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ABSTRACT

Soils darken upon wetting due to changes in the scattering properties of the indi-

vidual soil particles. The objective of this research was to develop a procedure to map the

distribution of wet soils using the radiance measurements acquired by a spaceborne imaging

scanner. The soil-mapping procedure was designed for use in the regional exploration for

ground water resources.

The soil-mapping procedure was based upon the detection of reflectance changes

in a comparison of Landsat 5 Thematic Mapper (TM) scenes acquired before and after a

rain. The Stronghold watershed, which is situated on the western slopes of the Dragoon

Mountains, Cochise County, Arizona, was chosen as the test site for the soil-mapping pro-

cedure. TM scenes depicting the watershed on 7 June 1985 and 14 November 1985 were

used in the change-detection analysis. The region was dry at the time of the June overpass,

the November overpass occurred two days after a rain.

The recovery of reflectance from radiance requires knowledge of 1) the orientation

of the surface relative to the sun and the satellite, 2) the exoatmospheric solar irradiance,

3) the atmospheric optical depth, and 4) the atmospheric path radiance. The orientation

of the surface elements were defined through the use of a digital elevation model of the

Stronghold watershed. The solar irradiance and atmospheric optical depth were obtained

from the literature; the atmospheric path radiance was estimated from shadowed areas

depicted in the images.

Temporal changes in reflectance were detected by subtracting the November re-

flectance estimates from those recovered from the June radiance measurements. Changes

significant at the 0.05 level were identified through use of the Student-t test. The identical

12
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significance level was used to identify temporal changes in the Perpendicular Vegetation

Index, or PVI.

A surface element was classified as an anomaly if there was a significant temporal

change in reflectance with no attendant change in PVI. Field checks of the anomalies proved

that wet soils could be mapped via the remote detection of changes in their reflectance.

The majority of the false anomalies could be attributed to the disparity between the spatial

resolutions of the radiance measurements and the topographic data.



CHAPTER 1

INTRODUCTION

The objective of remote sensing is to recover estimates of the physical properties of

a material from the electromagnetic radiation reflected or emitted by the material. There-

fore, if remote sensing is to be useful in the investigation of a material phenomenon, the

phenomenon must manifest itself as a change in either the reflectivity or emissivity of the

material.

The reflectance of a particulate surface is reduced when the surface is moistened.

In theory, therefore, measurements of the reflectance of such surfaces could be used to map

variations in their state of wetness. The primary objective of the research described in this

dissertation was to determine if such a mapping procedure could be developed in practice,

utilizing radiance measurements acquired by a remote sensing satellite. The development

of the soil-mapping procedure was motivated by the needs of the Arizona Geohydrology

Program, which was chartered in 1985 to study the geologic framework of groundwater

systems in the Basin and Range Province of Arizona. A map depicting the physiographic

provinces of Arizona can be found in Figure 1.1.

Figure 1.2 contains a diagrammatic representation of the topographic features and

structural elements that are characteristic of the Basin and Range Province. Most of the

water used in southern Arizona is pumped from aquifers in the permeable basin-fill deposits.

The mountain ranges that border the basins receive an average of 37.5 to over 63.5 cm

of precipitation annually (Hendricks, 1985), whereas the average annual precipitation for

the basins is less than 37.5 cm. Accordingly, the principal mechanism for recharging the

aquifers is infiltration through the beds of the ephemeral streams, or arroyos, that rise

14
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in the mountain watersheds. A more complete understanding of the role of geology in

the hydrology of Basin and Range watersheds is key to the development of more effective

groundwater exploration programs.

Climate, geology, topography, soils, and vegetation combine to control the trans-

port of rainwater to a stream (Freeze and Cherry, 1979, p. 217). The influence of geology

is strongest in the portions of the watershed where the alluvial mantle is thin. There is

commonly less than two meters of alluvium covering a pediment (Bull, 1984), which is a sub-

horizontal erosional surface formed by the retreat of an escarpment from a range-bounding

fault. Figure 1.3 contains a diagrammatic cross-section of a Basin and Range escarpment.

The soil-mapping procedure was designed to map the distribution of any moist alluvium

appearing on a pediment following a rainfall.

The area of the Basin and Range Province is over 129,500 square kilometers

(Pierce, 1985), which amounts to approximately one half of the state of Arizona (Fig. 1.1).

The regional scope of the Geohydrology Program created the need for a reconnaissance

technique that could detect the presence of wet soils in a variety of lithologic settings. This

requirement was not trivial, for research has shown that the magnitude of the reduction

of soil reflectance induced by wetting varies with the composition and texture of the soil

(Planet, 1970; Musik and Pellitier, 1988). The soil-mapping procedure was therefore de-

signed as a change-detection procedure, detecting moist soils via the comparison of radiance

measurements collected before and a rain.

The image products acquired by the Thematic Mapper (TM), a multispectral

scanner carried aboard the Landsat 5 satellite (cf. Freden and Gordon, 1983) provide both

the regional coverage required by the Geohydrology Project and the temporal coverage

required by the soil-mapping procedure. Landsat 5 has a sun-synchronous, polar orbit with

a nominal altitude of 705 km. The ground track of this orbit completes one global cycle

every 16 days. The TM is a seven-band instrument, with six spectral bands in the visible



i 
	

T000qraon.c Ba" - valley - Trouqn

F Topograpmc Range H Structural eosin   

- — — S trUC tur a i Range

Figure 1.2: Topographic and structural elements characteristic of the Basin and Range
Province. From Pierce (1984).

17



mountains

mountain - pediment junction

pediment

pediment
mantle

alluvial
slope	 basin

fill
o

0 
0

k_i
o
'cp

oo 0 0: 0
0 00 0 0

C OO 00
C o0c

coo°
c
00
00

Figure 1.3: Typical landforms associated with Basin and Range escarpments. From
Bull (1984).

18



19

and near-infrared (VNIR) and one spectral band in the thermal infrared. These bands

are listed in Table 1.1. The ground-projected instantaneous field of view (IFOV) of the

instrument in the VNIR bands is 30 meters. The IFOV is scanned ± 7.5° from nadir,

producing digital imagery with a cross-track width of 185 km.

The Thematic Mapper samples the scene radiance. This radiance is a function of

the reflectance of the surface in the IFOV of the scanner and the solar irradiance incident

on the surface. In addition, the atmosphere modifies the radiance perceived by the sensor.

The difficulty in recovering an estimate of surface reflectance from a radiance measure-

ment has lead some investigators (Reginato et al., 1977) to advise against the use of such

measurements in the effort to map wet soils.

An estimate of the reflectance of a surface can be recovered from a radiance mea-

surement if 1) the geographic orientation of the surface, 2) the positions of the sun and

satellite, 3) the solar irradiance at the top of the atmosphere, and 4) the optical properties

of the atmosphere are known. Given this information, an attempt can be made to calculate

the amount of radiant flux that was incident on the surface, and the fraction of the sur-

face flux that was perceived by the instrument. The reflectance of the surface can then be

calculated as the ratio of the incident and perceived fluxes.

The reduction of the reflectance of a surface upon wetting is readily observed.

However, the reflectance of most natural surfaces is bidirectional, or dependent upon the

directions under which the surface was illuminated and observed. To decouple the changes

in reflectance due to wetting from those due to changes in the geometry of the measurement,

it is necessary to use a model that describes the bidirectional reflectance of the alluvium

with parameters that are sensitive to the presence of moisture. An inversion procedure could

then be designed to recover estimates of the moisture-sensitive parameters from radiance

measurements acquired before and after a rainfall. Temporal changes in these parameters

could then be used to detect changes in the moisture status of soil.



THEMATIC MAPPER VISIBLE AND NEAR-INFRARED BANDS

Band Number Wavelength Interval (pm) Central Wavelength (pm)

1 0.45 - 0.52 0.4863

2 0.52 - 0.60 0.5706

3 0.63 - 0.69 0.6607

4 0.76 - 0.90 0.8382

5 1.55 - 1.75 1.6770

7 2.08 - 2.35 2.2230

Table 1.1: Wavelength intervals of the Thematic Mapper VNIR bands. Intervals from
Slater (1980), central wavelengths from Slater et al. (1986).

20



21

The topics of the chapters in this dissertation outline the stages in the development

and testing of the soil-mapping procedure. Among the earliest tasks were the selection

of a test site (Chapter 2) and a review of the literature regarding the remote sensing of

soil moisture (Chapter 3). Additional literature searches were required to locate a model

describing the bidirectional reflectance of particulate surfaces and to identify the parameter

of the model that was sensitive to soil moisture (Chapter 4). An inversion procedure

was designed to recover estimates of the temporal status of this parameter from satellite

radiance measurements (Chapter 5). An additional procedure was designed to map the

temporal status of a soil-resistant vegetation index using the satellite radiance measurements

(Chapter 6). Significant temporal changes in the model parameter and vegetation index

were identified through the use of a change-detection procedure (Chapter 7). The results of

the soil-mapping procedure were checked in the field to determine if the targets identified by

the procedure were related to wet ground (Chapter 8). Finally, the design of the mapping

procedure was reevaluated and methods for improving the accuracy of its results were

recommended (Chapter 9).

Nomenclature

A brief discussion of the nomenclature of radiometry is presented below. For a

more thorough treatment of these concepts, Slater (1980) and Nicodemus et al. (1977) are

recommended. The following definitions were drawn from these references.

Radiant flux, designated with the symbol 40, is the rate at which radiant energy

is transferred from one point, or surface, to another. The radiant flux is measured in

watts (W). The reflectance of a surface, designated with the symbol p, is the ratio of

the flux reflected from a surface to the flux incident on the surface. The reflectance is a

dimensionless term. The irradiance of a surface, designated as E, is the ratio of the radiant
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flux incident on a surface to the area of the surface. The irradiance is measured in watts

per square meter (W m -2 ).

The flux from a source can emanate in any direction. To describe such three-

dimensional behavior, dimensions of a solid angle are used. A solid angle is the ratio of an

area on a sphere to the square of the radius of the sphere. A unit of solid angle is called a

steradian (sr); the total solid angle around a point at the center of a sphere is 47r steradians.

The radiant intensity of a source, designated as I, is the radiant flux proceeding from the

source per unit solid angle in the direction of travel. The radiant intensity is measured in

watts per steradian (W sr -1). The radiance of a surface, designated as L, can be visualized

in the following manner. Consider a point source of radiant flux situated on a surface.

The radiance of the surface is the ratio of the radiant intensity of the point source to the

projection of the surface onto a plane perpendicular to the direction of travel. The radiance

is measured in watts per square meter per steradian (W m - 2 sr-1 ).

All of the properties discussed above are functions of the wavelength of the ra-

diation. This dependence may be denoted by adding the subscript A to the appropriate

symbol. For example, the spectral radiance may be expressed as LA, a quantity that has

units of watts per square meter per steradian per micrometer (W M -2 sr -1 pm -1). The

subscript A will often be omitted in an effort to reduce the complexity of the symbols used

in an equation, but the omission will be noted in the accompanying text.



CHAPTER 2

THE STRONGHOLD CANYON TEST SITE

The test site for the soil-mapping procedure is located in the Dragoon Mountains

of Cochise County, Arizona. Figures 2.1 and 2.2 are false-color Landsat Multispectral

Scanner (MSS) scenes depicting Cochise County and the Dragoon Mountains, respectively.

Descriptions of the Dragoon Mountains appear in Gilluly (1956), who described the geology

of the entire range, Keith and Barrett (1976) and Drewes (1976), who described the rocks

exposed in the central portion of the mountains, and Davis (1979) and Drewes (1981), who

described the Dragoons in the context of the tectonic history of southeastern Arizona.

A lithologic map of the Dragoon Mountains is contained in Figure 2.3. The

Stronghold Granite pluton (Fig. 2.3) is exposed in the central portion of the Dragoon

Mountains. The distinctive pattern of valley and ridge topography provides a demarcation

of the pluton in the synoptic view of the mountain range provided by the satellite (Fig. 2.2).

This topography evolved as the granite was weathered along a northwest-trending set of

fractures. The fractures, which are pervasive within the pluton, do not extend into the wall

rock of the pluton (Norton 1984).

The Thematic Mapper (TM) scenes of the test site are depicted in Figure 2.4.

The scene in Figure 2.4a was acquired on 7 June 1985 (Scene Y5046317220X0). The scene

in Figure 2.4b was acquired on 14 November 1985 (Scene Y5062317203X0). Precipitation

records for the Stronghold Canyon rain gage (Coronado National Forest Gage 16, Water-

shed 149) indicate that the last rain to precede the June overpass fell on 27 April 1985. The

November overpass followed rainfalls of 0.97 cm and 0.89 cm on the first and the twelfth of

November, respectively.

23
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Figure 2.1: Landsat MSS scene depicting Cochise County, Arizona. (a) False-color compos-
ite of the MSS images. MSS 7 (A, = 0.95 pm) is displayed in red, MSS 5 (A, = 0.65 pm)
is displayed in green, and MSS 4 (A, = 0.55 pm) is displayed in blue. North is at the top
of the image. Approximate scale: 1 pixel 360 m.
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is displayed in blue. North is at the upper left corner of the image. Horizontal scale: 1 pixel
P.,- 57 m; vertical scale: 1 pixel P.', 80 m.
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Figure 2.2: Landsat MSS scene depicting the Dragoon Mountains. (b) Location map for
the Landsat MSS scene.



Figure 2.3: Lithologic map of the Dragoon Mountains. The symbol Tsg designates the
Stronghold Granite (Oligocene-Miocence). The symbol Kb designates the Bisbee Group.
This Map unit incorporates the shales, siltstones, graywackes, and conglomerates of the
Cintura Formation (Lower Cretaceous), the Mural Limestone (L. Cretaceous), the shales,
siltstones, graywackes, sandstones, and conglomerates of the Morita Formation (L. Creta-
ceous), and the Glance Conglomerate (L Cretaceous), which contains pebbles, cobbles, and
boulders derived from the Paleozoic limestones. The symbol Pz S designates the Paleozoic
sediments. This map unit incorporates the quartz sandstones of the Scherrer formation
(Lower Permian), the Epitaph Dolomite (L. Permian), the Colina Limestone (L. Permian),
the marls, shales, and limestones of the Earp Formation (L. Permian), the Horquilla Lime-
stone (Pennsylvanian — L. Permian), the Black Prince Limestone (Mississippian — Penn-
sylvanian), the Escabrosa Limestone (Mississippian), the limestones, dolomites, shales, and
sandstones of the Martin Formation (Upper Devonian), the shales, siltstones, limestones,
and sandstones of the Abrigo Formation (Cambrian), and the Boisa Quartzite (Cambrian).
The symbol pC designates exposures of Precambrian rocks. This map unit incorporates
the schists, phyllites, and metagreywackes of the Pinal Schist, and isolated exposures of
granodiorite. The lithologic map was redrawn from Drewes (1980); the descriptions of the
lithologies were obtained from Drewes (1987).
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Figure 2.3: Lithologic map of the Dragoon Mountains.
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Figure 2.4: Landsat 5 Thematic Mapper scenes depicting the Stronghold Canyon test site.
(a) Scene acquired on 7 June 1985. TM 4 is displayed in red, TM 3 is displayed in green.
North is at the top of the image. 1 pixel = 100 ft.
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Figure 2.4: Landsat 5 Thematic Mapper scenes depicting the Stronghold Canyon test site.
(b) Scene acquired on 14 November 1985. TM 4 is displayed in red, TM 3 is displayed in
green.
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Figure 2.4: Landsat 5 Thematic Mapper scenes depicting the Stronghold Canyon test site.
(c) Location map for the TM scenes.

