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ABSTRACT 

ARMETT (Arid Region Mapping of Evapo-Transpiration Technique) can 

differentiate areas of active obligate phreatophyte vegetation from all other cover 

types with a spatial accuracy of meters in hot-arid environments where water is the 

main biolimiting factor to growth. The RERD (Red Edge Response Differentiation) 

filter within the technique is based on identifying the differences in the spectral 

responses among actively transpiring vegetation, dormant vegetation, and bare soil 

in the 500-900nm range of color infrared airphotos using color manipulation. When 

the spatial distribution of active vegetation is combined with an understanding of the 

rooting depth of the native species, the lateral extent of areas of shallow groundwater 

can be constructed. Extension of this technique to three dimensions using I Om 

resolution Digital Elevation Models (DEMs) provides a tool that can aid in unlocking 

the dynamics of shallow aquifers and groundwater flow regimes within basins in arid 

and semi-arid climates. 
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Introduction 

Every ecosystem is dependent on the availability of raw materials such as light, heat, 

space, water, nutrients, carbon dioxide, and oxygen. Over time each ecosystem will 

achieve a dynamic equilibrium set by the most limited of these raw materials- the 

"biolimiting factor" [Global Change, 1996]. For example, phytoplankton production in 

the South Pacific Ocean can be linked with the presence or absence of iron [Behrenfeld, 

1999], the size of a bonsai tree is limited by space, and a desert is defined as having 

limited water. Arid regions, by definition, are regions with little moisture. Thus, the main 

biolimiting factor to growth in an arid region is often the absence of water. 

When water is present, desert and riparian plant species are quick to exploit it. Of the 

riparian species some phreatophytes such as the cottonwood-willow (Populus-Salix) are 

obligate, relying almost solely on groundwater for their water needs. Other species such 

as mesquite (Proposis) rely solely on groundwater when it is easily available but are also 

opportunistic, depending on water from precipitation events when groundwater is not 

available [Maddock eta/., 2000 I Snyder and Williams, 2000]. The technique developed 

in this thesis uses the concept of biolimiting factors to search for water in the 

southwestern USA by looking for locations where healthy, evapo-transpiring vegetation 

can be found long after the previous precipitation event in the dry, pre-monsoon summer 

months. 

It is possible to distinguish active vegetation from dormant I senescent vegetation by 

comparing the way they reflect incoming solar radiation in the visual and near infrared 

(NIR) portion of the electromagnetic spectrum (see Methodology: Remote Sensing for a 

full description). Actively evapo-transpiring, healthy vegetation absorbs most of the blue 

and red incoming light in the visual wavelengths that makes it to the surface of the earth, 

but reflects some of the incoming green light giving plants their green color. In the NIR, 

a healthy leaf reflects or scatters almost all of the incoming light as a cooling mechanism. 

When a healthy plant becomes stressed due to lack of water, disease or insect infestation 

then NIR light is no longer strongly reflected. Figure 1 [Virtual Laboratory for GIS and 

Remote Sensing, Hong Kong Baptist University, 2002] shows the spectral reflectance 

curves for 3 common cover types. The spectral response curve for dry bare soil gives the 
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soil a pink hue in a Color Infrared (CIR) airphoto, and the distinctive steeply rising limb 

in the NIR of green (i.e. healthy) vegetation is displayed as a red hue in CIR airphotos. 
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Figure 1 Generalized spectral signatures for some common cover types. Virtual Laboratory for GIS and 
Remote Sensing, Hong Kong Baptist University, 2002. 

When working with remote sensing products one should always be cognizant of the 

fact that the materials comprising the earth ' s uppermost surface are not measured 

directly. Instead, it is through background knowledge and making educated, well 

reasoned assumptions that answers may be obtained [Schowengerdt, 1997]. The common 

theme that 'Remote Sensing is not a quantitative science, it is a way of inferring 

conclusions' [Thome, 2002] is stated in similar ways in almost every textbook on remote 

sensing and airphoto interpretation [Drury, 1998]. 

In the text Current Topics in Remote Sensing, Vol 3 [1990] , it is emphasized that 

Remote Sensing is multidisciplinary, both as a subject within itself as well as its 

significance for a large number of other fields. Consequently, the approach taken for this 

work is a synthesis of disciplines that include, but are not limited to: Hydrology, 

Hydrogeology, Remote Sensing, Geology, Geographic Information Systems (GIS), 

Botany, Geography, Color Theory, and Human Perception. 

In the manual Air Photo Analysis, Photo Interpretation Logic, and Feature Extraction 

ETL-0329 [J.N. Rinker and P.A. Cor/, 1984] Rinker makes the observation: 
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"Insofar as determining the nature of the terrain in terms of identities, 
composition, and conditions, the most important pattern elements are those 
associated with three-dimensional shapes; thus the mainstay of analysis is stereo 
aerial photography, and as yet, three dimensional shapes do not lend themselves 
to machine evaluation ". 

By using current and future generation computers one can carry out a three

dimensional 'machine' analysis without the use of stereo pairs by draping Digital 

Orthorectified photo Quarter Quads (DOQQs) over high resolution Digital Elevation 

Models (DEMs). The very recent advance in sufficient computing power opens up new 

avenues of research that the ARMETT technique seeks to capitalize on by applying 

analysis methods that were already at a highly developed stage 20 years ago. In addition 

to the new 3D visualization tools available today, the technique developed and described 

from the thesis statement adds to the scientific fields of both hydrology and remote 

sensing by creating and automating a data analysis procedure that has the ability to filter 

out the I m GIFOV (Ground Instantaneous Field of View) pixels that record a red edge 

spectral response due to active evapotranspiring vegetation from all other cover types. 

To accurately carry out the procedures of this technique two main assumptions are 

made in this technique and two necessary conditions must be met. The first assumption 

is that the presence or absence of water is the main biolimiting factor in arid regions. The 

second assumption is that a strong red edge spectral response indicates actively evapo

transpiring vegetation. 

The first necessary condition is that there has been an appropriate length of time since 

the previous precipitation event or flow event in an ephemeral wash. The second 

condition that must be met is that the CIR airphoto was taken during the growing season 

which ranges from spring to autumn. If weather station data recording the previous 

precipitation event is available, that information should be used. If not, techniques are 

discussed in the methodology section to substitute for the information. 

Understanding the nature of a water supply in arid I semi-arid climate is important in 

determining its potential vegetative associations. Type localities where enough water is 

present in arid I semi-arid regions to sustain phreatophytes are defined in the broad 

categories of surface water (excluding precipitation I ephemeral flow events) and near

surface water. 
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The following list of locations where water can be found in arid I semi-arid regions 

was compiled based on the groundwater model report Alternative Futures Study [Tomas 

Charles Goode; Thomas Maddock Ill, 2000]. The type locations presented in the report 

have been added to and adapted based on work presented by others in academic journals, 

textbooks, conference presentations, seminars, agency reports and fieldwork. Localities 

have been broken down into the broader categories of expressions of surface water and 

expressions of near-surface water. Each of these are described in more detail with 

illustrated examples in the theory section. 

Expressions of Surface Water: Water present at the earths surface present either as 

ponded water or flowing water. Surface water will sustain obligate phreatophytes. 

• Perennial I Gaining reaches of riparian corridors; 

• Agricultural irrigation runoff; 

• Treated effluent outfall; 

• Lakes behind artificial dams. 

Expressions of near-Surface Water: Underground water that is shallow enough to be 

used by phreatophytic vegetation. 

• Intermittent gaining reaches. i.e. perennial only in wetter years; 

• Shallow aquifers; 

• Sub-flow beneath "Ephemeral Streams" - not necessarily year round; 

• Valley aquifers; 

• Shallow water tables at the base of slopes; 

• Seepage facies when a permeable lithologic unit overlies an impermeable 

lithologic unit; 

• Upgradient of a low permeability fault; 

• Perched water tables; 

• Depressions in a slope profile. 

Where does groundwater and surface water come from in Arizona? 

