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ABSTRACT

In order to study geologic influence on shallow groundwater movement over 

mountain pediments at reconnaissance scale, a set of modeling algorithms, developed by 

V. J. Realmuto, were employed in analysis of remotely sensed imagery to detect seasonal 

change in the single-scattering albedo component of ground reflectance, attributable to 

residual surface soil moisture. Maps of single-scattering albedo change were made from 

processed LANDS AT 5 Thematic Mapper wet and dry season scenes. A digital elevation 

model and published atmospheric data were used in deriving surface reflectance from 

radiance data. Areas of vegetation-dominated albedo change were excluded from the final 

albedo change map, which depicts areas of anomalously low single-scattering albedo due 

to wet season retention of surface soil moisture. Mapped exposures of wet soils were 

confirmed by field observation; however, dense vegetation was correlated with shallow 

groundwater in the Whetstone Mountains study area, and masked groundwater-related 

surface reflectance change.
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CHAPTER 1 

INTRODUCTION

Groundwater is a critical resource for the arid western United States, especially 

in the state of Arizona. Although surface water makes up about half the water used for 

public supply systems and irrigation in Arizona, including Colorado River water 

imported by the Central Arizona Project, groundwater provides virtually all water for 

domestic and livestock use in the state's rural areas (Smith, 1989).

The Arizona Geohydrology Program was initiated in 1985 to study the geologic 

framework of groundwater systems in Arizona's Basin and Range Province (figure 1). 

The aquifers contained in basin-fill deposits have been the subject of much study (see 

Montgomery and Harshbarger, 1989), but less is known about the role of watershed 

geology in controlling groundwater occurrence and movement into aquifers at basin 

margins. The large area of the Arizona Basin and Range Province, over 100,000 square 

kilometers, dictated the use of a reconnaissance-level, remote sensing-based mapping 

technique. The set of mapping algorithms employed in this study was developed by V.J. 

Realmuto (1990), under the direction of S.R. Titley, using LANDSAT earth-orbiting 

satellite data to map transient shallow groundwater occurrences at mountain/basin 

contacts, where significant infiltration of precipitation and recharge of groundwater are 

believed to occur (Halpenny and others, 1952).

Figure 2 is a generalized cross-section of geologic features typically present at 

the mountain/basin contact. Basin-fill sediments containing the regional aquifer lap 

onto a beveled bedrock surface, the pediment, which is part of the mountain structural 

block but possesses a very gentle surface slope, similar to that of alluvial deposits at the 

basin margin. The pediment mantle deposits are generally thin and discontinuous, often 

less than two meters thick (Bull, 1984). Realmuto's model was designed to detect 

surface soil moisture in the shallow pediment mantle deposits, where groundwater 

occurrence may be largely controlled by geologic properties of pediment bedrock. At the 

Cochise Stronghold study area, on the west side of the Dragoon Mountains, Cochise 

County, Arizona, Realmuto (1990) concluded that fractures and erosional features in 

granite bedrock were responsible for the distribution of temporary springs and seeps 

mapped by the soil moisture detection procedure.

The objective of this study was to examine the effects of bedrock lithologic 

contrasts on pediment-area shallow groundwater, using Realmuto's modeling algorithms.
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Figure 1. Map of Arizona physiographic provinces; location of Whetstone Mountains 
study area indicated.
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Figure 2. Generalized cross-section of geologic features at basin/range contact (after 
Bull, 1984).



The Whetstone Mountains study area (figure 1), which lies about 30 kilometers west of 

the Dragoon Mountains, was chosen for the range of bedrock types exposed in a 

structurally uncomplicated setting. LANDSAT scenes of the study area, from June 1985 

and November 1985, were used in the modeling procedure to derive a map of sites which 

showed significant surface darkening two days after November rainfall; after controlling 

for effects of illumination and vegetation, the dark areas were interpreted as 

anomalously wet compared to the rest of the study area, which typically dried at the 

surface within hours after precipitation. Field observations of selected mapped anomaly 

sites were made in order to interpret model results.

The following chapters describe in detail the Whetstone study area, the wet soil 

reflectance model used to generate the soil moisture anomaly map, and results of field 

investigations. Finally, implications for the use of the soil moisture reflectance model 

in groundwater exploration are discussed.



CHAPTER2

STUDY AREA DESCRIPTION

PHYSIOGRAPHIC SETTING

The Whetstone Mountains are 65 km southeast of Tucson, Arizona, in the Basin 

and Range physiographic province (figure 1). Topography in this region is 

characterized by northwest-trending, subparallel valleys (basins) separated by 

discontinuous mountain ranges which rise abruptly from valley margin slopes. Most 

valleys are drained by through-going ephemeral streams or intermittent rivers, such as 

the San Pedro River east of the Whetstone Mountains; there are no rivers in the area 

which flow above ground over their entire length year-round. Regional drainage is 

northwest-directed, toward the Gila River whose watershed encompasses most of 

southern Arizona. In the Sulphur Springs Valley, about 60 km northeast of the 

Whetstone Mountains, the Willcox Play a is a relic of old internal basin drainage 

conditions (see Geology section, below).

The study area Includes portions of the north, east, and south piedmont slopes of 

the Whetstone Mountains. The western study area boundary is the divide between the San 

Pedro River watershed to the east, and the Santa Cruz River watershed to the west. 

Interstate Highway 10 runs just north of the study area, and State Highways 90 and 82 

are the approximate east and south boundaries. State Highway 82 follows Rain Valley 

between the Whetstones and the Mustang Mountains, to the south; the other two highways 

traverse broad, rolling slopes over alluvium and basin fill deposits. Most of the study 

area is within Cochise County, but small portions of Pima and Santa Cruz county are also 

included.

The Whetstone Mountains are about 10 km wide and 16 km long, trending north. 

Elevations on the piedmont slopes of the study area range from 1310 to 1440 meters, 

and gradients average 27 m/km on northern slopes, and 35 m/km on east and south 

slopes. There is a break in slope at the base of the range front; from there elevations 

reach up to 2300 meters along a north-trending skyline ridge. A LANDS AT Thematic 

Mapper image of the Whetstone Mountains study area (figure 3) displays the diversity 

of bedrock types exposed within the range, and alluvial surfaces on surrounding 

piedmont slopes. Variations in piedmont surface texture and composition are indicated 

by changes in image tone and texture. Textural changes are especially apparent on the 

east side of the range, where drainages emerge from bedrock areas of varying size,
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Figure 3. LANDSAT Thematic Mapper (TM) band 5 image of Whetstone Mountains study 
area. Area of image is approximately 15 by 30 km. Image north is 10° east of 
true north.



elevation, and response to erosion and sediment transport.