31



32

If the reflectance of an alluvial surface was significantly lower on 14 November

than on 7 June, there is a chance that the surface was wet. However, a visual comparison of

the overpass images (Figs. 2.4a and 2.4b) reveals the changes in scene radiance wrought by

the change in the position of the sun. One of the tasks of the soil-mapping procedure was

to decouple the changes in scene radiance due to changes in the surface moisture content

of the alluvium from those due to changes in solar illumination.

The Role of the Fractures in the Hydrology of the Watershed

The watershed developed in the western portion of the Stronghold Granite pluton

is drained by Stronghold Canyon West and Slavin Gulch (Fig. 2.4c). The rectangular

pattern of the tributaries to these arroyos is characteristic of drainage networks developed

upon fractured bedrock. Given the structural control of the drainage, it was expected that

exposures of wet alluvium would be associated with the fractures in the days immediately

following a rain shower. Therefore, the fractures represented well-defined targets for the

soil-mapping procedure.

The deep weathering of the granite along the fracture planes has increased the

surface area of the catchment basin. Rain water is caught and temporarily stored in bowl-

shaped bedrock depressions, which form at the intersection of fracture planes. Figure 2.5

depicts a small bowl, which was found at the top of a granite column.

The alluvium derived from the Stronghold Granite is coarse-textured. As a result,

the infiltration of rainwater into the alluvium is rapid. The surface of the alluvium was found

to be dry on the mornings following late afternoon and evening rain showers. Therefore, if

an alluvial surface remains wet following a rain, it must either be 1) intersecting the local

water table, or 2) saturated by the rain water caught in a bedrock depression.

Figure 2.6 illustrates the mechanisms that deliver rain water from a hillslope to

a stream in a typical watershed. Overland flow (mechanism 1 in Fig. 2.6) occurs when



Figure 2.5: Bowl-shaped depression formed at the intersection of several fracture planes.
Photograph taken on 3 July 1988.
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the duration of the rainfall exceeds the time required for the alluvium to saturate to the

surface. Given the high permeability of the alluvium derived from the Stronghold granite,

overland flow is probably not responsible for the soil surfaces that remain wet after the rain

has ceased.

Subsurface stormflow, or interflow (mechanism 2 in Fig. 2.6) occurs at the interface

between residual material with a high hydraulic conductivity and intact bedrock with a low

hydraulic conductivity. Given that the (saturated) hydraulic conductivities of gravel and

intact granite are approximately 10 -1 and 10 -12 m/s, respectively (Freeze and Cherry, 1979,

p. 29), interflow should be an important mode of transport in the Stronghold watershed.

The development of a residual mantle is enhanced by fractures in the bedrock; thus the

fracture zones in the Stronghold Granite should be the sites of the greatest interflow.

Groundwater flow (mechanism 3 in Fig. 2.6) usually sustains streams between

rainfalls, although it may contribute to runoff during storms (Freeze and Cherry, 1979,

p. 218). The (saturated) hydraulic conductivity of fractured granite ranges from 10 -4 to

10 -9 m/s (Freeze and Cherry, 1979, p. 29). This exceeds the hydraulic conductivity of intact

granite by several orders of magnitude. Therefore, the fractures should be the preferred

paths for groundwater flow.

The fractures in the Stronghold Granite pluton participate in the collection, re-

tention, and transport of rain water. The importance of the fractures in the hydrology of

Stronghold watershed justifies a discussion of the formation of these structures.

The Emplacement and Fracturing of the Stronghold Granite Pluton

The Mechanics of Fracturing

Plutons are fractured as a consequence of the cooling and crystallization of the

magma. The mechanical behavior of a crystallizing magma can be predicted from the

thermodynamic properties of the constituents of the melt. Burnham (1979) provided a



Surface soil layer with high
hydraulic conductivity
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Figure 2.6: Mechanisms for the transport of rainwater in a hillslope watershed. 1) overland
flow, 2) subsurface stormflow, or interflow, and 3) groundwater flow (after Freeze and
Cherry, 1979).
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model for the formation of fractures based primarily upon the thermodynamic properties

of H20 and albite (NaA1Si308). Knapp and Norton (1981) added the temporal dimension

to the Burnham model by numerically simulating the history of cooling, stress evolution,

and fracture formation within a pluton.

Burnham (1979) calculated the mechanical energy that could be released during

the crystallization of a granodiorite pluton, initially containing 3.0 wt. % 1120, emplaced at

a depth of approximately 2 km. A key component to the Burnham model is the development

of a crystalline rind that would envelope the remaining melt. The rind, or hood, would act as

a pressure vessel, preventing the escape of H 2 0 vaporized during the further crystallization

of the melt. Burnham estimated that the volume occupied by the solid + vapor phase could

exceed that of the original liquid phase by as much as 30 percent. A subsequent fracturing

of the hood could release as much as 3 x 10 16 J of mechanical energy per cubic kilometer

of rock.

Knapp and Norton (1981) numerically simulated the cooling history of a tonolite

pluton, initially containing 2.0 wt. % 1120, emplaced at a depth of 4.5 km. The analysis

indicated that fracturing would be induced by both magmatic and thermal forces. The

magmatic forces would be caused by changes in the specific volume of the magma as it

crystallized, in accordance with the Burnham model. The thermal forces would result from

the simultaneous contraction of the pluton and expansion of the wall rocks as heat was

conducted away from the pluton.

Burnham (1979) and Knapp and Norton (1981) predicted that near-vertical tensile

fractures would be predominant within the upper portions of a pluton. Knapp and Norton

predicted that a conjugate set of shear fractures, with planes dipping at approximately 30

and 60 degrees, would accompany the vertical tensile fracture planes. The preceding pluton

models were two-dimensional and could not be used to predict the strike of the fracture

planes.
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The Emplacement of the Stronghold Granite Pluton

Radiometric (K-Ar) dating reveals that the Stronghold Granite pluton crystallized

between 29 and 19 Ma (Marvin et al., 1978). The pluton intruded country rock consisting

predominately of Paleozoic carbonates (Fig. 2.3), resulting in the development of a meta-

morphic aureole. Gilluly (1956) reported that, in some locations, the distinctions between

lithologies and structures in the country rocks were obscured by the metamorphism. Gilluly

presented evidence that the intrusion caused a doming of the country rocks, but noted that

the upwarp could not have accommodated the entire volume of the pluton. He therefore

concluded that the intrusion was accomplished largely by passive magmatic stoping.

The depth of emplacement of the Stronghold Granite pluton is not known. Ev-

idence for a shallow, or epizonal, emplacement (cf. Billings, 1972, p. 368) includes a lack

of internal flow features (Gilluly, 1956), the presence of miarolytic cavities (Norton, 1984;

Lantz, 1984), and the aforementioned metamorphic aureole. Norton (1984) postulated that

the magma accumulated in a chamber a few kilometers from its source. Lantz (1984) sug-

gested a depth of emplacement of three kilometers, but cautioned that this was probably a

minimum value.

The Stronghold Granite pluton was emplaced at a time of renewed magmatism

in southeastern Arizona. This magmatic activity followed a quiescent period that spanned

about 20 million years (Rehrig and Heidrick, 1976). The episodic behavior of magmatism

in the southern Cordillera has been attributed to changes in the angle of subduction of the

oceanic Farallon plate beneath the western margin of the North American plate (Coney and

Reynolds, 1977; Dickinson, 1981).

Approximately 120 Ma, the angle of subduction of the Farallon plate began to

decrease. For the next 80 million years, this flattening of the subducted slab caused the

locus, or arc, of magmatic activity to migrate eastward. The reduction in the angle of

subduction is attributed to an increase in the rate of convergence between the plates, which
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reached a maximum of 12 cm/yr about 80 Ma (Coney and Reynolds, 1977). This high rate

of convergence, which was sustained for about 40 million years, is thought to be respon-

sible for the Laramide Orogeny, which was active between 90 and 50 Ma (Davis, 1979).

The contact between the descending oceanic slab and the overriding continental plate re-

sulted in the northeast-directed compression that characterizes the Laramide Orogeny in

the southwestern Cordillera (Dickinson, 1981; Heidrick and Titley, 1982).

The rate of convergence between the plates decreased to 8 cm/yr about 45 Ma

(Coney and Reynolds, 1977). The consequent increase in the angle of subduction caused

the magmatic arc to return to the western margin of the North American plate. The

Stronghold Granite pluton was emplaced during this westward sweep of the arc. The

steepening of the subducted slab created an extensional state of stress within the crust

(Dickinson, 1981). The episode of extensional tectonics was active between 40 and 15 Ma

(Coney and Reynolds, 1977), during which time the southwestern Cordillera was lengthened

between 50 and 100 % (Davis and Lister, 1988). Kinematic indicators suggest that the

orientation of the extension was parallel to that of the preceding Laramide compression

(Coney, 1980; Davis, 1980 and 1983).

Approximately 25 Ma, the ridge separating the Farallon and Pacific plates came

into contact with the Farallon-North American subduction zone (Damon et al., 1984). The

extinction of the Farallon-Pacific ridge terminated the supply of oceanic lithosphere to

the subducted slab. The descent of the truncated slab into the asthenosphere continued,

opening a gap, or window, into which material from the asthenosphere could flow. The

uplift, block-faulting, and volcanism that characterized the Basin and Range Orogeny is

believed to have been activated by the heat transferred from the asthenosphere to the crust

through such a window (Dickinson, 1981; Damon et al., 1984). In southeastern Arizona,

the Basin and Range Orogeny was active between 12 and 5 Ma (Davis, 1981).
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Although it is generally agreed that the Dragoon Mountains were created during

the Basin and Range Orogeny, there are no exposures of the range-bounding faults in the

vicinity of the mountains. Block faulting may actually be absent on the eastern side of

the range (Gilluly, 1956; Drewes, 1981). Gilluly (1956) suggested that a fault intersected

by drillers in the Tombstone mining district may be the western range-bounding fault.

Drewes (1981) places the range-bounding fault to the west of the Tombstone Hills, based

on exposures of high angle faults on the western slopes of the Little Dragoon (Cooper and

Silver, 1964) and Mule Mountains. In this interpretation, the Little Dragoon, Dragoon, and

Mule Mountains are the remnants of a single horst.

Regional Fractures in the Stronghold Granite Pluton

Burnham (1979) stated that the strike of the fracture planes formed in a pluton

would be controlled by the regional stress field existing at the time of emplacement. The

presence of an isotropic state of regional stress results in the development of radial and

concentric fracture sets (Koide and Bhattacharji, 1975; Titley and Heidrick, 1978; Heidrick

and Titley, 1982; Rogers and Gerla, 1988), whereas an anisotropic state of regional stress

results in the development of parallel fracture sets (Rehrig and Heidrick, 1976; Titley and

Heidrick, 1978; Heidrick and Titley, 1982; Segall and Pollard, 1983; Titley et al., 1986).

Lantz (1984) reported that the regional fractures in the Stronghold Granite pluton

had a mean strike of approximately N 37° W, with a dip of 60 0 NE (Fig. 2.2). This

orientation agreed well with those of dilational structures, such as joints, veins, and dikes,

found in coeval plutons exposed in southern Arizona (Rehrig and Heidrick, 1976). The

regional constancy of the orientations of these structures was attributed to the presence of

a late Tertiary (less than 30 Ma) anisotropic stress field, with the least principal stress (o- 3 )

oriented ENE-WSW (Rehrig and Heidrick, 1976).
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Based on the similarity of the orientations, Lantz (1984) concluded that the frac-

tures in the Stronghold Granite pluton opened during the Basin and Range Orogeny. How-

ever, the crystallization of this pluton was almost certainly completed prior to the start

of this tectonic event. Noting that the first fractures to form in a crystallizing pluton are

opened by magmatic forces (Knapp and Norton, 1981), and that such forces require the

presence of melt in the interior of the pluton (Burnham, 1979), it is more probable that the

Stronghold fractures opened during the mid-Tertiary extensional event.

Lantz (1984) and Norton (1984) reported the presence of discontinuous vertical

fractures, striking N 45° E, in the Stronghold Granite pluton. Blocks of granite, isolated

by the intersection of the two regional fracture sets, have been weathered into spires and

pinnacles (Fig. 2.4). Orthogonal fracture sets found in other plutons in Arizona (Heidrick

and Titley, 1982; Titley et al., 1986) and in the New Guinea-Solomon Island region of

the South Pacific (Titley and Heidrick, 1978) formed as the result of episodic fracturing

events. In these plutons, the older fractures were filled with alteration products, which

restored the competency of the rock mass, prior to the development of the younger frac-

tures. The fractures in the Stronghold Granite lack vein-filling minerals and alteration halos

(Norton, 1984), and this has precluded a resolution of the sequence of the fracturing events

(Lantz, 1984).



CHAPTER 3

THE REMOTE SENSING OF SOIL MOISTURE

Researchers have long sought to develop a non-invasive method of estimating the

moisture content of soils. Attempts have been made to devise a method based on the remote

sensing of reflected or emitted radiation in the visible and near infrared (A P.,-. 0.4 to 2.2 pm),

thermal infrared (A 8 to 14 pm), and microwave (A ^.-z.; 1 mm to 30 cm) portions of the

spectrum. The survey below will focus on experiments in the visible and near-infrared

(VNIR) portion of the spectrum. Discussions of experiments in the thermal infrared can be

found in Idso et al. (1975), Bonn (1977), Pratt and Ellyet (1979), Schmugge et al. (1978),

Huntley (1978), Heilman and Moore (1979, 1982), and Ezra et al. (1982); discussions of

microwave experiments can be found in Schmugge (1980), Chang et al. (1980), Wang and

Schmugge (1980), Ulaby et al. (1982), Wang (1983), Farr et al. (1986), and Jackson and

O'Neill (1987).

Research in the Visible and Near Infrared (VNIR) 

It is a common observation that the surface of a soil darkens when it is moist-

ened. An early explanation of the mechanism by which wetting reduces the reflectance of

a particulate surface was provided by Angstrom (1925). Angstrom assumed that when a

particle was surrounded by a film of water, internal reflection at the air/water interface

would permitted only a fraction of the light reflected from the particle to escape. This

fraction would include only those rays that were reflected from the particle at angles less

than the critical angle of reflectance, which is approximately 48° for a air/water interface.
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The fraction of the reflected light that does not escape the interface is again re-

flected onto the surface of the particle and the process is repeated. Employing a geometric

series to describe the multiple reflections, Angstrom (1925) derived the expression

pi =  P 
n2 (1 — p) + p

for the reflectance of a wet surface. The symbol p denotes the dry-state reflectance of the

surface, p' is the wet-state reflectance of the soil, and n is the refractive index of the wetting

fluid.

Bowers and Hanks (1965) were among the first to suggest that this darkening could

be used to estimate the moisture content of soils. Their laboratory measurements of the

reflectance spectra of soil surfaces maintained at various moisture contents indicated that the

reflectance decreased with an increase in moisture content. As illustrated in Figure 3.1, this

phenomenon was observed for all of the spectral reflectance measurements made between

0.5 and 2.5 pm.