Precipitation in the semi-arid southwestern USA typically follows a bi-modal annual 

distribution. Most of the rainfall occurs during intense summer monsoon storms which 
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usually begin in the first week in July. A second precipitation source is the less intense 

winter frontal rains. At higher elevations on the mountain islands [Gehlbach, 1998], 

winter precipitation occurs as snow. A significant amount of the precipitation that falls 

on the mountain islands infiltrates into the mountain as mountain block recharge. 

Eventually, through sub-surface flow this water forms a major component of the recharge 

to the alluvial aquifers typically found between the mountains [Manning, 2003]. Gaining 

reaches in the intermountain valleys are found where the water table of the alluvial 

aquifer is shallow enough to reach the surface and the hydraulic head is greater that that 

ofthe stream. 

Unfortunately, even if water is present and ET is occurring and a red edge response is 

present, it is not possible to use the relative degree of red edge response as an indicator of 

vegetation health. Work by other researchers [Ustin et al, 1998; Asner, 1998] concludes 

that the relative degree of red edge response does not correlate with the absolute water 

content of the canopy because of the significant differences between species, and even 

between samples taken at different times of the day. 
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AIM 

Thesis statement: 

"It is possible to create a technique that identifies and differentiates active vegetation 

from all other cover types in color infrared airphotos, thereby providing a tool to map the 

spatial distribution of obligate phreatophytic, evapo-transpiring vegetation in arid 

regions." The technique shall be called ARMETT - "an Arid Region Mapping of 

.Evapo-Iranspiration Iechnique". 

The thesis statement has been broken down into smaller parts that are addressed as sub

objectives. After meeting these sub-objectives, a discussion of the strengths, weaknesses 

and limitations of ARMETT will follow. 

Sub-Objectives: 

• Distinguish Evapo-Transpiration (ET) identifiers within Color Infrared Aerial 

Digital Orthophoto Quarter Quads (CIR-DOQQs). 

• Establish necessary conditions and assumptions for ARMETT to be valid. 

• The output should be easy to understand. 

• Develop the tool to have a high spatial resolution. 

• Develop the tool to be cost effective over a large area. 

• Test ARMETT under controlled conditions. 

• Develop a tool to aid in estimating the sustainability of a shallow groundwater 

supply throughout the growing season. 

• Apply ARMETT to real world situations. 
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THEORY 
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Color Theory, Film Response and Human Perception 

The Near Infrared (NIR) spectral response of active vegetation appears on color 

infrared (CIR) film as shades of red while dry, bare soils appear as shades of pinka. 

Many researchers interpret this information as is. However, interpreting the shades of red 

from 'raw' CIR airphotos is an extremely inefficient use of the human vision system. It 

is inefficient because the human eye is less sensitive to changes in hue within the red 

portion of the spectrum [Drury, 1998; Dartnall eta/, 1983] than in any other part of the 

human visual range ( 400 to 700 nm). 

The range of CIR film is more than that of human vision- from 400 nm (deep blue) to 

900 nm (NIR). When an airphoto is taken, a deep yellow filter is always used which 

reduce the range to 500-900 nm. The purpose of the reduction is two-fold: First, to 

remove haze due to Rayleigh Scattering and Mie Scattering; Second, all three emulsion 

layers of the CIR aerial film are inherently blue sensitive and become saturated if blue 

light falls on them. 

To display the 500-900 nm film range in the visual portion of the electromagnetic 

spectrum, the natural colors are re-projected so that the NlR is displayed as red, red is 

displayed as green, green is displayed as blue, and blue is not recorded. Figure 2, taken 

from the technical specifications sheet for the current generation Kodak CIR aerial films 

shows the color reprojection in graphical form. The graphic also applies to earlier 

generation CIR films [Kodak Film Corporation, 2002]. 

After the film has been processed and printed, the aerial photographs are digitized by 

scanning into a computer, then orthorectified, then re-sampled so that each pixel 

corresponds to a 1 m x 1 m area on the earth's surface [USGS], and then saved in a 

GEOTIFF format. The new product is called a Color Infrared Digital Orthophoto Quarter 

Quad (CIR-DOQQs). The GEOTIFF format is the same as the TIFF image file format 

with the addition of a hidden header that records the geographic information within the 

file structure. 

a The original purpose of CIR film was not for seeking the health of vegetation, instead it was developed 
for camouflage detection during WWII to distinguish camouflaged armor beneath the tree canopy. 
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Perception and vision, the importance of re-coloring the CIR-DOQQs 

Human vision has its strengths and its weaknesses, one of those weaknesses is a poor 

ability to distinguish between different hues, saturations and brightness values within the 

red portion of the spectrum ( ~600-700 nm). Although the precise reason why we cannot 

see very well in the red cannot be known with absolute certainty, the most likely 

explanation has been well articulated in An Introduction to the Biology of Vision, James 

T. Mel/wan, 1996]. On p184 he describes the chemical processes occurring in the eye 

leading to the point: 

" ... , mutations throughout evolution have produced a wide range of photo pigments with 

spectral sensitivities often matched to the ecological niches of the animals employing 

them". In terms of evolution, there has been little need for humans to evolve a strong 

ability to distinguish between shades of red. However, there has always been a strong 

need for us to be able to distinguish between shades of green to distinguish between 

foliage and camouflaged animals, either for food or defense. In addition to this ability to 

distinguish shapes and outlines from a complex backgrounds based on color, humans also 

possess a very highly developed ability for pattern recognition based on abstract 

concepts. An example of this could be: 'Shape amongst the foliage= a deer= food'. 

This great advantage for humans in perceiving and distinguish different shapes and 

outlines and relating them to abstract concepts (geometric shapes) was studied and 

published in the paper [Eye Movements and the Perception of Impossible Figures, de 

Mey, 1993]. 

In de Mey ' s experiments the movement of the eye was recorded in response to 

viewing 'impossible' figures similar to those of the drawings of the artist M.C. Escher. 

The conclusions from his research activities strongly suggest that we process 3D images 

with multiple, parallel thought processes, which improves speed of perception and 

interpretation accuracy. The purpose of including these examples in the appendix 

' Impossible Figures' is to show how our human perceptive abilities are not as absolute 

and reliable as we would like to believe. Furthermore, if our perceptive abilities can be 

diminished and tricked they can also be enhanced such as by pre-processing an airphoto 

so that the colors and contrast are tuned to our perceptive strengths. 

The adaptation to multiple simultaneous thought processes is something ARMETT 
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seeks to take advantage of, particularly when relating conceptual models of spectral 

responses, time dependant processes, scale, geomorphology, groundwater flow direction, 

soil development, etc to what is really occurring in the natural system. Taking advantage 

of human pattern recognition skills is the main reason why the first stage of the RERD 

(Red Edge Response Differentiation) filter is to sharpen the image file which increases 

the contrast between adjacent pixels. By making the image sharper and edges more 

distinct it becomes relatively easier for us to comprehend it [Rinker, 1984]. 

Figures 3 and 4 [Drury, 1998] show how the color vision cone associated with red 

light actually has its peak sensitivity within the orange portion of the visual spectrum. 

The low sensitivity to red light shown in Figure 3 illustrates why the eye has difficulty 

seeing more than a few shades of red in the spectrum in Figure 4. 

The purpose of applying theories developed from work on human perception has been 

to create an output that adds significant value to a qualitative interpretation of airphotos, 

and to address the sub-objective that "the output should be easy to understand". 
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Figure 2 The range of the color infrared film in comparison to the visual and NIR portion of the spectrum. 
Kodak Film Corporation, 2002. 
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Figure 3a The human color vision system is made up of 3 cones - Blue, Green and Red. The blue and 
green cones have maximum sensitivity in their respective colors but the cone normally associated with red 
light actually has peak sensitivity in orange light and low sensitivity for distinguishing reds. ' Color' as we 
see it is the brain processing the output from all 3 cones and combining it into a single perceived color. 
Drury, 1998. 

Figure 3b: The visual spectrum. Note how the color ranges compare with the human eye's sensitivity. 
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Remote Sensing: Distinguishing the Active Vegetation 

Remote Sensing can be defined as the measurement of object properties on the earth's 

surface using data acquired from aircraft and satellites. It is therefore an attempt to 

measure something at a distance, rather than in situ [Schowengerdt, 1997]. 