CLIMATE AND VEGETATION

The semiarid climate of southeastern Arizona is characterized by low 

precipitation, low humidity, and high average temperatures at lower elevations. 

Average temperatures decrease and precipitation increases with increasing elevation. 

Climate combines with other variables, including slope and elevation, water 

availability, and soil texture, composition, and depth, to determine vegetation type and 

spatial distribution (Lowe, 1972).

Precipitation is unevenly distributed through the year: spring and early

summer are seasons of drought, followed by a large summer peak in rainfall. There is a 

drying trend through fall, followed by a smaller peak in winter precipitation. About 

60% of average yearly precipitation in this region falls during July, August, and 

September, in the form of summer monsoon rainstorms, generated when air warmed 

over hot surfaces rises convectively into moist air moving northwest from the Gulf of 

Mexico (Sellers and Hill, 1974). Summer rainstorms form over mountain ranges, and 

usually are local, short, and intense, often causing flash floods In alluvial drainages at 

lower elevations from runoff produced higher in the mountains. Rainfall records from 

weather stations throughout the region reflect the local nature of summer storms; 

rainfall estimates for sites more than a few kilometers from a weather station must 

necessarily be approximate. Winter storms are associated with occasional southward 

deflection of large-scale cyclonic storms, which usually move east across the Rocky 

Mountains and Great Plains to the north (Sellers and Hill, 1974). Winter rains, and 

snow at high elevations, produce less average precipitation in more variable amounts 

than summer storms; however, evapotranspiration of soil moisture is reduced in 

winter, due to lower temperatures and decreased vegetation demand, producing a seasonal 

increase in soil moisture. Figure 4 graphically portrays the seasonal cycle of 

precipitation, and soil moisture depletion and recharge, at a climate station at Canelo, 

Arizona, 25 km southwest of the Whetstone Mountains. Total average precipitation on 

piedmont slopes in the study area is between 250 and 375 mm/year; at high elevations 

within the range the total average is 375 to 500 mm/year (Hendricks, 1985).

Mean monthly temperatures from four climate stations near the Whetstone study 

area (Apache Powder, Benson, Canelo, Tombstone) range from 5.3° to 8.6° C (41.5° to 

47.5° F) in January, the coldest month, and from 23.2° to 27.5° C (73.8° to 81.5° F)



1 4

i i i i i r i i i i
J F M A M J  J A S O N D J

precipitation

potential evapotranspiration 

actual evapotranspiration

soil moisture deficit

Eii soil moisture utilization

soil moisture recharge

Figure 4. Generalized yearly soil moisture budget, southeastern Arizona (Canelo climate 
station; after Hendricks, 1985).



in July (Sellers and Hill, 1974; Sellers and others, 1985). These may be taken as 

representative of temperatures on the study area piedmont slopes, as both station and 

slope elevations are between 1095 and 1520 meters.

Vegetation zones of the Whetstone Mountains include Chihuahuan desertscrub and 

desert grassland on the piedmont slopes, which are privately-held rangelands long used 

for cattle grazing, through chaparral and encinal, to Mexican oak-pine woodland and 

pine-fir forest (Lowe, 1972) on the highest slopes, within the Coronado National 

Forest. Riparian vegetation characteristic of shallow groundwater conditions occurs 

near springs and along some drainages on the piedmont slopes, where locally high water 

tables permit growth of cottonwood, ash, and willow trees; these phreatophyte species 

may indicate less than 10 meters of depth to the local water table (Davis and DeWiest, 

1 9 6 6 ) .

GECLCXat'
The Whetstone Mountains are well known for exposures of the most complete 

section of Paleozoic sedimentary rocks and a thick section of superjacent Cretaceous 

strata in southeastern Arizona, relatively undisturbed by Mesozoic and early Cenozoic 

tectonic activity which extensively faulted and folded rocks in surrounding ranges 

(Drewes, 1980; Schreiber and others, 1990). Mapping in the range focused on the 

excellent sedimentary exposures (Tyrrell, 1957; Creasey, 1967; Hayes and Raup, 

1968; Wrucke and Armstrong, 1984) and mineral deposits of proven and potential 

economic importance (Wrucke and others, 1983; Bankey and Kleinkopf, 1985). Basin 

fill and alluvial deposits exposed in the San Pedro River valley, east of the Whetstones, 

have provided a basis for reconstructing the late Tertiary and Quaternary geologic 

history of the region (Smith, 1963; Gray, 1965). Application of absolute and relative 

age-dating techniques to basin fill sediments containing animal fossils and early human 

remains has made this a key area for Quaternary studies (Haynes, 1968; Johnson and 

others, 1975; Lindsay, 1984; Lindsay and others, 1990).

Three main types of bedrock are exposed within the Whetstone range, which is a 

southwest-dipping fault block (see simplified geologic map, figure 5). From north to 

south, up the geologic column, these are: fractured, weathered Precambrian granitic 

rocks, including small outcrops of schist; nearly 1800 m of Paleozoic carbonates and 

some sandstone; and more than 2000 m of Cretaceous shales and siltstones (Creasey, 

1967). Geologic structure mentioned in this study includes two Laramide-age high
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Figure 5. Simplified geologic map of Whetstone Mountains study area. Base from 
Drewes, 1980; depth to bedrock contours from Halvorson, 1984.



17

angle reverse faults: Cretaceous rocks outcrop in a narrow synclinal fold against granite 

at the northern end of the range, on the footwall of the Benson reverse fault (Davis, 

1979; Drewes, 1980), and Paleozoic rocks lie structurally above Cretaceous rocks in 

the Mescal Springs fault zone at the south end of the range (Hayes and Raup, 1968; 

Davis, 1979). Distribution of shallow groundwater over the three bedrock types was 

expected to reflect the significant contrasts in hydrologic properties typical for these 

rocks (see Geohydrology, below).
The outlines of the Whetstone Mountains structural block were defined by high- 

angle normal faulting during the last major tectonic activity in the region, the Basin and 

Range disturbance, which subsided in southeastern Arizona by about 3 million years ago 

(Menges and McFadden, 1981). Oldest syntectonic basin fill sediments are not exposed 

at the Whetstones, although there are outcrops to the southwest in the Sonoita basin 

(Menges, 1981), and to the northwest (Schreiber and others, 1990). Post-tectonic 

sediments of the St. David formation (Gray, 1965), exposed in the San Pedro River 

valley east of the Whetstones,' record periods of internal basin drainage and slow 

through-going stream movement between about 4.5 and 0.5 million years ago (Gray, 

1965; Lindsay, 1984). During this time, an extensive bedrock pediment, up to 5 

kilometers wide, was cut on granitic bedrock at the north end of the Whetstones. 