Hope (1966) demonstrated that the distribution of moist soils could be mapped

from space. He noted the presence of broad swaths of anomalously dark ground in a

Gemini 4 photograph of west Texas. Consulting the weather records for the region, Hope

found that weather stations lying within the dark swaths had recorded rainfalls in excess of

two inches in the 24-hour period that preceded the overflight of the spacecraft. The weather

stations lying outside of the swaths had reported little ( < 0.25 inches) or no rain for the

same period of time.

Idso et al. (1975) were among the first to use albedo measurements to estimate

the moisture content of soils in situ. The experiment was conducted on a field of loamy soil,

which had been cleared and smoothed. The field was irrigated to a volumetric moisture

content of approximately 0.30 and then allowed to dry. Ground-based measurements of the

incoming and reflected solar radiation in the 0.28 to 2.8 pm wavelength range were taken

at 20 minute intervals. The moisture profile of the soil was characterized with samples
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Figure 3.1: The spectral reflectance of samples of Newtonia silt loam maintained at three
different moisture contents. The moisture content of the sample is designated beneath the
corresponding spectrum. Redrawn from Bowers and Hanks (1965).
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taken at the surface and at depths of up to ten centimeters. The researchers found that the

albedo was linearly related to the moisture content of the soil surface (< 0.2 cm depth); this

relationship did not apply when the moisture content at levels deeper than 2 centimeters

were considered.

Reginato et al. (1977) conducted an experiment to determine if airborne measure-

ments of the radiance of an agricultural plot could be used to estimate the moisture content

of the soil. Airborne and ground-based radiance measurements were collected over both

irrigated and dry portions of the plot. The wet-soil measurements were divided by the dry-

soil measurements to create an index that was independent of changes in solar irradiance.

The airborne and ground-based measurements were found to be equally sensitive to the

moisture content of the soil surface, but the investigators cited the difficulty in recovering

soil reflectance from measurements of radiance as a handicap for the use of VNIR remote

sensing to estimate soil moisture.

Musik and Pellitier (1988) conducted laboratory experiments to assess the sensitiv-

ity of reflectance measurements in the Thematic Mapper (TM) bandpasses to the presence

of soil moisture. They measured the spectral reflectance of ten different types of soil, vary-

ing both the moisture content and the incident angle of the illumination. Their conclusions

were that 1) the effects of increases in moisture content on the reflectance of soils vary

with soil type, and 2) the changes in the reflectance of a soil caused by a change in the

illumination angle could obscure those caused by changes in soil moisture.

The conclusions of Musik and Pellitier (1988) are relevant to the development of

the soil-mapping procedure. Their finding that moisture-induced changes in the reflectance

of a soil vary with soil type reinforces the necessity of using a change-detection technique

to map the distribution of moist soils. However, the use of multitemporal satellite images

results in the comparison of measurements acquired under different illumination conditions.

As Musik and Pellitier (1988) demonstrated, compensation must be made for the change in
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illumination direction before any reflectance change can be attributed to a change in soil

moisture status. This may be accomplished via reflectance modeling. The first task was to

find a model that describes the reflectance of soils. The second task was the identification

of parameters in the model which are sensitive to the presence of moisture. These topics

are addressed in Chapter 4.



CHAPTER 4

THE REFLECTANCE OF PARTICULATE SURFACES

The ability to map the distribution of moist soils based on measurements of their

reflectance is contingent upon the availability of a model that relates the reflectance to

the presence of moisture. The passage of radiation through particulate media is described

by the theory of radiative transfer. This theory, in turn, is based on the scattering and

absorption of photons by the constituent particles of the medium. Any model describing

the reflectance of a particulate surface must arise from an appreciation of these fundamental

interactions.

The Scattering of Radiation

Single Scattering by a Particle

When a photon encounters a particle, it is either scattered or absorbed. Both

events remove photons from the beam of radiation, thereby attenuating the energy of the

beam. This process of attenuation is known as extinction.

Consider the total energy removed from the beam by a single particle to be equal

to the energy incident on an area Cezt ; this area is known as the extinction cross-section of

the particle. The scattering cross-section of the particle, C.,, a , is defined in an analogous

manner. The absorption cross-section is defined as the difference between the extinction

and scattering cross-sections. The ratio of the scattering cross-section to the extinction

cross-section is defined as the single-scattering albedo, denoted as coo , and describes the

fraction of radiation lost from the incident beam due to scattering.
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A photon can be backscattered (scattered towards its source) or forward-scattered

(scattered away from its source) following an encounter with a particle. Figure 4.1 illus-

trates the particle-centered reference system used to describe the direction of scatter. The

scattering plane is spanned by the vectors describing the directions of illumination and

scatter. The scattering angle, denoted as 8, describes the deflection of the photon from

its original trajectory. The phase angle, denoted as ck, is the supplement of the scattering

angle.

The directional distribution of the scattered photons is characterized by the phase

function, which is denoted as p(cos e). Phase functions that have maxima in the range

0 < 8 < 7r/2 characterize forward-scattering particles; those with maxima in the range

7r/2 < 8 < ir characterize backscattering particles.

Examples of phase functions include the isotropic phase function

p(cos 8) = 1,

and the linearly-anisotropic phase function

p(cos 8) = 1 + 3g(cos 8) .

The parameter g is known as the asymmetry factor, which may be defined as either the first

moment of the phase function or the mean cosine of the scattering angle:

1
g = < cos > = — 

f 
cos p(cos e) d(cos e) .

2

The asymmetry factor vanishes if the particle scatters isotropically. Particles that scatter

in the forward or backward directions are characterized by asymmetry factors in the range

0 < g < 1 or —1 < g < 0, respectively.



Figure 4.1: The reference system used to describe the scattering from a particle. The

scattering angle is denoted by 8; the phase angle is denoted by a.
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Scattering by Spherical Particles

A mathematical description of the extinction of an incident beam requires the ap-

plication of electromagnetic field theory. Solutions must be found for the sets of Maxwell

equations that describe the fields induced within the particle and within the medium sur-

rounding the particle. An exact solution for the extinction of a plane wave by a homogeneous

sphere was formulated by Gustav Mie in 1908.

The derivation of the Mie coefficients describing the fields internal and external

to a spherical particle is available in van de Hu1st (1981, pp. 119-130) and Bohren and

Huffman (1983, pp. 82-101). The Mie coefficients are functions of the size parameter

2A- a n2
x = 	

A

and relative refractive index

n = n i /n2

of the particle. In the preceding expressions, a is the radius of the spherical particle, A is

the wavelength of the monochromatic radiation, and n 1 and n 2 are the refractive indices of

the particle and surrounding medium, respectively.

If a particle is spherical, Cext, Csea, Cabs, wb, and g can be derived from the Mie

scattering coefficients (Bohren and Huffman, 1983, pp. 101-104, 119, 120). Mie theory

has also been used to obtain first-order approximations of the scattering behavior of non-

spherical particles (cf. Conel, 1969). Methods for obtaining the exact solutions for the scat-

tering properties of such particles are discussed in Schuerman (1979), van de Hu1st (1981),

and Bohren and Huffman (1983).

Single Scattering in Particulate Media

The concepts introduced in the preceding section can be used to describe the

scattering in a particulate medium if 1) each particle is illuminated by the radiation in the



50

original beam; and 2) the scattering is independent. The latter criterion states that the

directional distribution of the scattered field of one particle is not modified by the presence

of a neighboring particle. The minimum particle spacing required for independent scattering

is generally considered to be 3a, where a is the mean particle radius (van de Hu1st, 1981).

If the above criteria are met, the scattered field within a particulate medium is

the sum of the scattered fields of the constituent particles. Therefore, the scattering and

extinction cross-sections of the medium can be found by summing up the corresponding

cross-sections of the constituent particles. The single-scattering albedo of the medium is

the ratio of these sums.

Often it is assumed that the medium is homogeneous and the constituent particles

are both spherical and identical in size. The wo and g for a particle are then calculated

with Mie theory, and these parameters are applied to the entire medium. Conel (1969),

Twomey and Bohren (1980), and Wiscombe and Warren (1981) discuss the application

of this approach to the calculation of wo and g for quartz powders, clouds, and snow,

respectively.

Multiple Scattering in Particulate Media

Multiple scattering refers to the illumination of particles by radiation scattered

by their neighbors. In effect, the medium becomes a secondary source of radiation. The

theory of radiative transfer (Chandrasekhar, 1960) was developed to describe the multiple

scattering of radiation in a homogeneous medium composed of independently-scattering

particles.

Consider a plane-parallel, or stratified, particulate slab illuminated by a collimated

beam of monochromatic light. The beam is incident from a direction defined by the cosine Az,

(negative cosines indicate the downward direction) and an azimuth angle 00 . The angular

distribution of the radiance at any point within the slab is governed by the equation of
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transfer (Chandrasekhar, 1960, p. 22),

p dL(r, ,u, 0) 	L(7,	 1 
f 1 j.21r POI) 0)	 Os) L er ) A 1 ) 01 ) d0 1dr	 P' 

_ 
47r —1 o

-- exp(—
4 r

v(i.i 6	 6 ),

	

r, • 0,.	 0, 0, 

where E is the irradiance of the incident beam, and p is the phase function. The cosine

p and the azimuth angle 6 define the direction of the emerging radiation. The variable r

denotes the optical depth of the medium, which is defined as the integral of the (volume)

extinction coefficient of the medium over its thickness. The second term on the right-hand

side of the equation of transfer describes the radiance originating within the slab due to

multiple scattering, while the third term describes the fraction of the incident light that is

transmitted through the slab.

The equation of transfer can be simplified if the scattering is assumed to be

isotropic and the medium is assumed to have infinite optical depth. Photons incident

on the surface of a slab of infinite optical depth will not escape through its base; this elim-

inates the need for a transmission term in the transfer equation. With the aforementioned

assumptions, the equation becomes (Chandrasekhar, 1960, p. 22)

wo 1.1 Ler,m 1 )dill •
dL(r,12 ) = L(7, p) — 

dr

The solutions of the transfer equation must satisfy the boundary conditions that

L(0, —p) and L(r, A) are equal to zero. These conditions state that radiation may not be

emitted from either the surface (r 0) or the base of the slab in the direction of emergence.

The bidirectional reflectance of the surface of the slab is described by a class of

solutions to the transfer equation that have the form (Chandrasekhar, 1960, p. 90)

	L(tio,P) = r 	r ; Po 11)

where S is a generic source/scattering function. The reference system for the bidirectional

reflectance of a slab is illustrated in Figure 4.2. The incident angle, i	 p; 1 , is defined by
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the vector pointing at the source and the normal to the slab surface. The emergent angle,

e = A4-1 , is defined by the vector pointing at the observer and the normal to the slab. The

scattering plane is spanned by illumination and observation vectors. Within the scattering

plane, the scattering and phase angles are denoted by 8 and ce, respectively.

Consider the light that emerges from the slab following a single isotropic scattering

event. The light is attenuated by the factors exp(—r/I.10 ) and exp( — r/p) during ingress and

egress, respectively. This radiance, per unit r, is described by

dL(r,14,12) = (4)471.0.: exp [ —r(p/A: 12+ 1 dr .

This expression may be integrated over the semi-infinite slab to produce

(A), 020 E 
L(120,	 47r(po + ti)

which is the bidirectional reflectance law for singly-scattered light (Chandrasekhar, 1960,

p. 146).

It is more realistic, however, to assume that light is scattered many times before

it emerges from a slab. For isotropically-scattering media, the bidirectional reflectance law

is (Chandrasekhar, 1960, p. 85)

Wo A40 E 
 H(tio,(41o)11(11,0Jo)L(110,141 = 4 7r (po 	/.1)

where the H-function is defined by the integral equation (Chandrasekhar, 1960, p. 97)

f
wo ) = 1 + H(A, wo)	 hI. 11(A (410) dp i .

2 	 +

tabulations of the H-functions (Chandrasekhar, 1960, p. 125) reveal that, for any value

of wo , H(/2, coo ) = 1 when j. = 0, and is at a maximum when it = 1. For any given

direction cosine, the H-function increases with an increase in the single-scattering albedo.

Conceptually, the H-functions describe the increase in the radiance of a point source when

it is surrounded by scattering particles (cf. van de Hulst, 1980).
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Figure 4.2: The reference system for the bidirectional reflectance of a slab. The normal
to the surface of the slab is denoted by ri, i denotes the incident angle of the illuminating
beam, e denotes the emergent angle for the reflected (scattered) beam, ci denotes the phase
angle, and 9 denotes the scattering angle.
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Application of the Transfer Theory to Terrestrial Surfaces

Transfer theory was developed to study the flow of radiation in planetary and

stellar atmospheres, where the large spacing between particles insures that the scattering

is independent. Applications of the transfer theory to atmospheric science can be found

throughout the literature (cf. Hansen and Travis, 1974; Irvine, 1975; Herman and Browning,

1975; Twomey and Bohren, 1980; van de Hu1st, 1980; or Crisp, 1986). The application of

the theory to non-disperse particulate media, such as the surface of a planet, is limited,

since independent scattering cannot occur in such media.

The absence of independent scattering has been disregarded in an effort to approx-

imate the scattering behavior of non-disperse surfaces. Conel (1969) and Wiscombe and

Warren (1980) have derived models for the reflectance of quartz powder and snow, respec-

tively, from approximate solutions of the transfer equation. The level of agreement between

his theoretical and experimental results has prompted Conel (1989, pers. communication)

to conclude that independent scattering must occur in the upper portions of non-disperse

media.

Natural surfaces are commonly composed of heterogeneous particles. To extend

the reflectance model to such surfaces, it is common practice (Hapke, 1981; Johnson et al.,

1983; Mustard and Pieters, 1987a) to use weighted averages in place of the homogeneous

model parameters. The contribution of a single species of particle to an average parameter

is weighted by the abundance of that species. The averaged parameters will be denoted

with tildes in the expressions that follow.

The Hapke Bidirectional Reflectance Model

A model for the bidirectional reflectance of a non-disperse, particulate surface was

developed by Hapke in 1981. The model was intended for use in inverse problems, where
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information regarding the physical properties of a planetary surface could be recovered from

measurements of its reflectance.

Hapke (1981) first considered the question of anisotropic scattering. He assumed

that the light scattered from the surface of a disperse particulate medium could be mod-

eled as a two-component system. One component consisted of the light emerging from the

medium after a single scattering event; the other consisted of light emerging after multi-

ple scattering events. The directional distribution of the singly-scattered component was

assumed to be anisotropic. Hapke assumed that multiple scattering would cause the direc-

tional distribution of the second component to be uniformly random, and therefore isotropic.

The removal of anisotropy from the directional distribution of multiply-scattered light has

been discussed by other workers (cf. Irvine, 1975).

The bidirectional reflectance of a disperse, anisotropically-scattering medium was

derived by adding the radiance of the singly-scattered component,

=	
140 E  r)(a)L s (Po A) 	.471- (A0 + A)

to that of the multiply-scattered component,

&00E	 17(	 0) — 1] ,Lm(1-10,11 ) —
 4(p + )

	krao

to form the sum

cZo ito E  {p(a )	 ( 1.40,(,.%) Fl(p,c7)0) —11.L(1.10,	 4r(ti0	 p)

In the above equations, i5 (a) denotes the phase function of the medium, expressed as a

function of the phase angle a (Figs. 4.1 and 4.2). Hapke proposed that the Chandrasekhar

H-function could be approximated by

ri(P,c710) = 1 + 1 + 2p N/1 — wo

The accuracy of the Hapke approximation decreases as particle absorption decreases (ie: as

(.7:)„ approaches unity).