This purpose of this section is to address the sub-objective: "Distinguishing ET identifiers 

within Color Infrared Aerial Digital Orthophoto Quarter Quads (CIR-DOQQs)" 

Spectral Response 

All passive remote sensing systems whether film based, electronic sensor based, 

within the atmosphere or in space are simply recording the incoming solar radiation that 

has been reflected by the earth's surface back into space. 

Surface types can be distinguished because every spot on the earth's surface whether 

organic or inorganic, has a distinct spectral response depending on the properties of the 

material. For example, a healthy mesquite in summer reflects sunlight very differently 

than a leafless mesquite in winter, or a playa, or desert scrub, or a parking lot. It is by 

comparing the spectral response observed at a remote sensing platform I system with 

relative and absolute references that we can make an estimate of the composition of the 

uppermost layer of the earth's surface. 

Resolution 

The term "Resolution" in remote sensing applications has to be defined in four 

different ways. Table I describes and defines the four different types of resolution 

(Spatial, Temporal, Radiometric, and Spectral). Table 2 describes the resolution 

specifications for the USGS CIR-DOQQs. A high-spatial resolution system is able to 

extract information from a small area on the ground (e.g. I m*l m), whereas a lower 

resolution system will record the average reflection value of a large area of ground (e.g. 

30m (LANDSAT)- 500 m (MODIS)). A high temporal resolution system is able to take 

repeat images of the same places every few days. A high radiometric resolution system is 

able to distinguishing many levels of contrast. A high spectral resolution system can 

accurately determine the reflection properties of the surface cover type. 

The relative reflectivity of vegetation is highly variable in the NIR light whereas, it is 

relatively stable in visible light. The specific reflection by a plant in NIR light is also 
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highly variable among and within species [Asner, 1998; Us tin eta/. , 1998]. Figure 4 

shows the variability of the spectral response between grass, birch, pine and fir. Even 

though the species are quite different, note how they all reflect more light in the NIR than 

in the visible - the red edge response. 

Resolution 

Spatial 

Temporal 

Radiometric 

Spectral 

Explanation 

Ground Sampling Interval (GSI) 

Ground Instantaneous Field Of View (GIFOV) 

Repeat cycle, integration time/shutter speed 

Smallest detectable change in energy, dynamic range, 
e.g. 8-bit = 256 levels, 1 O-bit= 1024 levels 

Band Spacing, Narrowest Band Width 
Overall Spectral Coverage 

Table 1 Definitions of Resolution 

Resolution CIR-DOQQ characteristics 

Spatial 1 m, may be downsampled from up to 1 .28 m 

Temporal 
Single collection from 1996. 
To be repeated every 10 years. 

Radiometric 8-bit = 256 levels 

500- 900 nm = Green -7 NIR 
Spectral 

N.B. reduced from 400 -7 900 nm by a deep yellow filter 

Table 2 Resolution Specifications of USGS CIR-DOQQs 

Most of the work that has been published on the variations ofNIR reflectivity from 

trees using CIR aerial photography has focused on the impacts of disease and insect 

infestation. The reason for the focus on disease stress and insect infestation has been 

because of the economic importance of being able to quantify and manage the damage to 

large orchards crops or timber harvests. Figure 5 [Barrett and Curtis, 1976] shows the 

change in spectral response of vegetation in the Visual - NIR portion of the spectrum 

over time due to disease stress. This graphic is particularly useful because it specifically 
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focuses on the variability of green vegetation in the portion of the spectrum covered by 

CIR film. 
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Figure 4 The spectral reflectance curves of 4 different plants types. 
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Figure 5 Change in spectral response of healthy vegetation due to stress. Barrett and Curtis, 1976. 

The spectral changes in vegetation due to drought stress are analogous to those in 

response to other types of stress. The most common types of vegetative stress are 

Disease, Dehydration (Drought Stress), and Insect Infestation. What ARMETT aims to 

do is utilize the changes in the red edge spectral response due to drought stresses that are 

part of the naturallifecycle of arid land vegetation and to exploit those characteristics to 

identify areas of active ET in the dry, pre-monsoon months. 
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y Remote Sensing: Airphoto Interpretation 

Most of the emphasis in recent years (<20 yrs) on computer-based analysis of remote 

sensing has been focused on satellite data, especially the LANDSAT series [NASA I 

NOAA/ NCDC, 1975-]. As a result, a minimal amount of new work has been published 

on high-resolution airphoto interpretation other than that published within textbooks 

summarizing the methods. 

Airphoto interpretation is a complex task that requires background knowledge, both of 

the region being imaged and of the task in hand. Airphoto interpretation is an inherently 

qualitative task that can benefit in some part from the automation of some of the 

processes e.g. orthorectification and color balancing. However, automation of the 

interpretation procedure can actually detract from the quality of a final product. The need 

to limit automating the interpretation is summed up by J.N Rinker in the quote: 

"Deductive and inductive reasoning procedures produce information that is broader in 

scope, and more complex in content, than that derived by using targeting and detecting 

techniques." [Air Photo Analysis, Photo Interpretation Logic, and Feature Extraction, US 

Army Corps of Engineers Environmental Topographic Laboratories, 1984]. 

Favoring a more qualitative analysis procedure stems from the fact that the earth is 

extremely complex and each individual will be able to draw information from the 

airphoto that is specific to their needs and strongly related to their background and 

experience [Frost, 1953]. However, the pre-processing of an airphoto prior to 

interpretation can benefit greatly from automation. For example, the CIR-DOQQs used 

in ARMETT have all been orthorectified after digitizing to enable the image to be 

georeferenced and mosaiced with adjacent airphotos. Mosaicing a DOQQ is a procedure 

where georeferenced airphotos can be combined into one large seamless airphoto (Figure 

6). The ability to mosaic airphotos is one of the strengths of modern computing power 

that the methodology developed in this thesis exploits. The advantages of using just 

airphotos instead of airphotos and LANDSAT imagery are: all the images have been pre

processed using the same procedure; all DOQQ images from the USGS use the same 

orthorectification models; no calibration of a multi-band sensor system is necessary; and 

most of a DOQQs mosaic will have been taken contemporaneously. Also, a satellite 

overpass contemporaneous with aerial photos may not be available and only one set of 
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data has to be purchased I obtained and stored which can be a significant cost saving. 

Even if an appropriate LANDSAT scene is available, most of the scene will be out ofthe 

area of interest which is wasteful of computing power. 

Figure 6 Mosaicing many airphotos into a near seamless single image. From: www.ermapper.com 

Exclusively using CIR DOQQs is not the perfect answer to everything as there are 

some potential disadvantages of relying on a single source of information. The potential 

disadvantages are: some of the DOQQs may have been taken on different days or even 

years; there may be an incomplete dataset in CIR; there may be mismatching at the edges 

ofthe DOQQs within a mosaic (but still <15m); and if a mosaiced image is inadvertently 

made too large it can crash even a powerful computer. Fortunately, the USGS is fully 

aware of these issues and constantly seeks to minimize the problems associated with 

mosaicing DOQQs. 

On balance, using freely available CIR-DOQQs rather than other remote sensing 

products collectively addresses both sub-objectives "Developing the tool to be cost 

effective over a large area" and "Developing the tool to have a high spatial resolution". 
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heo Hydrogeological Analysis 

A significant limiting factor in hydrological modeling is the accuracy in delineating 

the locations and timing ofET, which are at least in part controlled by hydrological 

conditions near the surface. 

Water is only available in certain places in arid regions. This section classifies 

available water into surface water and shallow groundwater (i.e. shallow enough to be 

exploited by roots). Within those broader categories, the type localities where water can 

be found are shown. The purpose is to provide an estimate that characterizes the nature 

of the water supply into terms such as: the amount of shallow groundwater; the flux rate 

of groundwater seepage; or the reliability of the water supply in dry periods. This is one 

of the sub-objectives of the thesis: "To develop a tool to aid in estimating the 

sustainability of a shallow groundwater supply throughout the growing season". 