Cretaceous rocks which crop out north of the Benson fault, on the northern pediment, 

were also beveled by pedimentation, and now form a low, discontinuous ridge which 

stands above the gently rolling granitic pediment (figure 6a).

A narrow pediment, less than 2 km wide, was cut on Precambrian schist and 

Paleozoic rocks along the inferred range-bounding fault east of the Whetstones; both 

fault and pediment were buried under basin fill and alluvial deposits, but their existence 

is implied by depth-to-bedrock models based on geophysical gravity surveys; see depth- 

to-bedrock contours, figure 5 (Oppenheimer and Sumner, 1980; Halvorson, 1984; 

Lange and others, 1990). Although the Whetstone Mountains terminate to the south in a 

graben, rather than a pediment, the southern piedmont slopes of Cretaceous shales and 

siltstones and Paleozoic carbonates were included in the study.

A long period of climatic stability near the end of Pliocene time, about 1.6 

million years ago, allowed the formation of deep red paleosols throughout the area, which 

have largely been removed by later erosion from the northern and eastern flanks of the 

Whetstones. In the southwest part of the study area, red paleosols are still widespread 

(see discussion of the Martinez surface of Menges (1981), chapter 5). Subsequent
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Figure 6. Landforms on piedmont slopes of study area, a) Northern pediment area: low 
hill of Cretaceous shales and siltstones (indicated by arrows) rise above granitic 
pediment (foreground), b) Eastern range front at the mouth of French Joe 
Canyon: alluvial deposits in middle distance incised to 5 m depth by the 
ephemeral stream draining the canyon.



climatic change and gradual establishment of external basin drainage in the region 

produced complex depositional and erosional patterns of alluvial deposits (the "granite 

wash" of Gray, 1965), pediment terraces cut on basin fill, and gravels which cap 

pediments and pediment terraces (Melton, 1965; Morrison, 1985). Bryan (1926, and 

plate 10 in Gilluly, 1956) mapped two erosional surfaces adjacent to the Whetstones: 

the older, higher Tombstone surface at the south end of the range, and the lower, younger 

Whetstone surface on the north and east sides. Bryan's two surfaces may correspond to 

the early and middle Pleistocene surfaces of Morrison (1985). It is not clear whether 

the red, clay-rich soils found on both Tombstone and Whetstone surfaces are the same 

age (Haynes, 1968).

Subsequently, the San Pedro River cut down through the Whetstone surface; the 

Aravaipa surface of Bryan (1926) forms the present San Pedro flood plain in the valley 

center. An episode of regional downcutting began about 100 years ago (Haynes, 1968), 

Incising drainages as deep as 10 meters into alluvial deposits on the piedmont slopes. 

Figure 6b depicts the mouth of French Joe Canyon emerging from the east side of the 

Whetstones range front. The ephemeral stream which drains the canyon cut a vertical- 

walled channel about 5 meters deep and 10 meters wide through alluvial deposits in the 

middle distance.

GEOHYDROLOGY

Basin fill sediments contain the regional aquifer in the San Pedro valley adjacent 

to the Whetstones (Halpenny and others, 1952; Putnam and others, 1987). Figure 7 is 

a generalized cross-section of geohydrologic conditions across a Basin and Range basinal 

aquifer like that of the San Pedro valley. The water table within the structural basin is 

much deeper than local water tables supported on mountain pediments. Well data from 

the east side of the Whetstones indicated a pediment-supported water table as shallow as 

7 meters below land surface; less than 1.5 km east, basinward of the range-bounding 

fault, the water table stood 225 meters below land surface (Graf, 1989). Recharge to 

the aquifer comes from infiltration through the bottom of drainage channels, and at the 

bedrock-alluvium contact along the mountain range front (Halpenny and others, 1952; 

Putnam and others, 1987). Recharge zones, in general, can be inferred but cannot be 

observed directly, whereas groundwater discharge zones are visible at the surface as 

phreatophyte vegetation, springs, and seeps (Domenico and Schwartz, 1990).
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This study used computer algorithms, based on a soil reflectance model described 

in the next chapter, to map groundwater discharge zones in shallow alluvium over the 

pediments adjacent to the Whetstone Mountains. Contrasts in groundwater distribution 

were expected to reflect the contrasts in hydrologic properties of the three bedrock 

types present: typical values for hydraulic conductivity in fractured, weathered granite 

(northern pediment bedrock) range from 3.3 x 10 6 to 5.2 x 10*5 meters/second; in 

limestone and sandstone (east and south slopes) 3 x 10-10 to 6 x 10-6 m/sec; and in 

shale and siltstone (south slopes) 1 x 10*13 to 1.4 x 10 3 m/sec (Domenico and 

Schwartz, 1990).
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CHAPTER 3

WET SOIL REFLECTANCE MODEL

Spectral data obtained by remotely sensed observations, such as Thematic Mapper 

data from LANDS AT earth-orbiting satellites, are recorded as radiance measurements 

scaled to 8 bit digital numbers, or grey levels. Part of the observed radiance is 

contributed by solar energy reflected from the ground surface, which contains the 

spectral information required by studies such as this one. The other contributions to 

total recorded radiance are instrument calibration factors and path radiance, which is 

caused by scattering of solar radiation by haze in the atmosphere. The recorded radiance 

measurements, therefore, must be corrected to obtain actual ground reflectance 

resulting solely from physical properties of the surface, which include surface texture 

or roughness, slope and aspect, chemical composition, vegetative cover if present, and 

soil moisture. A mathematical model is then applied to corrected reflectance data to 

examine the surface properties of interest, while minimizing the effects of other 

complicating factors. This chapter describes the theoretical basis of the wet soil model 

developed by Realmuto (1990), which was used for this study. The following discussion 

is adapted from Realmuto (1990).

An understanding of the reflectance of particulate surfaces, such as soil and 

alluvium, comes from application of radiative transfer theory and scattering theory. 