1 +
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In non-disperse media, a fraction of the constituent particles are occulted, or hid-

den from illumination, by their neighbors. This internal shadowing causes the reflectance

of non-disperse particulate surfaces to increase with a decrease in the phase angle of the

observation. This phenomenon is known as the opposition effect (cf. Irvine, 1966).

To explain the opposition effect, Hapke (1963, 1986) proposed that a particulate

surface could be modeled as a layer of cylinders. The axes of the cylinders are parallel to the

direction of the incident light and the radii are given by the mean spacing between particles.

Light emerging from a cylinder along its axis would not be attenuated in transit. This type

of escape is only detected at small phase angles, when the direction of observation is nearly

parallel to the cylinder axes. Based on the geometry of his cylinder model, Hapke (1986)

derived the following expression for the opposition effect:

Bo 
B (a) ---- 1+ [tan(a/2)/h] •

The parameters h and Bo describe the angular width and amplitude, respectively, of the

opposition effect, which is denoted as B(a).

Hapke (1981) assumed that the opposition effect would be limited to the singly-

scattered component of the reflected light. Therefore, the extension of the bidirectional

reflectance model to non-disperse media took the form

(7j° 140 E { [1 + B(a)]P(a) fl(1.4 0 ,67/0 ) .fi(p,C.;° ) — 1}L(A0, = 424120 + ,4)

The Hapke reflectance model has been applied to a variety of planetary and ter-

restrial remote sensing projects. Guinness (1981) and Guinness et al. (1987) have employed

the model to obtain estimates of the composition and porosity of unconsolidated material

exposed at the Viking Lander sites on Mars. Mustard and Pieters (1987a) found that the

model could be used to recover the proportions of end member components in synthetic

mineral mixtures from bidirectional measurements of their reflectance spectra. This abil-

ity was subsequently used to obtain quantitative estimates of the serpentinization of an
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ultramafic diatreme from measurements acquired with an airborne multispectral scanner

(Mustard and Pieters, 1987b). Pinty et al. (1988) have discussed the potential of using the

reflectance model in global climate modeling to provide a more accurate description of the

radiation field over bare soil surfaces.

The Reduction of Reflectance Induced by Wetting

In his explanation of the darkening caused by the application of moisture to a

particulate surface, Angstrom (1925) assumed that the "diffuse reflecting power" of the

surface was not altered by the presence of the liquid. This assumption was challenged by

Twomey et al. (1986), who demonstrated that the Angstrom model could not accurately

predict the darkening observed when surfaces were moistened by fluids other than water.

They proposed an alternate model for darkening which was based upon moisture-induced

modifications of the scattering properties of the particles.

The size parameter (x) and relative refractive index (n), and therefore the single-

scattering albedo and asymmetry factor (g), of a particle depend upon the refractive index

of the surrounding medium. Through the use of Mie theory, Twomey et al. (1986) demon-

strated that g 1 as n --0 1. Figure 4.3 contains the results of these numerical experiments.

This predicted behavior is consistent with the observation that a particle becomes transpar-

ent, or 6 = 0, when it is immersed in a fluid with the identical refractive index. Therefore,

if water (n i e, 1.33) replaces air (n 1 	1) as the interstitial fluid in a surface composed of

quartz particles (ni	 1.54), n is reduced from 1.5 to 1.13, and g is increased from 0.83 to

0.96 (Twomey et al., 1986).

The scaling relation (cf. Twomey and Bohren, 1980; Irvine, 1975)

0(1 — g) 
=

1 — 9w0 •

states that the scattering behavior of a real anisotropic surface, described by c7,0 and g, can

be approximated by the scattering from a hypothetical isotropic surface, which is described



58

0.80

0.85

(I)

o
0.90

U.
)-
cr

cr)

0.95

1.00
1.00	 1.25	 1.50

RATIO OF REFRACTIVE INDICES (Ti)

Figure 4.3: The dependence of the asymmetry factor of an absorbing sphere g upon the
ratio of the refractive indices n. The values for g were calculated using Mie theory. The
real part of the refractive index of the sphere was set at n 1 = 1.5, the imaginary part was
set at 0.000 1. The size parameter of the sphere (in air) was set at x = 250. Redrawn from
Twomey et al. (1986).
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by V, . The scaled single-scattering albedo is obtained when an isotropic reflectance model

is used to recover an estimate of (7.,, from the radiance of an anisotropic surface.

Twomey et al. (1986) reasoned that V, would be sensitive to the presence of

moisture in a soil surface, since the scaled single-scattering albedo is a function of the

asymmetry factor. For example, if a surface has a single-scattering albedo of 0.92, then

a moisture-induced increase in the asymmetry factor from 0.83 to 0.96 would result in a

decrease in V, from 0.66 to 0.32. Figure 4.4 illustrates the dependence of upon g for

several values of (1%; it is apparent that the rate of change in the scaled value is smallest

when the particulate surface is highly reflective (C.i, 1) or highly absorptive P o 0).

Thus, a search of the literature has found a model describing the bidirectional

reflectance of a non-disperse particulate surface as a function of the single-scattering albedo

(Hapke, 1981), and a model describing how the (scaled) single-scattering albedo is reduced

by the introduction of moisture. Using these models, an attempt will be made to map

the distribution of wet alluvium through the detection of temporal changes in the single-

scattering albedo of the alluvial surfaces. The first task is to recover an estimate of from

the radiance measurements acquired by the Landsat 5 satellite. This recovery . process is

the subject of Chapter 5.
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Figure 4.4: The dependence of the scaled single-scattering albedo of a surface (V0 ) upon

the asymmetry factor (g) and the true single-scattering albedo ( o ). The true value of Zo

is noted next to the corresponding curve. Redrawn from Twomey et al. (1986).
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CHAPTER 5

MAPPING THE SINGLE-SCATTERING ALBEDO

The models describing the bidirectional reflectance of a particulate surface and

the modification of this reflectance by wetting were discussed in Chapter 4. Based on

these models, it was anticipated that temporal changes in single-scattering albedo could be

used to map the distribution of moist soils. This chapter discusses the development of a

procedure to recover an estimate of 6% from a measurement of radiance, given the geometry

of the measurement. This recovery process will be referred to as albedo mapping.

Images acquired with the fourth channel of the Thematic Mapper (TM 4), the

bandpass of which is centered at 0.838 pm, were used in the albedo-mapping procedure.

The histograms of the overpass images, which are found in Figure 5.1, graphically display

the temporal change in the spectral radiance of the test site. The mean radiance on 7 June

was approximately 46 % greater that the mean radiance on 14 November (74.07 and 40.40

W M-2 sr — I/cm-1 , respectively). The largest contributor to the radiance change was the

change in the position of the sun, which was at an azimuth and zenith of 101° and 28°,

respectively, at the time of the June overpass and was at an azimuth and zenith of 149°

and 56°, respectively, at the time of the November overpass. However, some of the changes

in scene radiance may also have been caused by temporal changes in the optical properties

of the atmosphere.
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Figure 5.1: Histograms of the radiance of surface elements at the Stronghold Canyon Test
Site. (a) Histogram for the 7 June 1985 TM 4 image.
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Figure 5.1: Histograms of the radiance of surface elements at the Stronghold Canyon Test
Site. (b) Histogram for the 14 November 1985 TM 4 image.
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Atmospheric Effects

The large body of literature (eg. Otterman et al., 1980; Dozier and Frew, 1981;

Slater and Jackson, 1983; Sjoberg and Horn, 1983; Schott and Volchok, 1985; Slater, 1985;

Telliet, 1986; and Kawata et al., 1988) devoted to the effects of the atmosphere on remote

measurements of surface radiance attests to the importance of these effects. The atmosphere

1) attenuates the transient flux via absorption, and 2) acts as a source of radiance via the

scattering of the transient flux.

The radiance of a surface can be described with the generic reflectance model

L = E fr(Ilo,A)

where f,.(po , kt) denotes the bidirectional reflectance distribution function, or BRDF, of the

surface. The BRDF is defined as the ratio of the radiance of the surface in the direction

defined by the emergent cosine p to the irradiance incident on the surface from the direction

defined by the cosine p c, (Nicodemus et al., 1977). The angles of incidence and emergence

are measured relative to the normal to the surface.

The solar irradiance incident on a surface can be expressed in terms of the exoat-

mospheric irradiance, which is denoted as E0 . The exoatmospheric irradiance is the solar

flux incident at the top of the atmosphere on a plane perpendicular to the direction of

propagation. Incorporating these terms into the reflectance model produces

L 1.40 Eo fr(i-40,11)

The atmospheric attenuation of the incident and reflected flux are described by

the factors exp(—r/ cos z) and exp(—r/p), respectively, where r is the optical depth of the

atmosphere and z is the zenith angle of the solar radiation. The diffuse radiance generated

within the atmosphere is expressed as L. Incorporating the atmospheric terms into the

reflectance model produces the radiance perceived by a spaceborne sensor, which is denoted



65

by L, (cf. Slater, 1980, pp. 237-239):

L, = [1.2 0 E0 exp(—r/ cos z) fr (g o ,	 exp(— r/) + L.

All of the factors in the preceding equation are dependent upon wavelength. The subscript

A has been omitted to simplify the notation.

Characterizing Path Radiance

he selection of TM 4 imagery as the input to the albedo-mapping algorithm

was motivated by the fact that atmospheric scattering, primarily caused by aerosols, is

minimum in the near-infrared portion of the spectrum (cf. Slater, 1980). Nevertheless, an

inspection of the gray levels recorded for areas that were in shadow revealed that there was

a contribution from path radiance to the instrument-perceived radiance. It was assumed

that any radiance observed in the shadowed areas could be attributed to the atmosphere,

since there was no direct solar radiation incident upon such areas.

The fluctuation in radiance resulting from scattering in a plane-parallel atmosphere

obeys a log-normal probability law, provided that the scattering is independent for each layer

(cf. Frieden, 1983, p. 98). If a sufficient number of contiguous image pixels depict a shadowed

area, the mode of the histogram calculated for this area can be used as an estimate of the

path radiance. This method is similar to the dark object subtraction method (cf. Chavez,

1988; or Schowengerdt, 1983, pp. 152-154), but the latter method uses the minimum gray

level observed in a histogram of the entire image as an estimate of the path radiance.

The November image, acquired when the sun was 56° from zenith, depicted many

shadowed areas (Fig. 2.4b). The histograms of five of the areas were determined, by visual

examination, to be log-normal. The modes of the five histograms were virtually identical,

and this modal value was used as the estimate of the November path radiance. Shadowed

areas were scarce in the June scene (Fig. 2.4a), which was acquired when the sun was



66

28° from zenith. A histogram was constructed for an area surrounding the largest of the

shadowed areas. The smallest gray level in this histogram was used as the estimate of the

June path radiance. Table 5.1 contains the temporal estimates of the path radiance.

Characterizing Optical Depth

The optical depth of the atmosphere must be measured at the time of the satellite

overpass. Such measurements were not available for the Stronghold Canyon test site. A

search of the literature revealed that measurements of the optical depth of the atmosphere

had been made at the White Sands Missile Range during the 24 May and 16 November

1985 overpasses of Landsat 5 (Slater et al., 1986, 1987). This military facility is located

approximately 465 km east-northeast of the Dragoon Mountains, near Alamogordo, New

Mexico. Although it is not likely that the optical properties of the atmosphere over White

Sands were identical to those over the test site, it was decided that the use of the White

Sands optical depth measurements was preferable to the alternatives of 1) ignoring the

optical depth of the atmosphere, or 2) using the average values published in a standard

atmosphere model (cf. Slater, 1980, Appendix 7). The temporal values of the optical depth

are presented in Table 5.1.

The Digital Elevation Model

The recovery of the reflectance of a surface from a measurement of its radiance

required that the directions of the incident and observed flux be specified. The comparison of

the temporal status of the single-scattering albedo required that the radiance measurements

made in June and November be spatially registered. These requirements were met by

constructing a digital elevation model (DEM) of the Stronghold Canyon test site.



TEMPORAL INPUTS TO THE ALBEDO-MAPPING PROCEDURE

7 June 1985 14 November 1985

Gain (W M -2 sr -1 pm-1 /GL) 0.814399 0.814399

Offset (W m-2 sr -1 gm-1 ) -1.50 -1.50

E0 (W m-2 pm -1 ) 1042.8 1042.8

L t, (GL) 10 9
r (dimensionless) • 0.1339 0.0428

Table 5.1: Temporal values used in the albedo-mapping procedure. The values correspond
to the TM 4 bandpass. The gain and offset of the TM 4 detectors were encoded on the
EOSAT tape. The exoatmospheric irradiance (Eo) and the atmospheric optical depth (r)
values were obtained from Slater et al. (1986). The path radiance (Lu ) values were estimated
from the images.
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The initial step in the construction of the DEM was to digitize contour lines

from 7.5 minute USGS topographic quadrangle maps. The Stronghold Canyon test site

was covered by portions of four such maps. The contour interval for the northern pair

of quadrangles, Knob Hill to the west, and Cochise Stronghold to the east, was forty feet

(12.3 m); the southern pair, Haberstock Hill to the west, and Black Diamond Peak to the

east, had a contour interval of twenty feet (6.1 m). Elevations in this region ranged from

1390 to 2245 m, or 855 meters of relief.

The generation of a regularly-spaced grid of elevations from a collection of ran-

domly distributed data points, such as digitized contour lines, is discussed in Davis (1973,

pp. 298-352). The grid was generated with commercial software installed at the University

of Arizona Computer Center. The user defines a search radius and weighting function,

which are then used to interpolate elevations at the specified grid intervals.

In an effort to approximate the 30 meter spatial resolution of the TM 4 imagery, a

grid-spacing of 100 feet was specified for the DEM. The final version of the elevation model

covered 32,100 feet (9787 m) in the north-south direction and 35,600 feet (10,854 m) in the

east-west direction.

Direction Cosine Maps

The use of digital elevation models to correct for the directional dependence of

surface radiance measurements has been discussed by Dozier and Frew (1981), Justice

et al. (1981), Dave and Bernstein (1982), Sjoberg and Horn (1983), and Kawata et al. (1988).

The relationship between the incident, emergent, and phase angles for an element of a sur-

face was illustrated in Figure 4.2. The direction cosines that define the incident (illumi-

nation) and emergent (observation) directions are dependent upon the orientation of the

surface element. This orientation is completely described by the normal to the element.
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The incident cosine, p o , is the scalar product of the surface normal and the illumi-

nation vector, which points at the sun; the emergent cosine, p, is the scalar product of the

normal and the observation vector, which points at the satellite (cf. Fig. 4.2). Illumination

vectors for the June and November overpass dates were obtained by converting the appro-

priate solar azimuth and zenith angles into Cartesian coordinates. It was assumed that the

satellite was at zenith during the acquisition of the imagery.

Normals to the surface elements were calculated by processing the DEM with a

moving window algorithm. The window was square and contained four pixels. Each position

of the window was considered to be a surface element, the orientation of which was defined

by the elevations of its four vertices.

The magnitudes of the longitudinal and latitudinal gradients across an element

were estimated from the vertex elevations using the operators proposed by Horn (1981).