The process of assessing a water supply is going to have some degree of subjectivity 

based largely on the amount of information available and the experience of the 

interpreter. It is also dependent on the definition of groundwater used. For example some 

hydrologists might include the vadose zone in the definition of groundwater while some 

may not. This work uses the definition from the Water Resources Research Center 

(WRRC) at the University of Arizona: 

Groundwater: "Subsurface water body in the zone of saturation, OR (more 
commonly, available groundwater is defined as): That portion of the water 
beneath the surface of the earth that can be collected with wells, tunnels, or 
drainage galleries, or that flows naturally to the earth's surface via seeps or 
springs. " [Glossary of Water Related Terms, Water Resources Research Center 
(WRRC), The University of Arizona ag.arizona.edu] 

On the following pages the type localities where water can be found in the arid 

climatic regions of the southwestern USA are described and illustrated with models and 

examples. The broader categories are shallow groundwater and surface water. 

Expressions of Shallow Groundwater in arid climates 

• Riparian corridors; 

• Gaining I Perennial reaches; 

• Springs (see base of slopes+ seepage facies); 
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• Valley aquifer 

VALLEY AQUIFER (IN ARID ZONES) 

t tlt + 
I 

" /:\ ~ 

- Y' ~!\.""'-::: 
/ I ---/ : 

divide 
I 

water table 

Figure 7 

This model of a valley aquifer is from the 
University of Arizona HWR 531 class notes, 
spring 2002 semester. Class notes prepared by 
Dr Marek Zreda. 

A valley aquifer is a transient situation that 
extends the amount of time that water is 
available to the root zone for vegetation within 
washes. 

This model is important to consider when time 
to previous rainfall event is being considered as 
a potential source of water for active vegetation. 

• Seepage facies when an aquitard underlies a water bearing rock * 
• Seepage facies at the base of slopes + 

Figure 8 

y -
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Modified from [Freeze, 1971] 

This diagram shows that a 
seepage facies can be considered 
as a type of perched aquifer that 
has been exposed by hill slope 
erosion 

• Perched water table 

Geological Configuration 

Hydraulic Head Equipotentials 
describing a perched aquifer 

,."' ,,. 
~ 

Figure 9a 

The blue shading indicates the 
saturated zone beneath the water 
table 

Adapted from Groundwater [Freeze and Cherry, 
1979]. 

The upper image indicates the K- and n· values of a 
conceptual perched aquifer. 

Figure 9b 

The lower image describes total hydraulic head 
equipotentials. The lines are taken from a Freeze, 
1971 experiment and indicate that with such 
unequal gradients the hydrological situation at the 
edge of a perched aquifer is transient. 

The blue shading indicates the saturated zone 
beneath the water table 
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• Subflow beneath ephemeral streams 

The image above is of the wash coming out 
of Ramsey Canyon near Sierra Vista, AZ. 
The wash is dry except for heavy rain 
events. The large trees (green) are 200 year 

/ old sycamores and arizona junipers [The 
Nature Conservancy, 2003] 

Figure lOb 

The image below is a conceptual model of 
sub-flow. Although the term is more of a 
legal definition it describes the groundwater 
flowing below the streambed irrespective of 
whether the stream is flowing. 

• Base of slopes, in this case being intercepted by vegetation 

__ ,..-
\ 

Wat r table dur ing 
dorm n oa on 

Wat r table dunng 
grow1ng sea on 
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Figure lla 

Vegetation creating a cone of depression at 
the base of a slope on a gaining reach. 

[USGS Circular I I 39] 



Figure llb 

Example of seepage interception by 
vegetation at Fairbank, San Pedro River 
Basin, AZ 

The image is a 3D reconstruction with 3.5x 
v·erticaJ exaggeration created using the 
software ERDAS Imagine, Virtual GIS 
extension. 

• Upgradient of a low permeability fault 

Uses on y Surfacewater 
Shor er Growing 

-> Smaller Crowns 
- > (Dorman ) 

season 

Fault acts as an impermeable 
I semi-permeable membrane 

Figure 12 

Faults can act as permeable, 
semi-permeable or 
impermeable membranes to 
fluid flow. 

Ref [Physical Character & 
Fluid Flow Properties of 
Sandstone Derived Fault 
Zones, R. G. Gibson, 1998] 

[Figure is not from 
reference] 

• Depression on a slope profile (may lead to artesian conditions) 

" Norma l " Prof'le 

-,...,-- --- -

Oeser Scrub 

~--···· 

-
Ecosys em 
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Figure 13 

When the (2D) slope profile has 
been incised for some reason, 
this has the net effect of moving 
the water table closer to the 
surface. 

If the water table becomes 
shallow enough, this would 
likely be exploited by the root 
systems of plants creating a 
lusher ecosystem than the 
surrounding area. 



Expressions of surface water in arid climates 

Surface water is visible and identifiable on CIR DOQQs as a uniform dark surface. With 

the exception of anthropogenic sources such as irrigation schemes or man made parks, 

water present during the dry, pre-monsoon summer months is likely to be a natural 

perennial supply. Perennial natural water sources in the arid southwest are surrounded by 

riparian ecosystems such as that seen at Charleston Bridge on the San Pedro. Riparian 

corridors are sites of active evapotranspiration that ARMETT can identify using filtered 

color infrared airphotos. The active vegetation appears green in filtered CIR-DOQQs. 

• Perennial reaches of riparian corridors 

• Treated effluent outfall 
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Figure 14 

Example photo is at Charleston Bridge on 
the San Pedro River where Charleston Road 
crosses the river between Sierra Vista and 
Tombstone, AZ. 

There are no leaves on the trees because the 
photo was taken during a fi eldv"·ork: trip 
during winter (Jan 2003). 

Quarter Quad = Lewis Springs (NE) 

Figure 15 

This photograph was taken on the Santa 
Cruz river one mile downstream of the 
outfall of the Roger Road sewage treatment 
in metropolitan Tucson, AZ. 

There are no leaves on the trees because the 
photo was taken during a fieldwork trip 
during winter (Feb 2003). 



• Lakes behind artificial dams 

At the edges of the lake the water table is shallow enough to be intercepted by the 

roots of the lakeside vegetation. The bright green is vegetation with active ET. 

The image above is a 1 m resolution 3D 
rendering of Patagonia Lake using the 
Cumero Canyon (NW) CIR-DOQQ that 
has been filtered using RERD sequence, 
then draped over a 30m resolution DEf\·1 
in the program ERDAS Imagine Virtual 
GIS. 

The photo to the left was taken from the 
south shore of Patagonia Lake facing 
north. Lush growth at the edge of the 
Lake can be clearly seen. The lush green 
vegetation has a vei)'' strong red edge 
spectral signature. 

• Agricultural runoff- Regarded as sites of active recharge [Maddock, Goode, 2000]. 

Although not a perennial water supply, the fields are a temporally variable site of 

surface water. Fields are identifiable from airphotos by their shape and furrow lines. 
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Meteorological Considerations 

Recording recent precipitation events 

Ideally, rainfall data from a nearby weather station will be available for the weeks 

before the airphotos were taken. However, the data may be impossible to obtain or be 

unusable. Some of the issues that might make it impossible to use the data are: the 

footprint of convective summer storm may miss a weather station entirely; weather 

stations may be spaced too far apart providing sparse coverage; only monthly averages 

might be available; and data can be prohibitively expensive, even if available. If monthly 

average data is available then it should be used with caution. The reason for caution is 

that there may be no way to tell if there were multiple rainfall events during a month or if 

all the rain fell in a single storm on the first or the last day of the month. This makes it 

difficult to identify whether the necessary condition 'there has been an appropriate length 

of time since the previous precipitation event or flow event in an ephemeral wash' has 

been satisfied. An appropriate length of time would be a period long enough for 

desert/native grasses to complete their growth and reproduction Iifecycle and then fall 

into a senescent state again. This may be from 3-5 weeks depending on local variables 

such as temperature, humidity and species. 

To maximize the applicability of the methodology for ARMETT to map the 

distribution of evapotranspiring plants in arid regions, it is assumed that if weather data is 

available it will be used to check for precipitation events in the weeks before the data the 

airphoto was taken. Even if only monthly data is available, zero recorded precipitation in 

the preceding months before the airphoto was taken is useful information. The date of 

the airphoto can always be found in the metadata file that comes with all USGS DOQQ 

geotiff files. 