When solar radiation in the form of photons reaches the earth's surface, the photons may 

be absorbed, or extinguished, or may emerge from the surface after one or more 

interactions with surface particles. These singly- or multiply-scattered photons emerge 

at a variety of angles with respect to the surface; the directional distribution of 

scattering angles from a given medium is characterized by its phase function. Scattering 

may be isotropic or anisotropic; most surfaces of geologic interest are anisotropic 

scatterers. The phase function for an anisotropically scattering surface includes an 

asymmetry factor, which is the mean cosine of the scattering angles. The single

scattering albedo of a surface is the ratio of the sum of the scattering cross-section to 

the sum of the extinction cross-sections of its constituent particles. Particles are 

generally assumed to be spherical, in order to calculate their scattering and extinction 

cross-sections and single-scattering albedo for use in reflectance modeling. For 

radiance measurements made at a point by a sensor, a bidirectional reflectance 

distribution describes the relationship among variables including surface reflectance,
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incident irradiance, angles of incidence and emergence, phase function of the surface, and 

single-scattering albedo. A bidirectional reflectance distribution for singly- and 

multiply-scattered components of reflectance in an anisotropically scattering medium, 

derived by Hapke, was incorporated by Realmuto (1990) in the wet soil model.

In order to use remotely-sensed reflectance data to detect surface soil moisture, 

a relationship between soil moisture and reflectance must be modeled. Some workers 

have rejected the use of visible/near infrared reflectance for soil moisture detection 

because of the difficulty in separating soil moisture-induced reflectance change from 

complicating effects of illumination direction and other surface physical properties (see 

Engman, 1991). Others have pursued various combinations of spectral data and 

calculated indices in attempts to quantify remotely-sensed soil moisture effects (Crist 

and Cicone, 1984; Musick and Pelletier, 1986, 1988; Huete and Warrick, 1990).

Work by Twomey and others, cited by Realmuto (1990), provided a link between 

soil moisture and reflectance change, based on moisture-induced changes in relative 

refractive index of a wetted particulate medium. As the relative refractive index 

approaches 1, the asymmetry factor also approaches 1. The scaled single-scattering 

albedo is defined as a function of the asymmetry factor and the actual single-scattering 

albedo; it is obtained by using an isotropic reflectance model to recover an estimate of 

the single-scattering albedo of an anisotropic surface. Since the scaled single-scattering 

albedo is a function of the asymmetry factor, and the asymmetry factor changes with soil 

moisture, the necessary relationship between reflectance and soil moisture was 

established (Realmuto, 1990).

To minimize reflectance effects of spatially varying properties such as soil 

composition, texture, and slope, which change very slowly through time, a temporal 

change detection procedure was added to the model. There are a number of serious 

problems associated with attempts to quantify soil moisture content from reflectance 

data (see Engman, 1991; Musick and Pelletier, 1986; Huete and Warrick, 1990), but 

for many applications, changes in soil moisture may be more important than actual 

moisture content (Engman, 1991).

Perhaps the most serious limitation on the usefulness of reflectance modeling is 

the fact that only soil moisture changes in the uppermost centimeter of soil may be 

detected (Realmuto, 1990). Other data, especially field investigation of the area 

studied, must supplement the modeled results in order to adequately understand the 

relationship between remotely detected surface soil moisture and subsurface moisture,
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including groundwater.

A description of the image processing implementation of the wet soil reflectance 

model follows in the next chapter.



CHAPTER 4

IMAGE PROCESSING PROCEDURE

Processing of the LANDSAT Thematic Mapper (TM) data used the algorithms 

developed by Realmuto (1990), in a multi-step procedure described in detail below. 

Briefly, single-scattering albedo maps were generated from TM band 4 dry and wet 

season scenes of the Whetstone study area, from 7 June 1985 and 14 November 1985; 

the albedo maps were differenced to produce an albedo change map. To eliminate effects 

of temporal change in vegetation on surface reflectance, maps of dry and wet season 

Perpendicular Vegetation Index (PVI) were made from TM band 3 and band 4 data. The 

PVI maps were differenced to produce a vegetation change map, which was used to screen 

the albedo change map for vegetation-induced reflectance change. A second screening of 

the albedo change map was performed to exclude areas where surface reflectance was 

obscured by vegetation reflectance. The final, doubly-screened albedo change map 

depicts areas of temporal change in single-scattering albedo attributable to change in 

soil moisture. Image processing was done on a dedicated COMTAL Vision 3 system at the 

Geohydrology Program, University of Arizona Department of Geosciences.

THE ALBEDO CHANGE MAP

Some additional data and preliminary processing were required to produce the 

albedo and albedo change maps. The radiance values recorded in the original TM band 4 

scenes had to be converted to reflectance values in order to apply the wet soil reflectance 

model (see Chapter 3). The model requires directions of incident and observed 

(scattered) radiance for each pixel of the scene, which in turn depend on the spatial 

orientation-slope and aspect-of the surface area represented in each pixel. Spatial 

orientation data was supplied by a digital elevation model (DEM) of the study area. The 

DEM contains topographic elevation data as a digital image similar to the TM image; 

however, DEM grey levels correspond to elevation contour intervals, rather than to 

radiance measurements. The DEM available for this study had vertical grey level 

spacing of 9 meters and horizontal pixel spacing of 180 meters.

Mutual registration of the two seasonal TM scenes and the DEM was necessary as a 

first step. Measurements made on a USGS topographic base map of the central portion of 

the Whetstone Mountains (Apache Peak 7.5' quadrangle) confirmed that the TM data was 

geometrically correct, with the exception of a 10° eastward rotation of image "up"
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direction due to the satellite overpass path. It was decided, therefore, to register the 

DEM to the TM images by cubic parametric convolution resampling (Realmuto, 1990), 

producing rotation to match the 10° TM offset, and enlargement to match TM 30 meter 

pixel size. The resampled DEM was smoothed with a low-pass digital filter to minimize 

the terraced effect caused by discontinuities at elevation changes.