The longitudinal gradient magnitude was estimated by

az _ [z(1,2)+ z(2,2)] — [z(1,1) + z(2,1)] 
51".

and the latitudinal gradient magnitude was estimated by

az _ [z(1,2)+ z(1,1)] — [z(2,2)+ z(2,1)]

-.	 — 2 ,

wherewhere z(1,1), z(1,2), z(2,1), and z(2,2) denote the elevations of the northwestern, north-

eastern, southwestern, and southeastern vertices, respectively, of the surface element. The

terms A z and Ay denote the longitudinal and latitudinal spacing, respectively, between the

vertices.

The normal to the element was the cross-product of the gradient vectors

n = ( az az-y; , - 5-y-, i) .

The scalar product between this normal vector and the appropriate illumination or obser-

vation vector was calculated and written to an output map.
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Two-Dimensional Slope Interpolation

The 100-foot grid spacing specified for the DEM exceeded the resolution of the

topographic maps. This produced terrace-like artifacts in the DEM, which is depicted in

Figure 5.2. Each terrace represented a contour interval from the respective topographic

map; the discontinuities marked the positions of the contour lines.

An interpolation algorithm was designed to calculate elevations for the grid points

between the discontinuities. The inputs to the interpolation algorithm were the DEM

and a gradient-magnitude image of the DEM. The gradient-magnitude image is depicted

in Figure 5.3. The gradient magnitudes were maximum at the discontinuities, and thus

provided a means of marking the positions of the original contour lines.

The interpolation was performed in two passes. The first pass interpolated ele-

vations along the rows of the grid, the second interpolated along columns. The algorithm

sought grid points that fell on contour lines. The elevation and location of these contour

points were stored in memory as they were encountered along a row or column. Eleva-

tions for grid points between two successive contour points were interpolated from the slope

between the contours. After the completion of the row interpolation, a new gradient mag-

nitude image was calculated to serve as an index for contour points during the column

interpolation.

The interpolated version of the DEM is depicted in Figure 5.4. The two-dimensional

slope interpolation reduced the magnitude of the terrace artifacts, but they were not com-

pletely eliminated. The DEM was processed with a low-pass, or averaging, filter in an

attempt to smooth the remaining discontinuities.

The maps of the cosines calculated for the June and November illumination and

directions are depicted in Figures 5.5 and 5.6, respectively. The map of the emergent cosines

is depicted in Figure 5.7. Surface elements that face away from the sun or satellite are known
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Figure 5.2: Map of incident cosines calculated from the raw digital elevation model (DEM).
The source of illumination was in the June solar position.
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Figure 5.3: Gradient magnitude image calculated from the raw DEM.



Figure 5.4: Map of incident cosines calculated from the interpolated DEM. The source of

illumination was in the June solar position.
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as self-shadowed elements. The locations of such elements are indicated by a value of zero

in the incident and emergent cosine maps.

Registration of Temporal Scenes

The temporal overpass images were registered to the corresponding incident co-

sine maps. This registration 1) eliminated any differences in scale between the DEM and

the satellite imagery, 2) brought the imagery into the proper geographic orientation, and

3) insured that the temporal satellite images were in register with one another.

The transformation from the coordinate system of the satellite imagery (x, y)

to the coordinate system of the cosine maps (x', y') was modeled with the polynomials

(cf. Schowengerdt, 1983, p. 106)

x = ao aix t a2y 1 a3xl y i a4 (x' ) 2 a5 (y 1 ) 2 ,

and

y = bo b2y1 b3xi y i b4 (x') 2 b5(0 2 .

A set of control point pairs was selected from the data products by visually matching

topographic features in a satellite image to the corresponding features in a cosine map.

The transformation coefficients {ai} and {6.1 } were then obtained via linear regression.

Control point pairs that were not fit by a given polynomial were edited from the set and the

regression was repeated. Final root-mean-square misfits of less than one pixel were achieved

for both overpass scenes through the use of this editing process.

The value for the pixel at output position (x', y') was interpolated from the sixteen

pixels in the four-by-four window centered on (x, y). Parametric cubic convolution was

used to resample the satellite images. The parametric cubic interpolation kernel produces

a third-order approximation of the original image values (Keyes, 1981) and suppresses

ringing at discontinuities between values (Park and Schowengerdt, 1983), thus improving

the radiometric accuracy of the resampled images.
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Figure 5.5: Map of the incident cosines calculated for the June solar position.
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Figure 5.6: Map of the incident cosines calculated for the November solar position
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Figure 5.7: Map of the emergent cosines calculated for the zenith satellite position.
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Recovery of the Single-Scattering Albedo

To reduce the radiance measurements, a reflectance factor was calculated for each

surface element. The reflectance factor, denoted as R(1.1„, 1.4), is formally defined as the ratio

of the flux reflected from a surface to the flux reflected from a perfectly diffuse, or Lam-

bertian, surface under identical illumination and observation conditions (Nicodemus et al.,

1977). In the following application, the ratio of the radiances of the two surfaces was used

as the reflectance factor.

The Lambertian radiance is described by

	Li = P°	  exp(—r/ cos z) exp(—r/A) .

Given the appropriate temporal values for the atmospheric optical depth, exoatmospheric

irradiance, and incident and emergent cosines, a synthetic Lambertian radiance can be

calculated for every surface element.

Subtracting the appropriate path radiance (Lu), from the satellite-perceived radi-

ance (L e ) and dividing this difference by the corresponding Lambertian radiance produces

the reflectance factor

R(po, = MP°, i4) •

The specific form of the reflectance factor is obtained by substituting the Hapke bidirectional

reflectance law (cf. Chapter 4) for the BRDF. Recalling that an estimate of the scaled single-

scattering albedo is to be recovered from the reflectance factor, the isotropic form of the

phase function (/3 (a) = 1) is used. This produces a reflectance factor of the form

	  r
B(a) 

Ti. (40,z0)	 .
	R(PG" = 40	

+
20 /4) L

The opposition effect, B(4a), is reportedly negligible at phase angles greater than

20 0 (Hapke and Wells, 1981; Hapke, 1986). It was assumed that the positions of the sun

and the satellite were fixed during the acquisition of a scene, and each surface element was
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observed at nadir. These assumptions ignore both the motion of the spacecraft and the

7.5° off-nadir angle in the field of view (FOV) of the Thematic Mapper (Slater and Jackson,

1982). Under these assumptions, the phase angle (a) is constant for a given scene and is

equivalent to the solar zenith angle. Therefore, the phase angles for the June and November

overpass dates were 28° and 56°, respectively. Given that a was greater than 20 0 for both

overflights, the opposition effect can be dropped from the reflectance factor.

The Albedo-Mapping Procedure

The TM 4 image and the maps of the incident and emergent cosines were input

to the albedo-mapping algorithm. For each surface element, the reflectance factor was cal-

culated by 1) mapping the gray level of the TM-4 pixel into a radiance measurement, given

the gain and offset of the sensor response function, 2) subtracting the path radiance from

the sensor-perceived radiance, and 3) dividing this difference by the calculated Lambertian

radiance.

Given the reflectance factor, an estimate of Cic, was recovered using the bisection

algorithm (cf. Press et al., 1986, pp. 246-247). The estimate was the root of the equation

R(14, 40+  [Ti(p0, z0) Fl(p, zo) = 0

in the interval 0 < (7)„ < 1. The estimate of the single-scattering albedo was set equal to

zero if A° was equal to zero or if the reflectance factor was greater than unity. The first

of these conditions occurred if the surface element was self-shadowed. The second implied

that the observed radiance was greater than the Lambertian radiance, a situation that was

impossible if all of the measured and calculated quantities were realistic. The zero-coding

enabled such surface elements to be excluded from further consideration.
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The estimates of c7J, were written to an output map. The'c';')„ estimates recovered

from the November radiance measurements were subtracted from those recovered from the

June measurements, creating a map of"c,:'r, differences. The difference map was input to the

change-detection procedure, which is discussed in Chapter 7.



CHAPTER 6

MAPPING THE PERPENDICULAR VEGETATION INDEX

Vegetation appears red in the false-color satellite scenes introduced in Chapter 2

(Figs. 2.1, 2.2, 2.4). An examination of the TM scenes depicting the Stronghold Canyon

test site (Fig. 2.4a and 2.4h) reveals that many surface elements were covered by a canopy of

vegetation during the satellite overpasses. Such surface elements should be excluded from

consideration in the soil-mapping procedure, since these alluvial surfaces were concealed

from the view of the Thematic Mapper.

A visual comparison of the June and November Thematic Mapper (TM) scenes

(Fig. 2.4a and 2.4h) indicates that the reflectance of the vegetation had changed in the five

months that separated the overpass dates. Woessner and Hapke (1987) have demonstrated

that the Hapke bidirectional reflectance model (cf. Chapter 4) can provide a reasonable fit

to the reflectance of deciduous vegetation. Therefore, seasonal changes in the reflectance

of vegetation will result in temporal changes in the single-scattering albedo estimated for a

surface covered with an appreciable amount of vegetation.

The Perpendicular Vegetation Index (Richardson and Weigand, 1977), or PVI,

is a measure of the reflectance of vegetation that is independent of the reflectance of the

soil substrate. This index will be used to 1) estimate the fraction of a surface element

that is covered by vegetation, and 2) assess the seasonal change in the reflectance of the

vegetation present in a surface element. If either (1) or (2) are significant, the surface

element will be excluded from further consideration in the soil-mapping procedure. The

process of calculating the PVI at each surface element will be referred to as PVI mapping.
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Vegetation at the Stronghold Canyon Test Site

It is apparent from the TM scenes (Fig. 2.4), that the vegetation is not evenly

distributed about the test site. The vegetation found in a given area is controlled by air

temperature, precipitation, elevation, and topographic slope. These factors are used to

define mappable ecologic units known as capability areas. The following descriptions of

the capability areas at the test site were obtained from a Forest Service map, which was

provided by Mr. Robert Lefevre of the Coronado National Forest Headquarters in Tucson,

Arizona.

The western portion of the test site, as depicted in Figure 2.4, is characterized

by low-relief alluvial surfaces. The elevations range from 1400 to 1460 m, with very gentle

slopes. The hot climate (mean annual air temperatures between 17 and 22 °C) and low

precipitation (mean annual precipitation between 20 and 28 cm) combine to create an

environment capable of supporting saguaro, palo verde, creosote, ocotillo, mesquite, catclaw,

and brittle bush.

Adjacent to the mountain front, the alluvial surfaces are at elevations of 1460

to 1525 m. The mean annual air temperature ranges between 15 and 21 °C. The higher

precipitation (28 to 36 cm) in these areas permits the development of grasslands. This

environment is capable of supporting bush muhly, cane beardgrass, Texas bluestem, curly

mesquite, sideoats, and hairy grama grasses.

The highest alluvial surfaces, at elevations between 1520 and 1675 m, are capable

of supporting woodlands. The mean annual air temperature ranges between 11 and 14 °C,

and the mean annual precipitation ranges between 40 and 48 cm, respectively. The trees

native to this environment include emory oak, Arizona white oak, and alligator juniper.

Manzanita bushes may also be found.

Within the mountains, elevations at the test site range from 1675 to 2130 m. Such

areas have cool air temperatures (10 to 14 °C) and receive appreciable precipitation (43 to
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56 cm). This environment is capable of supporting pinyon pine, alligator juniper, Arizona

white oak, emory oak, and Chihuahua pine trees.

The Stronghold Canyon West and Slavin Gulch drainage networks appear bright

red in the composite of the TM images acquired in June (Fig. 2.4a). These drainages form

riparian habitats, capable of supporting emory oak, Arizona walnut, and alligator juniper

trees.

The Perpendicular Vegetation Index

Vegetation spectra are characterized by a sharp discontinuity at 0.7 Am (700 nm),

which is the boundary between the red and near infrared (NIR) wavelength regions. This

discontinuity, which is known as the red edge, results from the absorption of red radiation

by the pigment chlorophyll and the high reflectance of NIR radiation by the leaf tissue, or

mesophyll. The red edge is evident in Figure 6.1, which is the reflectance spectrum of a leaf

from a creosote bush.

The spectral behavior of vegetation contrasts with that of bare soils, which tend

to have approximately the same reflectance in the red and NIR. Various indices have been

designed to exploit this contrast, the goal of each design being the separation of the signals

contributed by the substrate and the canopy.

The vegetation indices are based on either NIR/red ratios or vectorial descriptions

of the spectra in the n-space defined by the multispectral measurements. Elvidge and

Lyon (1985) evaluated the utility of both varieties of indices in the analysis of spectral

measurements acquired in the semi-arid Virginia Range of western Nevada. They found that

the ratio-based indices were more sensitive to variations in the reflectance of the substrate

than the n-space indices. Due to the wide variation in the spectral characteristics of soils

in arid and semi-arid regions, Elvidge and Lyon (1985) advised that n-space indices be

used in the analysis of multispectral imagery depicting such regions. In a complementary
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Figure 6.1: Spectral reflectance of a leaf from a creosote bush (courtesy of JPL).
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investigation of the effects of soil type on the spectral response of plant canopies, Huete

et al. (1985) also found that the n-space indices were less sensitive to the reflectance of the

substrate.

The n-space indices are formed as linear combinations of the measurements in

n spectral bands. A general discussion of the derivation of such indices can be found in

Jackson (1983). The measurements acquired by the remote sensor are mapped from spectral

data space into a space where the differences in the spectral response of soil and vegetation

are accentuated.

Analyzing Landsat Multispectral Scanner (MSS) scenes of crop land, Kauth and

Thomas (1976) constructed scatter plots of gray levels from the red and NIR channels.

They found that the gray levels from pixels depicting bare soils clustered near the diagonal

of this red-NIR data space, while the vegetation pixels formed a triangular cluster with its

base at the soil line.

Kauth and Thomas (1976) proposed that a data point representing a pixel in the

red-NIR space would follow a distinct trajectory during the growing cycle of the crop. The

point would initially lie on the soil line. As the plants emerged from the soil and ripened,

the point would move away from the soil line due to the reflectance and absorption of NIR

and red radiation, respectively, by the canopy. The furthest distance from the soil line

would be achieved at maturity, when the canopy density was highest. During senescence

the point would again approach the soil line as the canopy yellowed.

Richardson and Wiegand (1977) proposed that the perpendicular distance of a

point from the soil line in red-NIR space be used as a measure of plant development or

biomass accumulation. This distance was called the Perpendicular Vegetation Index, or

PVI. Utilizing MSS imagery, Richardson and Wiegand demonstrated that the PVI was

positively correlated with the total leaf area present within a pixel.
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The PVI has been shown to be sensitive to the reflectance of soils beneath the

canopy. Jackson et al. (1983) noted that the PVI of a wheat canopy decreased following

rain showers and irrigation activities. Huete et al. (1985) found that, for a given amount

of vegetation cover, the PVI calculated for a canopy with a bright substrate was higher

than that of one with a dark substrate. These observations were attributed to the tendency

of plants to transmit a portion of the incident NIR radiation to the soil substrate, and

to absorb the majority of the incident red radiation. The NIR radiance of the canopy

is therefore augmented by the radiation reflected from the soil, which increases with an

increase in the reflectance of the soil.