Seeking out evidence of a precipitation event in a CIR-DOQQ 

One of the most significant benefits of working with I m resolution images is that 

grasses can easily be distinguished from trees by the presence or absence of shadows and 

structure. This can be important because the presence of a red edge spectral response 

from grass indicates that surface water was present in the recent past. The lifecycle of 

desert grasses is only a few weeks, designed to be completed before the land surface dries 
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up again. The red edge response of grass is only present for the few weeks after a rain 

event that the grasses are not suffering from drought stress. So, if there is no surface 

water present in the airphoto (see list- expressions of surface water), and if there is a red 

edge spectral response from grass, and if there are no natural surface water supplies, and 

if there is no irrigation present, then the water must have been supplied by a recent 

precipitation event. This line of reasoning identifies air photos which cannot be used to 

identify where ET is occurring based on a groundwater supply (obligate phreatophytes). 

For example, Figure 22 shows a small area taken from the NE quarter of the Rio Rico 

Quad. The eastern half of the quad was photographed at a different time than the western 

half of the quad. The metadata for the images is displayed in tabular form in Table 3. 

Figure 17 

~~-~~-------+Red edge response from grass. 
-note the lack of shadow. 

Red edge response from a small tree. 
Crown = 6-7 m across 
-note the shadow 

(This is an original, unfiltered image CIR
DOQQ) 

Quarter Quad = Rio Rico (NE) 

The presence of grass throughout the image strongly suggests relatively recent rains. 

Although some information might be gained from this image, it would not be suitable for 

analysis using the filtering technique because the necessary condition: ' there has been an 

appropriate length of time since the previous precipitation event, or flow event in an 

ephemeral wash' has not been satisfied. 

Sometimes, within a quad not all of the airphotos of the quarterquads were taken at the 

same time. The date of each image must always be checked. For example, Table 3 

records the information from the 4 quarter quads of the Rio Rico Quad near Nogales, AZ. 

The pre-monsoon/ post monsoon mixture makes it impossible to mosaic the 4 images into 

a one single image because immediately post monsoon, water is no longer the main 

biolimiting factor. 
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Quarter Date of Image Comments 

NW 1996 06 02 Pre-monsoon- Suitable 
NE 1996 10 04 Post-monsoon- Not suitable, recent rainfall 
SE 1996 10 04 Post-monsoon- Not suitable, recent rainfall 
sw 1996 06 02 Pre-monsoon- useable 

Table 3 Metadata for the 4 DOQQs of the Rio Rico Quad 

The metadata in Table 3 shows how even within a single quad, each quarter quad 

airphoto may have been taken at a different time. Thus, it is imperative when using CIR

DOQQs to check the metadata of every single quarter quad used. In addition to quarter 

quads being unsuitable for this technique immediately after the monsoon rains, an 

airphoto taken in winter is equally unsuitable because the leaves have fallen off the trees 

and it is out of the growing season. 

Ideally, the best date for the CIR airphoto to be have been taken is immediately before 

the monsoon rains start and a month or more since the previous discrete precipitation 

event. In southern Arizona, these conditions are typically found in the month of June. 
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Airphoto Interpretation 

Choosing Appropriate Datasets 

A persistent dilemma in remote sensing is how to obtain a regional scale I holistic view 

when working from high-resolution data that only covers a small area of the earth's 

surface. Traditionally, using one of two approaches has solved the dilemma of scale in 

high resolution remote sensing. The first approach is to initially use information from a 

different source such as very high altitude aerial photography or the LANDSAT satellite 

system to cover a large area of the earth's surface. The second has been to use hardcopy 

photomontage sheets. Using photomontage sheet is rarely done now because of the large 

amount of work space required. 

The purpose of looking at the larger region is to establish the broad frame of 

environmental conditions and gain a frame of reference [Marsh, 2002; Rinker, 1984]. 

Using LANDSAT data has become increasingly popular as its price has dropped during 

the 1990s. However, within the past couple of years it has finally become possible to 

work with and manage mosaics of high resolution airphotos on a desktop computer. 

Now, it is possible to instantly look at basin scale mosaics of DOQQs by decreasing the 

pixel resolution from 1 m to perhaps 20 m or more using functions built into industry 

standard GIS software. This is achieved by re-sampling the image and displaying it at a 

coarser resolution. In both ERDAS Imagine and the ESRI products such as ArcGIS or 

Arc View this is done by using pre-calculated 'pyramids' to reduce the processing time 

required to display the scene on screen [Schowengerdt, 1997]. The net effect of pixel 

reduction is to make it appear as if the scene is being viewed from a higher altitude or 

from space while simultaneously having instant access to the any part scene at the 

original resolution. The analysis methodology set forward in this thesis uses mosaiced 

CIR-DOQQs instead of two datasets for the reasons set out in the theory section. 

In A Manual on the Airphoto Interpretation of Soils and Rock for Engineering 

Purposes [Frost, 1953] the photoanalysis procedure is simplified down to just three 

terms. Analyzing the airphotos using these procedures helps in the interpretation of near

surface hydrogeological conditions, which gives a strong indication of whether or not 

enough shallow groundwater is present throughout the growing season, and when one 
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might reasonably expect different hydrological and biological conditions because of 

changes in soil type and slope aspect. 

The three terms set forth by Frost are: 

1. An airphoto is a pictorial representation of the features within the landscape and is 

composed of pattern elements that serve as indicators of; materials, conditions, 

and events that are related to the physical, biological, cultural, and climatic 

components of the landscape. 

2. Similar materials and conditions in similar environments produce similar patterns 

and unlike materials and conditions produce dissimilar patterns. 

3. The type, quantity, and quality of information that can be obtained by photo

analysis are proportional to the background, knowledge, skill, and interest of the 

analyst. 

In the book Interpretation of Aerial Photographs [Avery, 1977] there is a more 

descriptive break down of the factors that the interpreter must consider, whether 

consciously or unconsciously when conducting an analysis. Avery expands on the more 

general concepts set forth by Frost to give more precise, tangible ways to consider and 

compare different areas of land imaged in an airphoto. The analysis of airphotos can take 

the form of either a checklist style or in paragraph form where the interpreter regularly 

considers the list of categories during the analysis so that relevant information in the 

airphoto is not missed. The airphotos in the case studies in the section "Assessing the 

Water Supply" were analyzed using the seven categories set out by Avery and recorded 

in paragraph form. 

Avery's seven points for airphoto analysis are: 

"' Shape 

This characteristic alone may serve to identify some objects. Examples include a 

highway intersection, a railway siding, or an orchard. 

"' Size 

Both relative and absolute sizes are important. Thus a superhighway will not be 

confused with a rural road, or a small residence with an apartment building. 

"' Photographic Tone 

Objects of different color have different qualities of light reflectance and register 
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in varying shades and tones on a photograph. Some contrasting examples are: 

dry wh"ite sand vs. wet soil; cultivated field vs. fallow fields; coniferous vs. broad 

leaved tree crowns; or desert scrub vs. riparian corridor. 

v" Pattern 

If the spatial arrangement of trees in an orchard is compared with that of natural 

vegetation, a contrast in patterns will be evident. As another example, a pattern 

produced by contour plowing might reveal information on topography, type of 

soil, or the nature of a crop being cultivated. 

v" Shadow 

A truly vertical photograph of a tall thin structure might present a difficult 

identification problem, except for their characteristic shadows. For example, trees 

have shadows, grasses do not. 

v" Topographic location 

Relative elevation, including drainage features, can be an important clue in 

predicting soil conditions or the probability of encountering a particular 

vegetative association. For example, the natural occurrence of cottonwood trees 

along perennial stretches of the San Pedro floodplain. 

v" Texture 

The degree of coarseness or smoothness exhibited by photo images can be a 

useful key to identification. Texture, like object size, is directly correlated with 

photo scale. For example compare the texture of grassland with desert scrub, or 

the texture of farmland with mesquite grove. 