Using the registered DEM, solar azimuth and zenith angles, and LANDSAT satellite 

position (assumed to be directly overhead at time of image acquisition), maps of incident 

and emergent cosines were made for the dry and wet season images. The incident cosine 

is the scalar product of the illumination vector, pointing to the sun, and the normal 

vector to the ground surface at a given pixel, derived from the DEM. The illumination 

vector differed between seasonal images: at the time of image acquisition on 7 June 

1985, solar azimuth was 101* and zenith was 28*; on 14 November 1985, solar 

azimuth was 149* and zenith was 56*. (Solar azimuths used in processing were 

decreased by 10*, which was required by the 10* offset of image "up" direction from 

true north.) The emergent cosine is the scalar product of the observation vector, 

pointing to the spacecraft, and the normal to the surface; as the spacecraft was assumed 

to be at zenith at the time of each image acquisition, the map of emergent cosines was the 

same for each seasonal image. Figure 8 is the map of incident cosines for 14 November 

1985; it is, in effect, a synthetic shaded relief map. Residual "building block" 

appearance of steep mountain slopes and ridges reflects original large DEM pixel size. 

For comparison, figure 9 is another type of synthetic shaded relief image, generated by a 

temporal ratio of June over November TM band 5 data. The temporal ratio removes 

visible effects of surface texture, lithology contrast, and other factors which remain 

constant over time, leaving change of scene illumination as the primary source of 

variation. Some topographic features visible in figure 9 were not represented by the 

DEM (figure 8), due to the relatively low resolution of the DEM compared to TM data.

Albedo maps were generated using TM band 4 images, and maps of incident and 

emergent cosines, for both dry and wet season scenes. The grey level value at each pixel 

of the TM image was converted to a radiance measurement, then to a reflectance factor by 

subtracting path radiance (estimated by a dark-object subtraction method described in 

Realmuto (1990)), and dividing the difference by the calculated synthetic Lambertian 

radiance. The synthetic Lambertian radiance is radiance reflected from a perfectly 

diffuse surface under the same viewing geometry and illumination as the actual scene, 

including exoatmospheric irradiance and atmospheric optical depth values, obtained
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Figure 8. Map of incident cosines for November 1985 wet season scene: a type of 
synthetic shaded relief image. Blocky appearance reflects large pixel size of the 
digital elevation model used to generate image.
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Figure 9. Temporal ratio image: June/November TM band 5. Another type of synthetic 
shaded relief image, showing subtle topographic detail.
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from published reports (Realmuto, 1990). The calculated reflectance factor was used to 

derive the scaled single-scattering albedo at each pixel, by inversion of the Hapke 

bidirectional reflectance distribution discussed in chapter 3. If the albedo value was 

less than zero or greater than one, it was set to zero and that pixel was excluded from 

further processing.

The November wet season albedo map was subtracted from the June dry season 

map, producing an albedo difference map, which was then screened by a change detection 

algorithm. Using a one-sided Student t-test in a 3 by 3 pixel "moving window" over the 

difference map, a pixel was written to an albedo change map at each window location 

where the mean albedo difference within the window was greater than the mean overall 

albedo difference, at the 0.05 level of significance. The resulting albedo change map, 

presented in figure 10, is overlaid on the June TM band 5 image for location reference. 

About 27% of the image displayed significant albedo change; much of this, however, was 

over bedrock surfaces within the range, where the reflectance model for particulate 

surfaces did not apply (Realmuto, 1990). Many areas of mapped albedo change in figure 

10 follow drainages from the mountain, especially in the northern pediment area. In 

order to exclude the possibility that these albedo changes were due to vegetation 

reflectance, rather than seasonal change in soil moisture, screening of the albedo change 

map was done.

THE VEGETATION CHANGE MAP

Vegetation reflectance shows a sharp change between red visible wavelengths, 

which are absorbed by vegetation chlorophyll, and near-infrared (NIR) wavelengths, 

which are reflected from leaf tissue. Bare soils, on the other hand, have nearly constant 

reflectance across red and NIR wavelengths (Lillesand and Kiefer,1987). This contrast 

in spectral behavior has been used to distinguish vegetation and soil reflectance by many 

workers; the separation of vegetation and soil reflectance is required in agricultural 

remote sensing (see, for example, Huete and Jackson, 1987), as well as studies of soil 

properties such as surface moisture.

The Perpendicular Vegetation Index (PVI) is the perpendicular distance of a point 

in red-NIR space from the "soil line", which passes through the origin and has a slope 

approximately equal to one, due to constant reflectance of bare soils across red and NIR 

wavelengths. The PVI of a pixel increases with increase in leaf area present within the 

pixel; when vegetation cover increases beyond about 30%, vegetation reflectance
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Figure 10. Albedo change map. Areas in white displayed significant change in single
scattering albedo between June and November images. Overlaid on June TM band 
5 image for location reference.
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predominates over soil reflectance. These two behaviors were utilized by Realmuto 

(1990) in constructing the vegetation change algorithms used to screen the albedo 

change map.

PVI maps were generated for the dry and wet season scenes, using as input TM 

band 3 and band 4 images, and the maps of incident and emergent cosines. Reflectance 

factors were computed for both bands at each pixel, as discussed above for the albedo 

maps, and used to compute the PVI for the pixel, which was written to the PVI map. A 

PVI difference map was generated by subtracting the November wet season PVI map from 

the June dry season map, and the resulting PVI difference map was screened by the 

change detection algorithm (discussed above) to produce the PVI change map (figure 

11 ).

Areas mapped in white in figure 11 demonstrated significant change in vegetation 

between dry and wet seasons, indicated by change in PVI. Change in vegetation within the 

area represented by a pixel, due to vegetation growth and senescence, produced change in 

pixel reflectance which could not be attributed to soil moisture change only; therefore, 

pixels represented on both the albedo change map and the PVI change map were removed 

from further processing. Nearly 40% of the study area showed significant PVI change, 

resulting in exclusion of large areas on the northern pediment and other portions of the 

study area. The implications for interpretation of soil moisture mapping results will be 

discussed in chapter 6.

THE VEGETATION COVER MAP

A final screening of the albedo change map was performed to exclude pixels where 

soil reflectance was obscured by vegetation reflectance. Using the June PVI map as 

input, a map was generated of pixels where PVI was greater than or equal to 30% of the 

highest June PVI value, taken as a measure of complete vegetation canopy cover. The 

resulting vegetation cover map is displayed in white in figure 12, overlaid on the June 

TM band 5 image for location reference. Dense vegetation cover is concentrated on 

north-facing slopes and at high elevations within the mountain range; however, the 

distribution of areas of dense vegetation cover on piedmont slopes is related to shallow 

groundwater at those sites, discussed in chapter 6.

