 
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19.14 
19.54 
12.54 
11.16 
17.52 
18.71 
19.73 
12.46 
11.22 
14.84 
17.69 
19.34 
12.45 
11.19 
11.66 
15.87 
17.71 
11.83 
10.46 
9.59 

14.62 
16.52 
11.83 
10.94 
11.6 
17.0 
16.93 
10.93 
10.43 

19.47 
11.27 
10.98 
23.68 
22.6 
19.13 
11.08 
10.72 
22.03 
22.58 
19.67 
11.27 
10.95 
20.23 
22.01 
19.53 
11.2 
10.91 
17.43 
20.32 
18.47 
10.81 
10.27 
14.39 
19.93 
18.25 
10.97 
10.43 
8.56 

16.18 
13.77 
11.06 
10.6 

16.8 
10.69 
11.02 
22.71 
25.33 
16.84 
10.91 
10.83 
21.38 
25.66 
17.25 
11.3 
11.26 
20.17 
25.07 
17.21 
11.12 
10.89 
15.97 
22.96 
16.69 
10.88 
10.47 
10.49 
19.21 
16.27 
11.21 
10.64 
8.93 

12.22 
10.4 
7.14 
6.83 

12.47 
7.09 
7.04 

24.19 
19.85 
12.33 
6.95 
7.0 

22.21 
19.9 
12.43 
7.16 
7.18 

20.73 
19.32 
12.48 
7.28 
7.15 

16.28 
17.11 
11.93 
6.79 
6.53 

11.28 
15.01 
12.09 
7.07 
6.78 
9.21 

11.36 
8.01 
5.88 
6.23 
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10.03 7.77 
6.1 6.15 
6.17 5.95 

22.35 18.52 
17.95 14.01 
10.15 8.11 
5.93 6.14 
6.18 6.00 

19.49 18.18 
17.86 14.26 
10.07 8.19 
6.1 6.09 
6.31 5.95 

16.7 17.42 
16.9 14.24 
10.23 8.38 
6.08 6.05 
6.15 5.92 

13.6 15.60 
15.54 13.21 
9.4 7.73 
5.8 5.83 
5.79 5.63 
9.67 13.74 

13.85 12.96 
9.3 7.91 
5.92 5.77 
6.1 5.750 

12.68 
10.68 
7.34 
5.45 
5.81 
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