Summing up, much has to be considered to analyze aerial photographs and other 

remotely sensed data. Simply looking at the image to get 'a general feel' of the lay of the 

land is no substitute for careful analysis taking many factors into account. In addition, 

one should always be cognizant of the fact that an interpreter will only get out of the 

procedure what they are looking for. 

In Arizona, the two top sources for CIR-DOQQs and satellite imagery are: ARIA 

http://aria.arizona.edu (Arizona regional Image Archive), maintained by the Office of 

Arid Land Studies at the University of Arizona; and Mapmart http: //www.mapmart.com 

which is the official licensed distribution site of all USGS remotely sensed products. 
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Filtering 

Filtering is the process of distilling relevant information from data. The RERD filter 

(Red Edge Response Differentiation filter) has been developed to distill out and process 

the pixels that record a red edge spectral response in Color Infrared Digital Orthophotos 

(CIR-DOQQs). Those pixels are subsequently displayed as shades of green and all other 

cover types as shades of gray. It is possible because of the distinct differences in the 

spectral response of different cover types. Figure 18 displays the differences in the 

spectral signatures between green (healthy) vegetation, dry bare soil, and water. The 

sharp rise in reflectance from healthy vegetation at 0.7 !J.m (700 nm) is the defining 

feature of the red edge response. It appears in CIR photographs as a strong red color. The 

smoothly rising spectral curve of bare soil appears as a light pink color. 

60 

ii -
?$ 40 
c: 
<U -~ -:1.) 

a: 
2'0 

0.4 0.6 0.8 1 .. 0 1.2 1.4 

_, _ .. _ - Dry bare soi1 !Gra·y- brown) 

- - - Vegetation {Green)' 

------- Water fC.tear} 

1.6 1.8 2.0 2.2 2.4 2.6 

Wavelength {J.tm} 

Figure 18 Generalized spectral signatures for some common cover types. (Shown previously as Figure 1) 

RERD- Adobe Photoshop Elements®, Color Casting 

Dry, bare soils are being displayed as a light pink color, and active vegetation is 

displayed as shades of red. Using color manipulation it is possible to create a multi-step 

procedure to differentiate the reds from the pinks. The output is then further processed so 

that the only surface cover type with any color remaining in the filtered image is active 

vegetation. All other cover types are displayed as shades of gray. 
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The end result from the filter sequence is designed to be used in a qualitative sense 

rather than quantitatively so the visual impact of the filtered image is of great importance. 

(Note: Automated analysis of a post-filtered image should be possible. For discussion 

please see the section 'Directions for Further Work' ) 

The RERD procedure: 

The procedure has been simplified down to a seven-stage process that can be used as a 

methodology for any CIR airphoto that meets the necessary conditions. The theory at 

each stage of the procedure is described in Table 4. 

Stage Purpose 

1. Load Image to Hard Drive It is faster to work from a hard drive than from a CD. 

Increases contrast between adjacent pixels. This increase in clarity 
2. Sharpen Image makes it incrementally easier to discern objects on the ground without 

losing any significant information. 

If possible compare the aerial photograph with field observations and 
photographs taken on the ground. If not, find analogous areas where 

3. Ground-truth the Data 
fieldwork has been done and substitute in the conceptual model from 
those sites. N.B. All assumptions should be ground-truthed at some 
point in the process either by fieldwork, photographs, or interviews to 
gain local knowledge. 

4. Color Cast 
Color casting subtracts the spectral signature of the dry, bare soils that 
imbue a pink hue to the image. 

Saturate the brightest pixels, none of which have a red edge signature 
5. Altering the Levels so that the contrast among the remaining pixels (which are the most 

interesting) is increased. 

To shift the contrast from the portion of the visual spectrum where we 
have the least ability to distinguish between colors and brightness to 

6. Altering the Hues the portion of the visual spectrum where we have the greatest ability 
to distinguish colors. This stage also red is plays all other cover types 
as grayscale. 

Adding the projection information from the original image to the new 
7. Add Projection Information image using a GIS program. The projection information is stored 

within the embedded header of the GEOTIFF file format 

Table 4 RERD as a step-by-step procedure. Note: Each stage ofRERD can be fine-tuned depending on the 
condition of the original CIR-DOQQ and the experience of the analyst. 

Tools: 

'Color Casting' is a commonly used tool in Adobe Photoshop Elements® designed to 

remove the tint left behind by certain types of films"' by removing a color hue. The hue is 

removed from a single pixel by turning that pixel into a shade of gray and then applying 

that correction globally across the entire image file. This fundamental part of the filtering 

"'For example, Fuji film has a blue-green hue, and Kodak Royal Gold has a reddish-gold hue. 
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procedure removes the pink hue of dry, bare soil but retains the band ratios of a red edge 

spectral response in the image. This is important because the human vision system is 

barely able to perceive much of the difference between shades of pink and red (Figure 3). 

However, to a computer differences in color are no more than different ranges of 

mathematical ratios between the red, green and blue bands. 

Adobe Photoshop Elements® is used for all the filtering procedure because it is a user 

friendly, inexpensive, off-the-shelf photo-processing package that is readily available. 

By following the theory described at each stage of the filter it should be possible to adapt 

the filter in order to work with other software packages. 

Histograms have been included at each stage to describe the range and distribution of 

pixel values within each band. Histograms are a commonly used descriptive aid in the 

field of remote sensing when describing analytical procedures [Schowengerdt, 2002]. 

Figure 20 'Before and After Filtering' is a comparison of the CIR-DOQQs of the Lewis 

Springs Quad before and after they have been filtered with RERD. The pink hues have 

been completely removed and the vegetation with a red edge spectral reflection has been 

re-d is played as shades of green with all other cover types displayed as shades of gray. 

All of the filtered images within this thesis have been produced using the RERD 

procedure as described. 
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RERD - Red Edge Response Differentiation Filter 

~ sequence for RERD is described over the following pages through a series of annotated screenshots 
~n from Adobe Photoshop Elements®. The complete sequence is described in Table 4. 

ge 1: Load image to hard drive (In this case a subsection of Site 1) 

'tograms 

OK 

Help 

Percentile: 

Cache Level: 1 

gram EJ 

Chamel: I Green 

itd Dev: 43.44 

~dian:72 
j Pixels: 100274 

OK 

Help 

Percentile: 

Cache Level: 1 

-40-

Histogram EJ 

Chamel: I Red 

Mean: 74.55 

StdDev: 41.31 

Median: 67 

Pixels: 100274 

Level: 

COlllt: 

Percentile: 

Cache Level: 1 

OK 

Help 

Histogram EJ 

Mean: 73.44 

StdDeY: 41.63 

l'vledlan: 71 

Pixels: 100274 

Level: 

Count: 

Percentile: 

Cache Level: 1 

OK 

Help 

Figure 19a 



age 2: Use the SHARPEN tool from the Menu bar if the image appears blurry. The sharpen 
ter focuses images by increasing the contrast between adjacent pixels. The image may appear 
urry if it has been re-sampled from a coarser resolution photograph. This is because the 
hnical standards of USGS DOQQs allow for re-sampling of images from an original with a 

ound resolution up to 1.28m. 

ENU BAR > Filter > Sharpen > Sharpen 

~rstogram £J 

Charnel: I Luminosity 

Mean: 75.05 

StdDeY: 44.12 

Pixels: 100274 

Level: 

Count: 

Percentile: 

Cache Level: I 

istogram £J 

Charnel: I Green 

Mean: 75.51 

Std DeY: 45.31 

Median: 72 

Pixels: 100274 

Level: 

Cooot: 

Percentile: 

Cache Level: 1 
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Histogram £J 

3 -

Level: 

Count: 

Percentile: 

Pixels: 100274 Cache Level: 1 

Hrstogram £J 

Charnel: I BUE! 

Figure 19b 



Stage 3: GROUND TRUTH THE DATA. Is there a clear conceptual understanding of the 
terrain that is being displayed in the CIR-DOQQ? Photo 1 is from the preliminary field work 
area where hypothesis testing was carried out in metropolitan Tucson. The white box is the area 
that has been zoomed to and displayed on the next page. 