Most areas of high vegetation cover did not display change in PVI value. In figure 

13, the vegetation cover map (light grey) is combined with the PVI change map (dark 

grey). The absence of seasonal PVI change over dense vegetation may have been due to
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Figure 11. PVI change map. Areas in white displayed significant change in 
Perpendicular Vegetation Index (PVI) between June and November images. 
Overlaid on June TM band 5 image for location reference.
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Figure 12. Vegetation cover map. Areas in white had June PVI values & 30% of 
maximum image PVI, indicating dense vegetation cover. Overlaid on June TM 
band 5 image for location reference.
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Figure 13. Combined maps of PVI change (dark grey) and dense vegetation cover (light 
grey). PVI change is distributed largely on piedmont slopes, dense vegetation 
cover mainly at high elevations.
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vegetation type: predominantly evergreen chaparral shrubs at intermediate elevations, 

and evergreen oaks, pinyons, junipers, and other conifers of encinal, Mexican oak- 

woodland, and pine-fir forest vegetation zones at higher elevations (Lowe, 1972). In 

contrast, widespread areas of PVI change on the piedmont slopes correspond to grasses 

and deciduous trees and shrubs, such as mesqu'rtes and acacias.

THE WET SOILS MAP

Albedo change pixels which survived screening for vegetation-caused reflectance 

change and dense vegetation cover are shown in white in figure 14, overlaid on the June 

TM band 5 image for location reference. Vegetation screening reduced total area of albedo 

change by about two-thirds, to less than 9% of total scene pixels. Seasonal change in 

scene illumination and atmospheric conditions was accounted for within the modeling 

algorithms; therefore, the scaled single-scattering albedo change at mapped pixels was 

attributed to change in surface soil moisture between June and November 1985. 

Observations of soils and alluvium in the study area confirmed general, widespread 

surface drying within a day or two after precipitation, which implied anomalous 

retention of surface soil moisture at sites corresponding to mapped pixels. Field 

investigations of physical conditions at selected albedo anomaly sites are discussed in the 

next chapter.
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Figure 14. Final albedo anomaly "wet soils" map. Pixels in white displayed significant 
albedo change which was not due to illumination, atmospheric conditions, or 
vegetation. Overlaid on June TM band 5 image for location reference.
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CHAPTERS

ANOMALY SITE INVESTIGATIONS

Previous work by Realmuto (1990) on the Cochise Stronghold field area 

(Dragoon Mountains, Cochise County, Arizona) revealed three types of field conditions at 

mapped albedo anomaly sites: 1) drainage channels of insufficient width or depth to be 

resolved by the digital elevation model (DEM) used; 2) other topography which was 

partly but inadequately resolved by the DEM; and 3) active surface expressions of local 

groundwater discharge zones: intermittent streams, seeps, and temporary springs. 

Only the third category represented true soil moisture anomalies; the other anomalies 

were caused by seasonal shadowing, which was not modeled due to DEM scale and accuracy 

limitations.

Surface manifestations of groundwater discharge zones were not found at mapped 

anomalies in the Whetstone study area during site visits in 1990 and 1991. Low 

rainfall in 1989 and 1991 may have resulted in depression of local water tables, but 

other confounding factors, discussed in Chapter 6, may have been more significant. 

Many mapped anomalies, however, corresponded to high surface soil moisture content 

due to intrinsic soil properties.

Selected areas mapped as anomalous by the image processing procedure, 

described in chapter 4, were visited in 1990 and 1991 after summer and fall rains. 

These included sites from north, east, and south piedmont slopes, each underlain by 

different bedrock types. On the north and south slopes, anomalies visited were mainly 

distributed near fault contacts between bedrock types. Large areas of contiguous 

anomalies were investigated in all three sections of the study area; some linear 

anomalies along drainages on the east and north slopes were also checked. High altitude 

color photographs and 7.5' topographic maps supplemented photographic prints of the 

anomaly map for locating anomaly sites in the field.

Two types of field conditions were found at Whetstone anomaly sites visited: 

abrupt topographic changes in the form of vertical drainage channel walls, and wet clay- 

rich soils and fine-grained alluvial deposits -true soil moisture anomalies. Sites 

mentioned in this chapter may be located on the base map in figure 15.

Most drainages outlined by anomalies flowed east or northeast, subperpendicular 

to the November image solar azimuth of 149°, and were incised between steep walls. 

Since the drainages were less than two or three pixels (60 to 90 meters) in width, they
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Figure 15. Location map for sites discussed in text. Key to abbreviations: BF=Benson 
fault; CC=Cornfield Canyon anomaly; CS=Cottonwood Spring; FJ=French Joe 
Canyon; GS=Goat Spring; MA=Middle Canyon anomaly; MF=Mescal Spring fault 
zone; N1=northern pediment, linear false anomaly; N2=northern pediment, soil 
moisture anomaly; N3=northern pediment, no anomaly.
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were not resolved by the digital elevation model or the TM data; therefore, shadows cast 

by the channel walls in November were mapped, erroneously, as anomalously dark. This 

problem was especially noticeable on the east side of the Whetstones, where many east

draining washes had vertical banks supported by petrocalcic horizons (caliche) as much 

as a few meters thick. On the northern pediment, the synclinal fold of Cretaceous shale 

and siltstone was highlighted by linear anomalies (location N1, figure 15). Initially, it 

was hypothesized that these anomalies were caused by groundwater forced to the surface 

by impermeable bedrock; however, repeated field visits did not find evidence of surface 

moisture other than some narrow (less than 20 cm wide), discontinuous deposits of wet 

fine-grained alluvium along active channel margins. Instead, most anomalies in this 

area followed incised drainages which arose in or cut through the Cretaceous outcrop and 

trended northeast, about 90° to 110° from the November solar azimuth, in relatively 

narrow, deep channels which were in shadow in the November image.

An example of a true soil moisture anomaly, visited two days after widespread 

rains in August 1990, was found near the center of the same Cretaceous outcrop 

(location N2, figure 15). At this site, broad, little-dissected slopes were covered by a 

shallow grey-brown, fine-grained wet soil over impermeable shale-siltstone bedrock. 

Vegetation included stunted grasses and shallow-rooted, xerophytic Chihuahuan 

desertscrub vegetation, such as small cacti, agaves, and ocotillos (figure 16a,b). About 

one km south (location N3, figure 15), coarse-grained alluvium over granitic pediment 

bedrock was dry at the surface; abundant tall grasses and mesquite trees, typical of 

desert grassland vegetation, indicated rapid infiltration and subsurface retention of 

moisture (figure 16c,d).