Employing a radiative transfer model, Slater and Jackson (1982) simulated the

effects of changes in the turbidity, or optical depth, of the atmosphere on the transfer of red

and NIR radiance from a soil surface to a spaceborne sensor. They found that the slope of

the red-NIR soil line changed with an increase in turbidity. This shift, resulting from the

attenuation of NIR radiance and the augmentation of red radiance, was more pronounced

when the soil reflectance was low. Jackson et al. (1983) reported that neither the ratio-based

nor the n-space indices were immune to changes in atmospheric turbidity.

The effects of the atmosphere and the substrate notwithstanding, the amount

of vegetation present over the substrate has the dominant effect on the PVI. Huete and

Jackson (1988) evaluated the effects of simultaneous changes in atmospheric turbidity, soil

reflectance, solar zenith angle, and phytomass density on various vegetation indices. They

used spectral measurements of cotton and grass canopies, at various stages of closure, over

both low- and high-reflectance soil substrates. A summary of their results is presented in

Figure 6.2.

Huete and Jackson (1988) found that the displacement of a data point from the

soil line due to changes in turbidity was minor relative to the displacements caused by

increasing the canopy cover to 40 percent (Fig. 6.2). However, the effects of increasing
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Figure 6.2: The effects of canopy closure, atmospheric turbidity, and solar zenith angle on
the position of the spectra of vegetation canopies in the NIR/red feature space. Spectra
designated with a circle were not modified by the atmosphere, spectra designated by a
triangle and a square were modified with by simulated clear (visibility of 100 km) and turbid
(visibility of 10 km) atmospheres, respectively. The open and closed symbols designate
canopy spectra measured under solar zenith angles of 25° and 60°, respectively. From
Huete and Jackson (1988).
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turbidity on the partial and full canopy spectra were substantial; the canopy measurements

moved towards the soil line as the turbidity increased. Thus, the PVI of a canopy is

reduced by an increase in atmospheric turbidity. This finding emphasizes the importance

of performing atmospheric corrections (cf. Chapter 5) prior to the calculation of vegetation

indices.

A decrease in the reflectance of the soil substrate caused the data points repre-

senting partial canopies to move toward the origin of the red-NIR space in a trajectory that

paralleled the soil line (Fig. 6.2). Any deviations from this parallel trajectory were minor

relative to the effects of increasing canopy cover. Therefore, the attribution of temporal

changes in the PVI to changes in plant canopies, rather than to changes in the surface

moisture status of the soils, can be made with confidence.

Huete and Jackson (1988) demonstrated that an increase in the solar zenith angle

caused the reflectance measurements of the full and partial canopies to move towards the

soil line (Fig. 6.2). In the case of the partial canopies, this phenomenon was attributed to

an increase in the portion of the substrate shaded by the vegetation. This mechanism for

reducing the PVI may help to detect the presence of some sparse canopies at the Stronghold

Canyon test site, since there was a 28° increase in the solar zenith angle between the June

and November overpass dates. Sparse canopies that did not reflect NIR radiation during

the June overpass may still have shaded the soils during the November overpass.

Mapping the PVI

Figure 6.3 shows a scatter plot of the gray levels of the red (TM 3) and NIR

(TM 4) images acquired in June and November. The June data are plotted in red, whereas

the November data are plotted in green. The portion of the plot where the temporal points

overlap is displayed in yellow. The data form the characteristic triangular clusters first

described by Kauth and Thomas (1976).
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Figure 6.3: Scatter plot of pixels from the red (TM 3) and NIR (TM 4) images acquired in
June and November. The June data are plotted in red, the November data are plotted in
green.
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There are two temporal changes evident in this plot. The first is the distinct

separation, parallel to the soil line, between the June and November data clusters. The

data used to construct the plots had not been corrected for temporal changes in solar

irradiance or atmospheric turbidity, and the translation of the November cluster is largely

due to the increase in the solar zenith angle. The second temporal change is the reduction

in the displacement of the November data points away from the soil line, relative to the

displacements demonstrated by the June data. This second change indicates that a temporal

reduction in PVI will be observed at some of the surface elements at the test site.

The calculation of the PVI depends on the construction of a soil line in red-NIR

data space. Ordinarily, this is accomplished by performing a regression analysis on spectral

measurements made of bare soils. However, a major design objective for the soil-mapping

procedure was to minimize the need for prior knowledge of the reflectance of the surface.

As an alternative, the results of published regression analysis were used to infer the proper

orientation of the soil line.

Slater and Jackson (1982) obtained a slope of 1.179 and an intercept of 0.031 for

a regression of 138 measurements of the red and NIR reflectance of a bare field of Avondale

loam near Phoenix, Arizona. Huete et al. (1984) presented the results of regression analyses

on the reflectance factors calculated for twenty different types of soil. The soil lines for the

individual soils had differing orientations, with slopes ranging from 1.143 for a bright soil

to 1.596 for a dark soil. The soil line calculated with all of the soil measurements combined

had a slope of 1.166 and an intercept of 0.042. Elvidge and Lyon (1985) reported a slope of

0.97, with an intercept of 0.042, for their soil line. On the basis of these studies, a soil line

with a slope of unity was chosen for the PVI-mapping procedure. Elvidge and Lyon (1985)

found that setting the intercept of the soil line to zero had little effect on the discrimination

of vegetation effects. This practice was implemented in the PVI-mapping procedure.
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The data sets input to the PVI-mapping algorithm consisted of the TM 3 and

TM 4 images and the maps depicting the incident and emergent cosines. The cosine maps

were used to perform atmospheric corrections and to calculate the reflectance factors for the

surface elements. The temporal values for the atmospheric attenuation and path radiance

at A = 0.6607 pm, and the gain and offsets of the TM 3 detectors are listed in Table 6.1.

In the red-NIR feature space, the soil line can be represented as the vector (1,1).

The corresponding unit vector is (V-i/2, N/72). The measurement of a surface element is

represented as the vector (R3, R4), where R3 and R4 represent the reflectance factors of

the surface element in the TM 3 and TM 4 bandpasses, respectively. The projection of

the surface element vector onto the soil line, the surface element vector, and the PVI form

a right triangle in red-NIR space. Therefore, the Pythagorean Theorem can be used to

calculate the PVI:

PVI =
(R3 + R4) 2(R3 )2 + (R4)2 	2 	.

The radiance measurements acquired during the June overpass were used to create

one PVI map, the measurements made in November were used to create a second map.

PVI values were calculated for most elements at the test site, excluding only those surface

elements that were self-shadowed (cf. Chapter 5) during an overpass.

The Vegetation Cover Map

A canopy cover of 30% is often taken as the boundary marking the dominance of

the vegetation over the substrate in the reflectance of a surface (cf. Siegal and Goetz, 1977).

The June PVI map was used to create a map showing the location of surface elements that

had canopy covers in excess of 30 percent.



TEMPORAL INPUTS TO THE PVI-MAPPING PROCEDURE

7 June 1985 14 November 1985

Gain (W Ir1 -2 sr -1 pm-1 /GL) 0.80597 0.80597

Offset (W 111 -2 sr -1 pm-1 ) -1.194 -1.194

E0 (Iv m-2 pm-1) 1545.0 1545.0

Lu (GL) 18 12

r (dimensionless) 0.1366 0.0695

Table 6.1: Temporal values used in the PVI-mapping procedure. The values correspond to
the TM 3 bandpass. See Table 5.1 for the corresponding values in the TM 4 bandpass. The
gain and offset of the TM 3 detector were encoded on the EOSAT tapes. The exoatmo-

spheric irradiance (E0) and atmospheric optical depth (r) values were obtained from Slater
et al. (1986). The path radiance (Lu) values were estimated from the images.
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An examination of large-scale (1:10,000) aerial photographs of the Stronghold

Canyon test site, which were made in April and June of 1982, revealed that many areas

were completely covered by vegetation. Based on this, it was assumed that the maximum

PVI found in the June map was representative of a full canopy. To estimate tht fraction

of canopy cover for the remaining surface element, each PVI was divided by the maximum

value. If the resulting ratio was > 0.30, the location of the element was noted on the

vegetation cover map.

Figure 6.4 contains the vegetation cover map, which has been superimposed over

the June TM 4 scene. While this map shows the location of surface elements whose re-

flectance was dominated by vegetation, it cannot be used to assess the seasonal changes in

the reflectance of the vegetation. To accomplish this, a PVI-difference map was constructed

by subtracting the November PVI map from the June map. The difference map was input

to the change-detection procedure, which is the topic of Chapter 7.
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Figure 6.4: Vegetation cover map, overlaid on the June TM 4 image. Surface elements
marked in green had a June PVI > 0.30.



CHAPTER 7

CHANGE DETECTION

The construction of maps depicting the temporal status of the single-scattering

albedo (& c,) and the Perpendicular Vegetation Index (PVI) was discussed in Chapters 5

and 6, respectively. Maps depicting the temporal differences in these parameters were

created by subtracting the parameter estimates recovered from the November radiance

measurements from those recovered from the June measurements. The temporal differences

in c7.; and PVI will be referred to as AssA and pvi, respectively.

The criterion under which a A-value was considered to represent a significant

change was derived from a statistical model that predicted the change. This chapter de-

scribes the development of 1) the change-prediction model, and 2) a procedure to map the

surface elements with significant A-values.

The Change-Prediction Model

If the state of wetness of a surface element did not change between the two satel-

lite overpasses, then the estimates of Zo recovered from the June and November radiance

measurements should not be appreciably different (cf. Chapter 4). Visits to the test site in

July and August of 1988 revealed that the coarse texture of the alluvium resulted in high

rates of infiltration: the alluvial surfaces were dry on the mornings following late afternoon

and evening rain showers. Based on these observations, it was assumed that relatively few

surface elements would have been wet at the time of the November overpass. Therefore, it

was expected that AssA would be zero for the majority of the surface elements.
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The PVI of a surface element with an appreciable vegetation canopy should have

been lower in November than in June (cf. Chapter 6). However, given that relatively few

surface elements had vegetation cover that exceeded 30 percent (Fig. 6.4), it was expected

that Apvi would be zero for the majority of the surface elements.

It was therefore expected that the distributions of &values, taken over the entire

test site, would fluctuate randomly about a mean difference of zero. It was assumed that

the fluctuations would result from the errors introduced at each stage of the processing

sequence. It was further assumed that the errors introduced at one stage of processing

were independent of the errors introduced at the preceding stage, and that this would give

the random fluctuations a normal (Gaussian) distribution. The accuracy of this change-

prediction model was evaluated by constructing histograms of the A-value maps.

Temporal Differences in the Single-Scattering Albedo

The distribution of the AssA values is depicted in Figure 7.1. It is important to

realize that this histogram describes the fluctuations in the gray levels of the AssA map,

rather than the fluctuations of the A-values. The mapping of continuous, real-valued data

into gray levels, which assume integer values between 0 and 255, was necessitated by the

eight-bit (byte) architecture of the image-processing hardware. The gain and offset required

to transform the gray levels into real-valued data are listed in Table 7.1. These gain and

offset values were defined by assigning the minimum and maximum values of an image to 0

and 255, respectively.

The transformation between the data types is defined by

y = ax + b,

where y and x are the random variables representing the real-valued and gray level data,

respectively. The gain and offset of the transformation are denoted by a and b, respectively.
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Figure 7.1: Histogram of single-scattering albedo differences (AssA values) derived with
the isotropic phase function. The mean and mode of the histogram are at gray levels of 104
and 98, which correspond to AssA values of 0.158 and 0.129, respectively (cf. Table 7.1).
The state of zero change, &SSA = 0, is signified a gray level of 72.
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The random fluctuations in the real-valued data obey the transformed law

Pv(Y) =	 Pz (Y a	b )

where py (y) and pz (x) denote the probability laws for the real-valued data and the gray

levels, respectively.

The mean and mode of the AssA distribution are at gray levels of 104 and 98,

which correspond to real differences of 0.158 and 0.129, respectively. The displacement of

the mean from the mode is caused by the skew of the distribution toward the larger AssA

values. The state of zero change, 
—A SSA = 0, was mapped to a gray level of 72. The AssA

distribution (Fig. 7.1) reveals that the majority of the surface elements at the test site

demonstrated a temporal reduction in cZo . It is not likely that so many surface elements

were wet in November; the apparent region-wide reduction in c7.io was almost certainly an

artifact of the reflectance modeling.

The reflectance of most natural particulate surfaces decreases with an increase in

phase angle (cf. Chapter 4). In the Hapke reflectance model, this behavior is accommodated

by the opposition effect (B(a)) and the phase function (P(a)). However, in the albedo-

mapping algorithm, these parameters were set equal to 0 and 1, respectively. Any temporal

change in the reflectance of a surface due to the change in phase angle was therefore erro-

neously attributed to a change the single-scattering albedo.

In an effort to rectify this situation, the anisotropic phase function

(a) = 1 + cos a ,

was substituted into the reflectance model and the albedo-mapping procedure (cf. Chap-

ter 5) was used to derive a new set of (.7.),„ estimates. It was anticipated that this phase

function would provide a better description of the backscatter from the surface elements,

since it is larger at 28° (P(a) = 1.88) than at 56° (P(a) = 1.56).



TRANSFORMATION COEFFICIENTS

Gain Offset

A SSA (Fig. 7.1) 4.8751 x 10 -3 -0.34902

ASSA (Fig. 7.2) 4.7674 x 10 -3 -0.4

APVI (Fig. 7.4) 2.0882 x 10-3 -0.28512

June Zo (Fig. 7.8a) 3.4602 x 10-3 0.0706

November (7), (Fig. 7.8b) 3.8139 x 10 -3 0.0157

June PVI (Fig. 7.9a) 1.8033 x 10 -3 0.0018

November FYI (Fig. 7.9b) 1.5838 x 10 -3 0.0

Table 7.1: Transformation coefficients for the mapping of gray levels to real values. The
figures that contain the data sets are listed parenthetically.
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The distribution of Ass A values derived with the anisotropic phase function is

depicted in Figure 7.2. The transformation coefficients required to map the gray levels

into real values are found in Table 7.1. These coefficients are similar to those used in the

transformation of the previous AssA distribution (cf. Table 7.1), which indicates that the

two distributions had similar minimum and maximum values. The mean and mode of the

current AssA distribution (Fig. 7.2) are at gray levels of 117 and 111, which correspond to

real differences of 0.158 and 0.129, respectively. The state of zero change, —AssA = 0, was

mapped to a gray level of 84.

A comparison of the distributions of AssA values derived with the isotropic and

anisotropic phase functions (Figures 7.1 and 7.2, respectively) reveals that they are virtually

identical. The slight offset between the distributions is the result of the differences in

the gray-level transformations (cf. Table 7.1). Therefore, neither the isotropic nor the

anisotropic phase function provided an accurate description of the scattering behavior of

the alluvial surfaces at the test site. This fact must be taken into consideration during the

design of the change-detection algorithm.

The map of the AssA values derived with the anisotropic phase function is dis-

played in Figure 7.3. The map was color-contoured by mapping the 256 gray levels into

32 display colors. Each display color represents an interval of eight gray levels. The bar

below the map shows the sequence of display colors; the left and right ends of the bar

correspond to gray levels of zero and 255, respectively. The gray level of 84 (AssA = 0) is

displayed as blue-green (contour 11); the gray level of 111 (ASSA =- 0.129) is displayed as

green (contour 14). Surface elements demonstrating temporal changes in single-scattering

albedo that were greater than 0.129 are displayed in shades of yellow and red.
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Figure 7.2: Histogram of the AssA values derived with the anisotropic phase function. The
mean and mode of the histogram are at gray levels of 117 and 111, which correspond to
A SSA values of 0.158 and 0.129, respectively (cf. Table 7.1). The state of zero change,

ASSA = 0, is signified by a gray level of 84.