Above: Outline box describing the location of the images on the previous page 

Below: Photo 1, taken during site 1 testing stage fieldwork for ground-truthing CIR-DOQQs 

Watered mesquite 
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Stage 4: COLOR CAST. The Color Casting alters the overall mixture of colors for a generalized 
color correction. It removes a particular hue based on an individual pixel that has been selected 
by the operator and changes that pixel to a grayscale. The transformation is then applied to the 
entire image. This is particularly useful because pixels displaying dry, bare soils are pink. 

MENU BAR > Enhance > Color > Color Cast 

rJ = Photo 1 taken from here, facing northeast. -

Before Color Casting. 

This is a zoomed in area of the 
residential neighborhood at the 
site of the initial fieldwork 

R=l93, G=l87, B=171 (rooftop) 

R=137, G=134, B=127 (dry, bare Soi 

R=45, G=29, B=30 (watered mesqui• 

R=43, G=43, B=38 
(non-watered mesquite) 

R =42, G = 63, B = 62 (Road) 

After Color Casting. 

In this case the rooftop was chosen 
as the color cast spot because it has 
a suitable pink hue to it 

R=l87, G=l87, B=l87 (rooftop) 

R=l33, G=134, B=l39 (dry, bare Soi 

R=44, G=29, B=34 (watered mesquH 

R=40, G=43, B=47 
(non-watered mesquite) 

R=39, G=63 , B=68 (Road) 

Scale: Each pixel is lm*lm Figure 19d 



;tage 4: Histograms after the Color Cast been carried out. 

H1stogram 13 

Chamel: l Luminosity 

f\lledian: 69 

Pixels: 100274 

Colllt: 

Percentile: 

Cache Level: 1 

OK 

Help 

H1stogram EJ 

Chamel: I Green ij -- OK 

Help 

Mean: 75.51 Level: 

Std Dev: 45.32 COLilt: 

f\lledian: 72 Percentile: 

Pixels: 100274 Cache Level: 1 
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Histogram 13 

Mean: 71.84 

Std Dev: 42.15 

Median: 64 

Pixels: 100274 

Level: 

Colllt : 

Percentile: 

Cache Level: 1 

OK 

Histogram EJ 

i] -- OK 

Help 

Mean: 81.05 Level: 

Std Dev: 47.70 Count: 

Median: 77 Percentile: 

Pixels: 100274 Cache Level: 1 

Figure 19e 



Stage 5: ALTERING THE LEVELS. The purpose of this stage is to enhance the numerical value 
difference between the different Red, Green and Blue bands. A review of this image revealed that 
in this case no strongly red hues could be found with a red band value of over 90/256. This means 
that a significant proportion of the pixels can be saturated without losing any relevant 
information. In general, pixels showing a strong red color rarely have a red band value of more 
than 180/256. 

Denotes that all bands are treated 
with the same transformations 

Multiplier value for any pixel less than 255 

Any pixel at this value or greater becomes 255 

OK 

Reset 

Help 

,Options ... I 
I /I/L~I 
P' Preview 
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Stage 5: Histograms after 'Altering the Levels' has been carried out. 

Histogram EJ 

Chamel: J Luminosity 

I'VIean: 125.82 

Std Dev: 58.63 

Median: 123 

Pixels: 100274 

Level : 

Count: 

Percentile: 

Cache Level : 1 

i] -- OK 

Help 

Histogram EJ 

Chamel: I Green 3 OK 

Help 

l\llean: 126.39 Level: 

Std Dev: 60.53 COlllt: 

Median: 126 Percentile: 

Pixels: 100274 Cache Level : 1 

H1stogram EJ 

Chamel: I Red 

Mean: 121.83 

Std Dev: 55.99 

Median: 115 

Pixels: 100274 

Level : 

(Olllt : 

Percentile: 

Cache Level : 1 

OK 

Histogram EJ 

3 OK 

Help 

.. J11111~-~-~.J~~~~ .... 
Mean: 133.58 Level: 

Std Dev: 62.78 ColJlt: 

Percentile: 

Pixels: 100274 Cache Level : I 

N.B. As the total number of pixels in the image gets larger and the number of cover types 
increases the histogram trends toward a normal distribution which may or may not be skewed. 
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Stage 6: ALTERING THE HUES. The purpose of this stage is to enhance the interpretability of 
the image by color shifting red hued pixels to green and changing all non red edge response color 
pixels to a grayscale. The human vision system is highly sensitive to color variations within the 
yellow to green portion of the spectrum but very poor within the red portion. In doing so, this 
final stage of the filter is designed to account for natural strengths and weaknesses of human 
vision so that the results become intuitively understandable to audiences. 
Human judgment is important at this stage because when the saturation slider bar is increased 
(for example - red), the software's definition of that color will increase to incorporate a wider set 
of RGB ratios. Because of wide variations in the processing and digitizing of the CIR film, ratios 
representing specific colors in the CIR-DOQQ may not co-inside with the software's standard 
definition of color range RGB ratios. A human operator however, is able to see on-screen when 
the definition of the red color (i.e. the saturation bar) in the image has been extended too far 
because pixels unrelated to the red edge spectral response start brightening and changing color. 
An example of a pixel unrelated to a red edge response would be a building rooftop pixel. 

MENU BAR > Enhance > Color > Hue/Saturation 
Part 2 - Change the red hues to green and 

Part 1 -Removing any residual green hues 
Hue • Saturation .':.· ' 

Edit : j Greens 

Hue: 

Saturation : 

Lightness: 

3 ------. 
OK 

Cancel 

Help 

r Colorize 

P" Preview 

increase the saturation 
Hue .'Saturation c-,;-

Edit: I Reds 

Hue: 

Saturation: 

Lightness: 

3 -------. 
OK 

Reset 

Help 

r Color ize 

r.;; Prev iew 

Part 3 - Remove any residual blue hues Part 4 - Remove any residual cyan hues 
Hue o"Saturation ,~;!: 

Edit: I Blues 

Hue: 

3 ------.-
OK 

Edit : I Cyans 

Hue: 
Reset 

Saturat ion: 
Help 

Saturat ion: 

Lightness: Lightness : 

'----------·-·------

,.-,~-·~£..1A .. fit'~~· 

r Colorize 

P' Preview 

Part 5 - Change the magenta hues to yellow 
and increase the saturation 

Hue /Saturation .it~~-

OK 
Hue: 

Reset 

Saturation: Help 

Lightness: 

--------- r Colorize 
315o\345o [/I t!f I p'! I P" Preview 

3 --------: 
OK 

Reset 

Help 

r Colorize 

r.;; Preview 

Figure 19h 



Final Result: 

After applying the filtering procedure (RERD) the final image is significantly clearer that the 
initial image making it relatively much easier to distinguish individual healthy trees from 
amongst a grove of dormant vegetation. The colors have been manipulated in such a way that 
any pixel recording a red edge spectral response has been re-displayed in the colors that the 
human vision system is best at distinguishing. 
In addition, all other surface types are now displayed as shades of gray. 

N .B. Any stage of the procedure may be enhanced or diminished by the operator to account 
for original image quality and the outcome of the desired final image. All the RERD filtered 
images used in this thesis were produced using the procedure as described. 
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BEFORE AND AFTER FILTERING, 

Lewis Springs Quad, San Pedro River, Arizona, USA 

Figure 20 The purpose of this is to show how much clearer and easier it becomes to distinguish the active 
vegetation after carrying out RERD. The top part has been filtered, the bottom part is the original image. 

-49-



Testing under controlled conditions 

Hypothesis: It is possible to distinguish Active Vegetation from Dormant Vegetation 

and grayscale all other spectral responses from United States Geological Survey Color 

Infrared Digital Orthophoto Quarter Quads (USGS CIR-DOQQs). 

Purpose: RERD has provided a tool to identify vegetation with a red edge spectral 

response based on the pixel band ratios. It is important to test this filters ability to pick 

out only the active vegetation from CIR-DOQQs under conditions that are as controlled 

as possible. This procedure addresses the sub-objective "test ARMETT under controlled 

conditions" that was set out in the aim as a stage in testing the thesis 'Statement. 