Most of the widespread, nearly contiguous areas of anomalies visited were 

coincident with wet, clay-rich red soils, thinly covered in places by lag gravels and 

cobbles. Red soils underlie the Martinez surface of Menges (1981), defined by him in 

the Sonoita basin adjoining the southwest part of the Whetstone study area, and 

correlated with red soils and surfaces of similar elevation in other parts of southeastern 

Arizona (Melton, 1965; Menges and McFadden, 1981; Morrison, 1985; Menges and 

Pearthree, 1989). Where present, the Martinez surface is typically isolated from 

range front bedrock by erosion, and may be dissected into remnants of accordant upland 

ridge crests (Menges, 1981; Menges and McFadden, 1981). Smith (1963) described 

exposures of red soils, as thick as six meters, on the east slopes of the Whetstones, 

developed on Pleistocene alluvial fans underlying the Whetstone pediment surface of
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Figure 16. Association of vegetation type with soil texture and degree of bedrock 
permeability, a) Xeric vegetation on shallow soils over impermeable shale- 
siltstone bedrock, b) Fine soil texture over impermeable bedrock, displaying 
light (dry) to dark (wet) albedo contrast two days after summer rains.
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Figure 16. (continued) Association of vegetation type with soil texture and degree of 
bedrock permeability, c) More mesic vegetation on coarse alluvial soil over 
permeable weathered granitic bedrock, d) Coarse soil texture over permeable 
granitic bedrock, dry at the surface two days after summer rains.
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Bryan (1926). Based on oxidation implied by the red color of the soils, and their 

unusual depth of development, Menges (1981) estimated the age of the Martinez surface 

to be at least one million years; magnetic polarity stratigraphic dating by Johnson and 

others (1975) suggested 700,000 years as a maximum age for the "granite wash" 

alluvial deposits upon which red soils were developed near the San Pedro River. 

Longevity of the surface may be attributed to armoring effects of lag gravel and cobbles 

(Melton, 1965; Menges, 1981), and to the high soil clay content (60-80% kaolinite in 

the Ba horizon), which results in high soil water capacity and low permeability 

(Hendricks, 1985).

Not all occurrences of red soils in the Whetstone study area were mapped with 

surface soil moisture anomalies; soil moisture was retained only where the surface was 

little-dissected by drainages. An example is shown in figure 17, a longitudinal profile 

view of the south edge of an alluvial surface east of Middle Canyon (location MA, figure 

15). The higher, light-colored surface (marked by arrow) is a red soil surface, which 

has been stripped by erosion from the lower surface in the foreground. To the north, 

where the red soil surface has not been stripped, it was mapped with soil moisture 

anomalies.

Figure 18 is a synthetic aperture radar image of the Whetstone study area and 

surroundings. Comparison of the radar image (figure 18) with the anomaly map 

(overlaid on a synthetic shaded-relief background in figure 19) displays the coincidence 

of large anomaly areas with radar-dark, therefore smooth and little-dissected surfaces 

on the north, east, and south flanks of the Whetstone mountains. Radar-dark areas show 

little signal return due to lack of relief and relatively uniform, fine texture. Such 

smooth surfaces act as specular reflectors to incident radar energy; therefore, at most 

incident angles, very little energy is returned from a smooth surface to the sensor 

(Lillesand and Kiefer, 1987). Radar signal return is also strongly dependent on surface 

soil moisture content, which modifies the dielectrical properties of the soil. Figure 18 

was flown in June 1988, during the regional early summer dry season when surface soil 

moisture was essentially depleted, and no soil moisture contrasts were present in the 

study area. Comparative analysis of wet and dry season radar images, if available, would 

display soil moisture contrasts which might complement the albedo maps developed for 

the Dragoon study area (Realmuto, 1990) and this study. Radar imaging shows much 

promise for quantitative soil moisture studies (Engman, 1991, and references therein).
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Figure 17. Longitudinal profile view of alluvial surface topped by red soil (light-toned 
surface indicated by arrow). Red soil has been removed by erosion from lower 
surface in foreground.



44

5 0 5 10 Kilometers

Figure 18. Synthetic aperture radar image of Whetstone study area. Very dark areas 
were in radar "shadow"; wide expanses of dark areas on piedmont slopes are 
smooth, undissected surfaces. Detail from radar mosaic of Nogales 1° by 2° 
sheet, U.S. Geological Survey.
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Figure 19. Albedo anomaly "wet soils" map overlaid on synthetic shaded relief 
background. Distribution of large anomalies on piedmont slopes in all parts of 
study area correspond to smooth, undissected alluvial surfaces.
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Inconsistent correlation was found among bedrock lithology, bedrock contacts, 

and mapped anomaly distribution. As discussed above, a number of drainages cut into 

Cretaceous shale-siltstone on the northern pediment area were mapped with false 

anomalies due to seasonal shadowing not modeled by the DEM. Other anomalies on the 

same outcrop, however, displayed high surface soil moisture in less-dissected terrain 

where shallow soil overlies impermeable bedrock; an example was location N2, 

discussed above. Cornfield Canyon, which drains north from the the Whetstone 

rangefront through the Cretaceous outcrop, had areas of damp alluvium in the streambed 

when visited in November 1991. The nearest mapped anomalies, however, followed 

exposures of shallow soils atop ridges to either side of the canyon (location CC, figure 

1 5 ) .

There was no correlation of soil moisture anomalies with bedrock in the south 

part of the study area, where large expanses of nearly contiguous anomalies were 

mapped at the Mescal Springs fault zone. Field investigation revealed that the 

widespread anomalies corresponded to Martinez surface red soils, which overlay the 

fault zone at a site east of Cottonwood Spring (location CS, figure 15). At this site, red 

soils and associated anomalies were continuous from the Cretaceous shale-siltstone 

north of the fault zone to the Paleozoic limestone to the south. Cottonwood Spring itself 

arises in alluvium overlying relatively impermeable shale-siltstone bedrock (Bryan 

and others, 1934), but has been developed as a series of windmill-pumped stock 

watering tanks, and no associated moist soils were apparent in fall 1991. An unnamed 

small wash, which paralleled the Mescal Spring fault zone west of Cottonwood Spring, 

displayed indirect evidence of near-surface groundwater in the form of riparian 

woodland vegetation growing in the bottom of the wash. Phreatophyte riparian trees, 

such as willow, ash, and cottonwood, require a shallow water table for their survival, 

and their presence suggested a local aquifer in the alluvium west of Cottonwood Spring. 