Figure 7.3: Map of AssA values derived with the anisotropic phase function. The 256 gray

levels have been mapped in 32 color contours, which are shown in the color bar below the

map. Contours 1 and 32 are at the left and right ends of the color bar, respectively.
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Temporal Differences in the PVI

The histogram of p vi values is depicted in Figure 7.4. The mean and mode of

the distribution are at gray levels of 151 and 150, which correspond to real difference values

of 0.030 and 0.028, respectively (cf. Table 7.1 for the requisite transformation coefficients).

The state of zero change (APvi = 0) was mapped to a gray level of 137.

Despite the high symmetry of the distribution about a Apvi value close to zero,

the majority of the surface elements at the test site demonstrated a temporal reduction in

PVI. Since the majority of the surface elements were not covered by vegetation, this region-

wide reduction in FYI suggests that the reflectance factor R4 was more strongly dependent

on the phase angle than was R3. Such disparity in the spectral bidirectional reflectance

could be predicted from the scattering theory (cf. Chapter 4), since Zo and g are dependent

upon the wavelength of the illuminating radiation.

The map of the Apvi values is depicted in Figure 7.5. The difference values have

been mapped into 32 color contours, with each color representing an interval of eight gray

levels. The gray levels of 137 (Apvi = 0) and 150 ( vi = 0.028) are displayed as shades

of yellow (contours 18 and 19, respectively). Surface elements demonstrating temporal

changes in PVI that were greater than 0.028 are displayed in shades of red.

Random Fluctuations in the Difference Values

Figures 7.6 and 7.7 depict the normal distributions calculated with the means and

standard deviations of the AssA (Fig. 7.2) and Apvi (Fig. 7.4) distributions, respectively.

It is apparent that neither a-value distribution obeys the normal law. One cause for this

lack of compliance was the coarse resolution of the digital elevation model (DEM). The

coarseness of this data set biased the results of the albedo-mapping and PVI-mapping

procedures by artificially modifying the probability that some values of C.), or PVI could

occur.
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levels of 151 and 150, which correspond to Apvi values of 0.030 and 0.028, respectively
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Figure 7.5: Map of Am values. The 256 gray levels have been mapped into 32 color
contours, which are shown in the color bar below the map. Contours 1 and 32 are at the
left and right ends of the color bar, respectively.
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Figure 7.6: Normal distribution calculated with the mean and standard deviation of the

A SSA distribution (Fig. 7.2).
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The biasing is evident in the granular appearance of the AssA histogram (Fig. 7.2).

The granularity of the AssA histogram can be traced back to the histograms of the temporal

estimates of , which are depicted in Figure 7.8. The histogram of the November '6,

estimates (Fig. 7.8b) is more granular than the June histogram (Fig. 7.8a); this can be

explained by noting that the sun was lower in the horizon at the time of the November

overpass. The illumination of the DEM from this solar position accentuated the terrace

artifacts (cf. Fig. 5.6), thus amplifying the bias imparted to the recovered estimates of the

single-scattering albedo.

Figure 7.9 contains the histograms of the temporal PVI values. Relative to the

C45, estimates, the effect of the coarseness of the DEM on the PVI values was minimal.

This can be explained by recalling that the use of the DEM in the PVI-mapping procedure

(cf. Chapter 6) was limited to the calculation of the reflectance factors and atmospheric

attenuation effects for each surface element.

As a result of the bias introduced by the DEM, the errors introduced at a given

stage of the processing were not independent of the errors introduced at the preceding stage.

According to the Central Limit Theorem (cf. Frieden, 1983), only the sums of independent

random variables obey the normal probability law. However, the semblance of symmetry

in the distributions of A-values suggests that there was some measure of independence

between the errors accumulated during the successive stages of processing.

The Criterion for a Significant Change

It had been anticipated that a statistically-significant departure from a value of

zero could be used to identify a A-value that represented a real temporal change. However,

an examination of the A-value distributions revealed that this decision criteria could not

be applied to either distibution. In both cases, the bidirectional reflectance properties of

the alluvial surfaces caused the parameter estimates recovered from the November scenes
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Figure 7.8: Histogram of the single-scattering albedo estimates recovered from the temporal
radiance measurements. (a) Distribution of the June Zo estimates. See Table 7.1 for the
gain and offset required to convert the gray levels to c7.), estimates.
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Figure 7.8: Histograms of the single-scattering albedo estimates recovered from the temporal
radiance measurements. (b) Distribution of the November (7,', estimates. See Table 7.1 for
the gain and offset required to convert the gray levels to Z o estimates.
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Figure 7.9: Histograms of the PVI values calculated with the temporal radiance measure-

ments. (b) Distribution of the November PVI values. See Table 7.1 for the gain and offset

required to convert the gray levels to PVI values.
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to be smaller than the corresponding estimates recovered from the June scenes. Therefore,

a AsSA could not be considered representative of a significant change unless it was larger

that the artificial temporal change introduced by the bidirectional reflectance. The symbol

Op will be used to denote this artificial temporal change, or offset.

For the majority of the surface elements, there should have been no temporal

change in either c7.,, or PVI. Therefore, the mean of the appropriate A-value distribution

could be used as an estimate of the magnitude of O. The change-detection procedure was

designed to detect the surface elements where the A-value was significantly larger than the

corresponding offset.

Mapping the Significant Changes

The hypothesis that random noise was responsible for the departure of a A-value

from Op will be referred to as the no-change hypothesis. The Student t-Test (cf. Frieden,

1983, p. 307-319) was used to test the no-change hypothesis at each surface element. The

rejection of the hypothesis would reveal the location of a surface element where the temporal

change was significant.

The test was implemented in the form of a moving-window algorithm. At each

window position, the test statistic to was calculated from the mean and variance of the

A-values enclosed by the window. This test statistic had the form

to = VN 1 (A— S °A)
A

were N was the number of elements enclosed by the window, and A and Sp were the mean

and (biased) standard deviation, respectively, of the A-values enclosed by the window.

The probability of to was determined from the t-distribution corresponding to N.

If the probability of t o was small, the no-change hypothesis was rejected and a pixel was

written to an output map to indicate the position of the window. In this one-tailed version

of the t-test, the rejection of the hypothesis was impossible unless A was larger than O.
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In the albedo-mapping procedure (cf. Chapter 5), surface elements that violated

the reflectance model were coded with a gray level of zero. The zero-coded elements were

to be excluded from the change-detection analysis. However, the exclusion of such elements

increases the error in the estimate of the mean values within a window. This uncertainty

was translated to the significance test by decrementing the parameter N for every zero-

coded element that appeared under the window. For a given level of significance, a decrease

in N results in an increase in the rejection threshold (cf. Frieden, 1983, P. 378). Therefore,

it became more difficult to reject the no-change hypothesis in regions of sparse data.

The initialization of the change-detection procedure required the selection of a

window size, a significance level for the rejection, and the specification of the offset value.

The options included window sizes of nine (3 x 3) or 25 (5 x 5) elements and significance

levels of 0.01, 0.05, or 0.10. The rejection thresholds for the three significance levels were

made accessible through the use of look-up tables.

The Maps of Significant Changes

The results of the change detection algorithm are depicted in Figure 7.10. For the

purpose of display, these results were overlaid on the June TM 4 image. The red and green

overlays show the location of surface elements that demonstrated a significant change in c7.),

(Fig. 7.10a) and PVI (Fig. 7.10b), respectively.

The two overlay maps were created using a nine-element window with rejection at

the 0.05 level of significance. The appearance of a surface element in both maps indicated

that the observed change in its reflectance could be explained equally well by a change in

either C;io or PVI. Such surface elements were eliminated from further consideration by using

the PVI-change map as an exclusionary screen for the cZo-change map.

The o-change map was screened a second time, using the vegetation cover map

(Fig. 6.4) as an exclusionary mask. The PVI-change map (Fig. 7.10b) and the vegetation
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Figure 7.10: Change-maps produced by the change-detection procedure. (a) Map of the

the surface elements that demonstrated a significant temporal change in single-scattering
albedo. The map, displayed in red, has been overlaid on the June TM 4 image.
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cover map (Fig. 6.4) were not identical. There were significant changes in PVI reported for

surface elements with less than 30% canopy cover, and there were elements with more than

30% canopy cover that did not demonstrate a temporal change in PVI. These observations

underscore the need for the two vegetation screenings.

The surface elements surviving the vegetation screenings represent anomalies. The

temporal change in the single-scattering albedo of these elements could not be readily

attributed to temporal changes in the direction of illumination, atmospheric conditions, or

vegetation. The search for the causes of the anomalous (Zr o changes is the topic of Chapter 8.



CHAPTER 8

DISCUSSION OF RESULTS

The preceding chapter discussed the development of a procedure to identify surface

elements that demonstrated a significant temporal change in single-scattering albedo. The

map depicting the locations of these elements is presented in Figure 8.1, where it has been

overlaid on the June TM 4 scene (Fig. 8.1a) and the map of the incident cosines calculated

with the June solar position (Fig. 8.1b).

The Identification of False Anomalies

The bidirectional reflectance model discussed in Chapter 4 was only applicable to

particulate media. Therefore, it was necessary to discount any anomalies that were located

on exposures of intact bedrock. These false anomalies were characteristically situated at

the creasts of ridges and the peaks of mountains (cf. Fig. 8.1a and b).

The disparity between the spatial resolutions of the digital elevation model (D EM)

and the satellite imagery produced false anomalies at several locations within the test site.

The anomalies identified in the western portion of the map (Fig. 8.1), enclosed by Samples 0 -

100, are examples of this. An examination of the TM images of the test site (Fig. 2.4) reveals

that there are many drainage channels developed in this area. However, the channels were

too shallow (< 12 meters deep) to be resolved in the DEM (cf. Figs. 5.5 and 5.6). Therefore,

the reflectance model could not compensate for the shadowing within the channels at the

time of the November overpass and, as a consequence, the c7. ;0 -estimates derived from the

November radiance measurements were anomalously low.
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Figure 8.1: Map of the surface elements that demonstrated an anomalous temporal change
in single-scattering albedo. (a) The anomaly map, displayed in red, has been overlaid on
the June TM 4 image.
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Tree stands presented another obstacle to the accuracy of the soil-mapping pro-

cedure. Changes in the reflectance of the tree canopies were detected through the use of

the Perpendicular Vegetation Index (PVI). However, the shadows cast by tree trunks at

the higher solar zenith angles could not be predicted from the DEM. The reflectance model

could not compensate for such shadowing and, therefore, an anomaly was discounted if the

surface element was situated on the western margin of a tree stand.

The unresolved topographic features and tree stands were identified via a compar-

ison of the June and November satellite images (Figs. 2.4a and 2.4b) with the incident and

emergent cosine maps (Figs. 5.5, 5.6, and 5.7). A set of large scale (1:10,000) aerial pho-

tographs were also used in this analysis. It was found that many of the purported anomalies

could be ascribed to features that were not resolved in the DEM. The anomalies that could

not be so easily dismissed were targeted for field investigation.

The field work uncovered sites where the anomalies were false despite the fact

that the landform was resolved in the DEM. This type of anomaly resulted when the

representation of a feature in the DEM was too rudimentary or simplistic, relative to its

depiction in the satellite imagery. Figure 8.2 shows the locations of several of these sites,

which are bracketed by Lines 220 - 280 and Samples 130 - 170 in Figure 8.1.

The southernmost of these sites (Fig. 8.2) are ridges formed by differential weath-

ering of resistant aphte sills that have intruded the granite. The sills, which dip to the

northeast, protect the granite beneath them, forming hogback-like features that have steep

southwest-facing slopes. The asymmetry of the hogbacks are depicted in Figures 8.3a

and 8.3b. The northern sites (Fig. 8.2) are erosional remnants of blocks of granite iso-

lated by intersections of the regional fracture systems (cf. Chapter 2). Figure 8.4 depicts

the steep, southwest-facing slope of one of the remnants.

The southwest-facing slopes of these landforms are steeper than their counterparts

in the DEM. Consequently, the number of surface elements that were in self-shadow during
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Figure 8.2: Location map for the sites of false anomalies that were visited in the field.
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Figure 8.3: Hogbacks formed by aphte sills. (a) Hogback found on the northwest side of
Slavin Gulch. Photograph taken 18 September 1988, looking to the northwest.
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Figure 8.3: Hogbacks formed by aphte sills. (b) Hogback found on the southeast side of
Slavin Gulch. Photograph taken 18 September 1988, looking to the southeast.
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Figure 8.4: Erosional remnant of a fracture-bound block of Stronghold Granite. Photograph
taken 18 September 1988, looking to the north-northwest.
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the November overpass was underestimated in the albedo-mapping procedure. This addi-

tional shadowing was interpreted as an anomalous decrease in the single-scattering albedo

of the corresponding surface elements. A comparison of Figure 5.2, which depicts the inci-

dent cosine map created using the raw DEM, with Figure 5.5, which depicts the incident

cosine map constructed using the interpolated and filtered DEM, reveals that every slope

in the elevation data has been smoothed. Therefore, the number of self-shadowed surface

elements could have been underestimated for all of the steeper slopes at the test site.

The Detection of Moist Soils

The field investigations discussed below were conducted on 10 and 18 August 1988;

both of the visits occurred on days immediately following summer rain showers. This was

done in an attempt to approximate the soil moisture conditions existing at the time of the

November overpass. Moist soils were found at several of the locations identified as targets

in the soil-mapping procedure. These locations are identified in Figure 8.5.

The Stronghold Canyon Anomaly Sites

A cluster of anomalous surface elements was identified on the southern slopes of

Stronghold Canyon, near the northern margin of the test site. This cluster of targets,

bracketed by Lines 80 - 95 and Samples 210 - 220 in Figure 8.1, is designated as Site A in

Figure 8.5.

The acceptance of anomalies in this region is tenuous, since the topography is

rugged and the tree cover over adjacent surface elements is appreciable. However, the field

examination found many exposures of moist soils in this location, making it difficult to

discount this cluster of targets.
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Fractures in the Stronghold Granite were utilized as discharge zones, as depicted

in Figure 8.6, and as channels for small streams, as depicted in Figure 8.7. Figures 8.8a,

8.8b, and 8.8c are examples of the many patches of moist alluvium that were found in this

area.

The Slavin Gulch Anomaly Sites

A cluster of anomalous surface elements was identified at the confluence of Slavin

Gulch and an unnamed northwest-trending tributary. This cluster of targets, bracketed by

Lines 220 - 230 and Samples 195 - 200 in Figure 8.1, is designated as Site B in Figure 8.5.

In this area, a foot trail intersects Slavin Gulch at several points. At the time of the field

investigation (10 August 1988), the stream was flowing and the water had breached the

trail. Figure 8.9 depicts one of these breach points. As a consequence of this breaching,

there were several exposures of wet alluvium along the trail. Figure 8.10 depicts one of

these moist patches.

The Southern Anomaly Sites

A cluster of anomalous surface elements was identified near the southern margin

of the test site. This cluster of targets, bracketed by Lines 290 - 300 and Samples 200 - 215

in Figure 8.1, is designated as Site C in Figure 8.5.

The targets are associated with a northeast-dipping aphte sill. The role of these

tabular intrusive bodies in the generation of false anomalies was discussed in the previous

section. In the present case however, the anomalies are located on the northeast-facing "dip

slope" of the sill. This suggests that the coarse resolution of the DEM was not responsible

for the anomalies. A second hogback, formed along the same sill to the northwest of the

first hogback, is virtually devoid of targets (Fig. 8.1). This is surprising, since the hogbacks

have approximately the same amount of tree cover, and the topography of the northernmost

hogback is more rugged.



Figure 8.6: Fracture utilized as site of discharge or seep. Photograph taken at the Stronghold

Canyon site on 18 August 1988.
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Figure 8.7: Fracture utilized as channel for small stream. Photograph taken at the

Stronghold Canyon site on 18 August 1988.
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Figure 8.8: Moist alluvium found at the Stronghold Canyon site. (a) Photograph taken on

18 August 1988.
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Figure 8.8: Moist alluvium found at the Stronghold Canyon site. (b) Photograph taken on
18 August 1988.
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Figure 8.8: Moist alluvium found at the Stronghold Canyon site. (c) Photograph taken on
18 August 1988.
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Figure 8.9: Stream breaching foot trail at the Slavin Gulch site. Photograph taken on
10 August 1988.



Figure 8.10: Moist alluvium found at the Slavin Gulch site. Photograph taken on 10 August
1988.
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The enigma represented by this cluster of targets was not resolved by a field visit

to the site on 10 August 1988. An active seep, depicted in Figure 8.11, was found at the

margin of granite exposed beneath the sill. Concentrations of moss, depicted in Figure 8.12,

were found in the fractures associated with the seep. Although the seep represents a site of

hydrologic activity, it was not located on the northeast-facing dip slope of the hogback.

Figure 8.13 contains a profile view of the dip slope. Figure 8.14 contains a

southwest-directed view of the entire slope. Contrary to the evidence presented in these

photographs, the vegetation cover (Fig. 6.4) and PVI-change (Fig. 7.10b) maps indicated

that the dip slope is free of vegetation. It is therefore possible that these anomalies were

caused by shadows cast by the undetected trees at the time of the November overpass.

However, the sparseness of the canopy cover, relative to the number of anomalous surface

elements in this cluster, makes this explanation improbable.

Discussion

Alluvial surfaces that remained wet following a rain were associated with exposures

of the local water table, either as flowing streams, as in Figures 8.9 and 8.10, as an isolated

seep, as in Figure 8.11, or as a seepage face, as in Figures 8.6, 8.8a, 8.8b, and 8.8c. These

exposures of the wet alluvium were evidence of the temporary eievation in the water table

that resulted from the influx of rain water.

Based upon the cursory examination conducted in the field, the dominant role

of the fractures in the transport of water is to channel open flow (cf. Fig. 8.7). However,

the fact that water was flowing in this channel 8 to 10 hours after the rain had ceased

suggests that 1) the channel was fed by groundwater discharged at a higher elevation, or

2) the water was temporarily stored in bedrock depressions, such as the one depicted in

Figure 2.5. Based upon the volume of flow in this channel, the latter explanation may be

the most probable.
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Figure 8.11: Active seep found at the Southern site. Photograph taken on 10 August 1988.



Figure 8.12: Concentrations of moss found in fractures near the seep at the Southern site.
Photograph taken on 10 August 1988.
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Figure 8.13: Profile view of the dip slope developed on the aphte sill at the Southern site.
Photograph taken 10 August 1988, looking to the northwest.
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Figure 8.14: End-on view of the dip slope developed on the aphte sill at the Southern site.
Photograph taken on 10 August 1988, looking to the southwest from the foot of the dip
slope.
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Questions regarding the transport of rainwater in a watershed can only be ad-

dressed through the instrumentation of the region with rain gages, stream gages, obser-

vation wells, tensiometers, and piezometers (cf. Freeze and Cherry, 1979). The latter two

instruments measure hydraulic head above and below the water table, respectively. Given

a map of the reflectance anomalies at the watershed, such as Figure 8.1, an investigator

would be directed to the Stronghold Canyon, Slavin Gulch, and Southern anomaly sites

(A, B, and C, respectively, in Fig. 8.5) as locations for the instillation of the monitoring

equipment.

The success of the soil-mapping procedure in the identification of moist alluvium

at the Stronghold watershed is a validation of the concept of mapping wet soils via the

detection of changes in their reflectance. The majority of the false, anomalies identified

by the procedure could be attributed to the disparity between the spatial resolutions of

the DEM and the satellite imagery. A reduction in the number of false anomalies could

probably be achieved if elevation data were available at a spatial resolution that met or

exceeded that of the radiance measurements.

Aerial photographs, such as the large scale (1:10,000) set used to evaluate the

results of the mapping algorithm, could be used to create a high-resolution topographic

map of the test site. However, the expense of generating topographic data with a spatial

resolution < 30 m could prove to be prohibitive. This expense could be minimized by

reducing the size of the test site, or by limiting the high-resolution maps to areas that were

shown to be promising in the analysis performed with the coarse topographic data.

Within the resolution limits of the DEM, the soil-mapping procedure was suc-

cessful in the recovery of reflectance from radiance. The 47% temporal reduction in the

mean radiance of the test site (cf. Figs. 5.1a and 5.1b) was accommodated by the mapping

procedure. However, the bidirectional reflectance of the alluvium was not accommodated,
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necessitating the use of the mean of a A-value distribution as the model for the offset

in the 1' 0 and PVI values recovered from the overpass images (cf. Chapter 7). Potential

refinements to the soil-mapping procedure are discussed in Chapter 9.



CHAPTER 9

REFINEMENT OF THE SOIL-MAPPING PROCEDURE

The field investigations (cf. Chapter 8) proved that wet soils were mapped via the

detection of changes in their reflectance. However, the change in reflectance due to wetting

was only detected if it was greater than the artificial offset introduced by the reflectance

model (cf. Chapter 7). The use of the mean of a A-value distribution as the model for

the offset was a makeshift answer to the failure of the mapping procedure to describe the

bidirectional reflectance of the alluvium. This chapter contains a more thorough discussion

of this problem, together with suggestions for the refinement of the soil-mapping procedure.

Further Elimination of Vegetation Effects

In the change-detection procedure (cf. Chapter 7), the mean As SA (cf. Fig. 7.2)

was used as an estimate of the artificial offset in c7./0 introduced by the reflectance model.

Due to this offset, a AssA was not considered to be significant unless it was > 0.16. The

ASSA value distribution in Figure 7.2 incorporated the surface elements whose reflectance

or the temporal change in reflectance was dominated by vegetation. The impact of such

elements on the global distribution of AssA values will be investigated below.

Figure 9.1a contains a distribution of AssA values following a exclusionary screen-

ing with both the vegetation cover map (Fig. 6.4) and the map of significant PVI-changes

(Fig. 7.10b). The mean and mode of the distribution of screened AssA values are at gray

levels of 113 and 111, which correspond to real differences of 0.139 and 0.129, respectively.
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The mean of screened distribution (Fig. 9.1a) is twelve percent lower than the mean of

the non-screened distribution (Fig. 7.2); whereas the modes of the two distributions are

identical.

A comparison of the distributions of screened and non-screened AssA values indi-

cates that many of the larger A-values in the 'SSA map were due to vegetation effects, not

to the asymmetry of the scatter from the alluvium. Therefore, the mean of the screened

distribution is a more accurate estimate of the temporal offset introduced by the reflectance

model. The use of the mean of screened distribution in the change-detection procedure

(Chapter 7) would result in the identification of more surface elements as anomalies.

Figure 9.1b contains the normal distribution calculated with the mean and stan-

dard deviation of the distribution of screened A SSA values (Fig. 9.1a). It is apparent that

this distribution does not obey the normal probability law (Fig. 9.1b). However, the dis-

agreement is primarily due to the granularity, rather than the symmetry, of the distribution.

Recalling that the granularity was an artifact of the coarse DEM (cf. Chapter 7), it appears

that the fluctuation in the AssA values of the bare surface elements might obey the normal

probability law.

Modification of the Reflectance Model 

Recall, from Chapter 7, that the anisotropic phase function

P(a) = 1 + cos a

was used in the reflectance model. This is a version of the linearly-anisotropic phase func-

tion, which was introduced in Chapter 4, with the asymmetry factor (g) set equal to 1/3.

Given that only two radiance measurements were available for each surface element, esti-

mates of both g and Crro might have been recovered via an inversion algorithm, but this

would have precluded any possibility of detecting temporal changes in the single-scattering

albedo. Therefore, it was necessary to assume a constant value for the asymmetry factor.
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0.129, respectively (cf. Table 7.1).
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An attempt was made to reproduce the AssA values observed at two actual surface

elements. The purpose of this experiment was to evaluate the effect of the assumption that

g = 1/3 on the AssA value derived for flat-lying and inclined surface elements. Table 9.1

lists the location, incident and emergent cosines, and AssA values of the surface elements

used in the experiment.

The incident and emergent cosines were used in the Hapke reflectance model

(cf. Chapter 4) to calculate temporal reflectance factors (cf. Chapter 5). The single-

scattering albedo was held constant during each run of the experiment. During a run,

the asymmetry factor was increased from 0 to 1 in increments of 0.01. For every value of g,

estimates of (7), were recovered from the temporal reflectance factors under the assumption

that g = 1/3. The ZïssA value produced by subtracting the two f.Z0 estimates was written

to an output file. The experiment was run three times for each surface element, using a

different single-scattering albedo in each run.

Figure 9.2 depicts the results of the experiment for the flat-lying (Fig. 9.2a) and

inclined (Fig. 9.2b) surface elements. In each figure, the apparent change in c7i, is plot-

ted against the corresponding asymmetry factor. The largest of the simulated cTio changes

(0.0174 and 0.0311 for the flat-lying and inclined surface elements, respectively), were an

order of magnitude smaller than the ASSA values observed at the surface elements (Ta-

ble 9.1). It is apparent that, for any value of g, the bidirectional reflectance of these surface

elements could not be described with the linearly-anisotropic phase function.

The Henyey-Greenstein Phase Function

The results of the preceding experiment reveal that a reflectance model for al-

luvial surfaces requires a phase function that can describe highly anisotropic scattering.

Chandrasekhar (1960, p. 7) proposed that the phase function be expressed as a Legendre

polynomial series, expanded in terms of the scattering angle (8). The isotropic and linearly
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using the linearly-anisotropic phase function. (a) Flat-lying surface element (cf. Table 9.1).
Each curve represents a separate run of the experiment. The single-scattering albedo used
in each run is indicated next to the corresponding curve.
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SURFACE ELEMENTS USED IN THE PHASE FUNCTION EXPERIMENTS

Flat-Lying Element Inclined Element

Line 157 211

Sample 77 197

June Po 0.9 0.675

November /2 0 0.557 0.639

p 1.0 0.875

A SSA 0.1149 0.2102

Table 9.1: Location, incident and emergent cosines, and AssA values of the surface elements
used in the phase function experiments.
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anisotropic phase functions are zero-order and first-order variants, respectively, of this

series. The description of strong anisotropic scattering could be accomplished through the

use of a higher-order series, but the additional coefficients would add to the number of

parameters in the reflectance model.

The Henyey-Greenstein phase function (cf. Irvine, 1975; or van de Hu1st, 1980),

1 g 2

(1 +g 2 — 2g cos cl)t

provides a description of strong anisotropic scattering in terms of a single free parameter. A

comparison of the linearly anisotropic and Henyey-Greenstein phase functions, with g = 1/3,

is presented in Figure 9.3. The Henyey-Greenstein function has a steeper slope between the

phase angles of 28° and 56°.

A second attempt was made to reproduce the AssA values of the flat-lying and

inclined surface elements. In this experiment, the linearly anisotropic phase function, with

g = 1/3, was used to recover estimates of c7.), from reflectance factors calculated with the

Henyey-Greenstein phase function. As in the previous experiment, the asymmetry factors

used in the calculation of the reflectance factors were incremented between 0 and 1 and a

different Ci, was used for each of the three runs.

Figure 9.4 depicts the results of this experiment for the flat-lying (Fig. 9.4a) and

inclined (Fig. 9.4b) surface elements. The Assit value for the flat-lying surface element

(0.1149) was reproduced for the three values of (7.), used in the experiment. The AssA

value for the inclined surface element (0.2102) was reproduced for c7.) = 0.85 and 63,,, =

0.80. The successful reproduction of the observed As SA values indicates that a reflectance

model incorporating the Henyey-Greenstein phase function could describe the bidirectional

reflectance of both surface elements. Therefore, this phase function should be used in the

reflectance modeling portion of the soil-mapping procedure.
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Mapping the Asymmetry Factor

Twomey et al. (1986) proposed that scaled single-scattering albedo of a surface,

which may be recovered from its radiance through the use of an isotropic reflectance model,

would be sensitive to the presence of moisture (cf. Chapter 4). The results of the present

soil-mapping exercise indicate that the scaled single-scattering albedo is sensitive to the

phase angle of the radiance measurement. In fact, the soil-mapping method proposed by

Twomey et al. (1986) is only truly applicable if 1) the dry and wet surfaces have that same

composition, and 2) the geometries of the radiance measurements are identical for the dry

and the wet surfaces. The use of the Twomey method to detect temporal changes in the

state of soil wetness violates the second condition.

The model for soil darkening proposed by Twomey et al. (1986) could still be used

to map the distribution of wet soils. Recall from Chapter 4 that this model was based

on changes in the symmetry of the scattering from a surface induced by the presence of

water. The strategy should therefore be to map temporal variations in g, the asymmetry

factor. The results of the phase function experiments indicated that a Hapke bidirectional

reflectance model incorporating the Henyey-Greenstein phase function could accurately de-

scribe the reflectance of a surface element. This reflectance model has two free parameters:

the single-scattering albedo ( o ) and the asymmetry factor.

When one of the parameters in a two-parameter reflectance model is held constant,

any change in the reflectance of a surface is attributed to the remaining free parameter. This

has been demonstrated in the case of the Ci o estimates; estimates of g would be similarly

affected if c7:1, was held constant. Both parameters must be left free if accurate estimates

of either are to be recovered from the radiance measurements. Therefore, if moisture-

induced changes in g are to be detected, additional satellite images should be obtained.

The additional images should depict the test site in a dry condition.
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The phase angles for any additional satellite imagery should differ from those of

the June and November images. Since the date of the June overpass is close to the summer

solstice, the corresponding solar zenith angle of 28° is approximately the smallest angle that

is possible at the latitude occupied by the Dragoon Mountains. This means that the Hapke

opposition effect (cf. Chapter 4) can safely be ignored for radiance measurements acquired

at any time of the year. Therefore, the number of free parameters in the reflectance model

can remain at two.

Given additional radiance measurements of the dry alluvial surfaces, estimates of

the dry-state (Ti c, and g could be recovered. Holding C‘io constant, an estimate of the wet-state

g could then be recovered from the November radiance measurements. The change-detection

procedure could then be used to find the surface elements that demonstrated a significant

temporal change in scattering symmetry, and these surface elements could be checked for

evidence of hydrologic activity. The present incarnation of the soil-mapping procedure

demonstrated the potential of using spaceborne radiance measurements to detect and map

the distribution of wet soils. The proposed refinements should improve the accuracy of this

mapping tool.
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