Similar riparian vegetation was present 2 km west at Goat Spring (location GS, figure 

15), which also occurred in alluvium over Cretaceous shale-siltstone bedrock, and was 

not mapped with a soil moisture anomaly.

The vegetation cover map (figure 12), generated as an intermediate step in the 

soil moisture albedo-mapping procedure, was probably a more useful indicator of 

shallow groundwater in the Whetstone study area. Areas of dense vegetation on the 

piedmont slopes of the range, where evapotranspiration is higher than at higher
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elevations, are good candidates for local groundwater discharge zones; most springs 

shown on the USGS 7.5' topographic maps of the study area (Mescal, Benson, Apache 

Peak, McGrew Springs, Mustang Mountains, Huachuca City) are represented on the 

vegetation cover map, whereas none were represented on the albedo-change/wet soils 

map. Recommendations for future modeling, incorporating vegetation distribution as a 

mapping tool, are discussed in the next chapter.
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CHAPTER6

DISCUSSION AND CONCLUSIONS

Observations made at mapped anomaly sites in the study area (Chapter 5) 

indicated that the wet soil reflectance model successfully mapped wet soil surfaces over a 

variety of soil types, where soil composition, texture, depth to and type of bedrock 

substrate, and degree of surface dissection were favorable for moisture retention. The 

geohydrologic motivation for this study was the examination of the relationship between 

surface soil moisture as an indicator of shallow groundwater over mountain pediment 

areas, and effects on spatial distribution of groundwater caused by contrasts in pediment 

bedrock lithology. Introduction of changes in bedrock lithology had the ultimate effect of 

adding considerable complexity to the geologic, and especially post-tectonic history of 

this area, in contrast to the Cochise Stronghold area examined by Realmuto (1990). As 

a result of the tremendous spatial heterogeneity of the soils and underlying alluvial 

deposits on the piedmont slopes of the Whetstones, it was not possible to reach 

conclusions about groundwater distribution based on solely on surface soil moisture 

distribution mapped by the reflectance model.

Data from one portion of the Whetstone study area illustrate the difficulties posed 

in interpreting subsurface conditions in such a heterogeneous environment. Kartchner 

Cavern State Park is located near the northern end of the east Whetstone range front 

(location KC, figure 15). The park area is undergoing a variety of meteorological, 

geological, hydrological, and ecological studies by Arizona Conservation Projects, Inc., in 

order to plan park development for future public visitation, while minimizing harmful 

impact on the spectacular, fragile cave environment (Graf, 1989, 1990; Lange and 

others, 1990). Changes in water levels in several wells in or adjacent to the park, 

precipitation data, and results of a detailed gravity survey were used by Graf (1989) to 

describe probable groundwater conditions in the park; some of these data are presented 

in figure 20. The wells tap shallow groundwater within a 350 by 750 meter area over a 

narrow, alluvium-covered pediment cut on schist, south of a structurally complex 

limestone knob which contains Kartchner Caverns (see cross-section, figure 21). The 

well hydrographs in figure 20 show variable response of water levels to precipitation, 

despite the clustering of wells in a small area. Water levels, in general, stand 15 

meters higher in the north well, and 4 meters higher in the south well, than in the
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Kartchner Caverns S.P. 
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Figure 20. Precipitation data and well hydrographs from Kartchner Caverns State Park 
Variations of water level change following precipitation are shown for nearby 
wells (R.H. Buecher, unpublished data).
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Kartchner Caverns S.P.

Monthly Precipitation
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Figure 20. (continued) Precipitation data and well hydrographs from Kartchner 
Caverns State Park (R.H. Buecher, unpublished data).
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Figure 21. Geohydrological cross section through Kartchner Caverns State Park area, 
east side of Whetstone Mountains study area (from Graf, 1989).



52

central wells, although land surface at the central wells is 1 to 5 meters lower than to 

the north, and 5 to 10 meters higher than to the south (Graf, 1989). The water table in 

the regional aquifer on the east side of the Whetstones generally follows surface 

topography (Bryan and others, 1934; Konieczki, 1980); the shallow water table 

supported on schist pediment bedrock in the Kartchner Caverns area, however, 

apparently follows subsurface topography of the pediment (Graf, 1989; Lange and 

others, 1990). Further subsurface complexity is indicated by the fact that the water 

table in one well, located less than 180 meters laterally from the cave, stands about 20 

meters higher than the cave floor; the water table level within the limestone block 

containing the cave is unknown (Graf, 1989).

The wet soils map generated by this study displayed only a few, scattered anomaly 

pixels in the Kartchner Caverns area (figures 14, 19), although the water table is as 

shallow as 7 meters below land surface (Graf, 1989), and in places rises to the surface 

as seeps following winter rains (Bob Buecher, personal communication). Inspection of 

the combined vegetation map in figure 13 revealed that vegetation cover in the area was 

sufficient to mask any soil albedo change which may have been present.

As mentioned in chapter 5, sites in the study area where shallow groundwater 

was inferred from the presence of springs and phreatophyte vegetation were not 

represented on the wet soils map, due to screening to remove vegetation. The 

requirement of vegetation screening is the fundamental limitation of the wet soil 

reflectance model as a guide to shallow groundwater: the model is valid only on bare, 

non-vegetated soils, yet observations throughout the Whetstone study area indicated that 

dense vegetation was generally associated with shallow groundwater. Thus, areas of 

shallow groundwater probably could not be mapped directly with this procedure. The 

relatively bare soils which were mapped as wet by reflectance modeling were both bare 

and wet for the same reason: high soil clay content contributed high soil water capacity, 

but as a result, soil texture was also less porous, and therefore less favorable for plant 

growth (Lowe, 1972). Low rates of moisture infiltration, and subsequent low rates of 

recharge to groundwater, may be implied for areas which retained high surface moisture 

due to high soil clay content or impervious bedrock substrate.

Based on observations made in the Whetstone study area, the vegetation cover 

map (figure 12) was a better predictive tool for locating shallow groundwater, as 

represented by unusually dense vegetation cover on the piedmont slopes of the study 

area. One alternative, which may not be as sensitive to vegetation canopy effects as
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visible/near-infrared reflectance, may be the use of synthetic aperture radar (SAR) 

data (see Engman, 1991). A combination of change detection based soil moisture 

• modeling using seasonal SAR coverage, and vegetation cover mapping, would provide 

necessary reconnaissance-level coverage to identify promising areas of possible shallow 

groundwater. Available geophysical and well data would then guide interpretation and 

final site selection for potential groundwater development.
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