Selecting a Site: It was decided to conduct a first test of the accuracy of the filter by 

ground-truthing a filtered image in a place where the main variable of interest could be 

constrained- i.e.the presence or absence of water. After considering local areas, it was 

decided to focus on finding a part of the Tucson metropolitan region to look for a 

neighborhood that incorporated a mixture of cover types including irrigated and non

irrigated backyards and apartment complexes. A second consideration in choosing the 

site was the population demographics. The area consists mainly of middle to upper 

Figure 21 Site I is on the south side of Orange Grove Road, west of the crossroads with Oracle Road. 

-middle class people who own their own homes and likely lived there five years before 
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in 1996 when the airphotos were taken. 

Figures 24a and 24b show the fieldwork area in an oblique aerial view before and after 

filtering with RERD. The high contrast between the two provided compelling evidence 

of the capability of the filter to discern active from dormant vegetation. 

Figure 22a Site 1 before filtering. Note that most trees appear green. This image has been produced by 
changing the display bands so that: NIR=green, RED = red, GREEN= blue 

Figure 22b Site l after filtering. Note that only some of trees appear green. Those that do are the ones 
exhibiting a red edge spectral reflectance. 
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Methodology: ARMETT works using the basic assumption that during the dry, hot pre

monsoon months in Tucson, Arizona, the primary control on whether or not vegetation 

was active was the presence of absence or water. This is based on the observation that 

the plants living in the region respond to rainfall by going from a dormant state to a state 

of lush growth within a few days of a precipitation event. 

Before going to the area, the image (NW Quarter of the North Tucson Quad) was 

processed with RERD and the local area clipped. This selection was then printed out as a 

"Before and After" slide in PowerPoint to use as a conversation piece when talking to the 

residents of the neighborhood asking the residents questions about their irrigation systems 

-see "Appendix: Fieldwork Notes, Site 1 ". Irrigation systems and/or hoses are important 

because they provide the only water supply available to the non-dormant plants in the 

residents' yards. According to National Weather Service data for Tucson (the University 

of Arizona main campus) the first rains of the summer were on July 3rd 1996- one day 

after the airphoto was taken. The previous recorded precipitation event was March 15th 

1996- three and a half months previously. This weather information helps to establish 

that water was the main biolimiting factor to growth. 

THE NIVERSITY OF ARIZONA , 
TUC ON ARIZO"'' 

Street Address : 
Irrigation System?: 
Present July 2nd 1996?: 
Species of Trees I Notes : 

Figure 23 Field notes. Questionnaire was simple with room for open ended questioning. 

The following pages are very large scale annotated aerial photographs describing the type 

of irrigation system and the vegetation type that was noted during fieldwork in June 2002. 

A discussion of the sites immediately follows the legend. 
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Code 

A 
B 
c 

a 
b 
c 
d 
e 

1 
2 
3 
4 
5 

II 

Ill 

iv 
v 
VI 

vii 
Vlll 

t 
u 
v 
w 
X 

y 
z 
sw 

Legend, Site 1 - Metropolitan Tucson 

Description 

lush vegetation; heavily watered within an apartment complex 
ornamental trees; tall, thin, irrigated 
brick road 

mesquite; no irrigation 
palo verde; no irrigation 
citrus trees; drip irrigation 
ornamental shrubs; in range of pool splash and pump leaks, not irrigated 
fig tree; drip irrigation 

cactus garden; irrigated by hose, partly overhung by eucalyptus 
eucalyptus; drip irrigation I irrigation by hose 
mesquite; irrigated 
acacia; irrigated 
thorny scrub; irrigated by hose 

dusty residential street 
gravel driveway 
rooftops 
higher quality small street, darker surface 
road surface; black, well maintained parking lot in apartment complex 
high density non irrigated scrub 
driveway; made of dry, bright, dusty dirt 
vehicle in car park 

mesquite; drip irrigation (used in RERD description) 
mesquite; no irrigation 
irrigated trees; type unknown 
dry wash 
palo verde; dry, dormant, no irrigation 
palo verde; lush, next to obviously leaking pool pump 
ironwood (probably); dry, dormant 
swimming pools 

(Slides produced using the GIS software Manifold 5.00 I 5.50) 
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Discussion: At almost all of the localities examined at Site 1, it was possible to ascertain 

whether the vegetation that showed a red edge response was being irrigated in some 

manner. Although not every tree species in the site was identified by name, the health of 

the vegetation present was compared with the spectral response recorded in the CIR

DOQQ. 

In every case a strong red edge response correlated to a water supply, thus supporting 

the thesis statement. In addition to recording the species of plant, the legend records 

whether or not the vegetation was irrigated or had access to water in some way. A 

surprise from the fieldwork was that water losses by swimming pool filtration and 

pumping system leaks appeared to provide sufficient water to keep the surrounding trees 

alive and healthy. 

Conclusions: 

By selecting a site to test the hypothesis where it was possible to constrain the main 

variable of interest- The presence or absence of water in the dry pre-monsoon summer 

months, very positive results were obtained. 

The fieldwork described here, when combined with the published research of others 

leads to the conclusion that RERD is capable of identifying the location of active 

vegetation from CIR-DOQQs when the main biolimiting factor is access to water during 

the growing season. 

RERD is not able to derive a value for the water content of the canopy due in part to 

the inherent variability within and between species, only the presence or absence of 

evapotranspiring vegetation [Us tin eta!, ·1998; Asner, 1998]. 
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Methods: Assessing the Nature of the Water Supply 

Aim: To obtain an estimate of whether or not enough groundwater is present to sustain 

active evapo-transpiration (ET) by obligate phreatophytes throughout the growing season. 

Purpose: The purpose of the technique being developed is to identify areas of active ET 

in the dry, pre-monsoon summer months in the southwestern USA. The main biolimiting 

factor to active ET during the summer growing season in arid I semi-arid climates is the 

presence or absence of water. A significant concern from only having a single date for 

the CIR-DOQQS being used is that the snapshot in time may not be fully representative 

of natural conditions. The purpose of this section is to propose and test a way of 

analyzing example sites to estimate if the active ET being observed represents a 

continuous water supply that would be present throughout the pre-monsoon growing 

season (spring -fall) or one that might be partly used up by the time the monsoon arrives 

in late June I early August. 

Methodology: I decided that the most appropriate methodology for this was to use areas 

identified with active vegetation from the filtered CIR-DOQQs which could be cross 

referenced with water levels from the USGS [http:llwaterdata.usgs.gov ]. These sites 

were then interpreted for their hydrogeological characteristics. If well depth information 

or a photograph of the field site in the dry pre-monsoon months were not available, 

fieldwork to ground-truth the observations was carried out instead. Since fieldwork notes 

can be quite subjective and can vary significantly between observers, the following list of 

key attributes was created to assist in describing evidence of an active ecosystem within 

an otherwise arid region. The observations to note are: 

• Smell- Does it smell 'green' and 'lush'? 

• Humidity- Ideally this would be recorded with a hygrometer. However, noting any 

rise in relative humidity felt by the observer will suffice (ref· oasis effect). 

• Temperature- Ideally this would be recorded with a thermometer. However, noting 

any relative drop in temperature felt by the observer is important (ref· oasis effect). 

• Ecosystem Productivity- Are the leaves on the trees green? Are the leaves 

shriveled? Are there more insects and birds than in the surrounding area? 
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• Tree Crown Size- Are the crowns noticeably larger and the trunks thicker than the 

surrounding area or analogous dry washes? 

Due to the inherent variability in tree species throughout the arid I semi-arid 

southwestern USA it is perhaps best to focus on the ecosystem as a whole rather than 

looking for specific indicator species which may or may not be present due to natural 

competition. However, there are certain indicator species which, if present are relatively 

easy to identify and can be very useful for estimating depth to water. These are: 

cottonwood (populus fremotii) and mesquite (propos is). 

Cottonwoods are useful because so many of the older trees were never cut down due 

to their wood not having many traditional uses because it is too knotted and it doesn ' t 

burn well. These features of the wood have enabled many of the large crowned trees to 

survive to the present day [Webb, 2002]. This makes it a useful indicator of a long-term, 

stable, shallow water table. When the water table drops below about 4.5 m, cottonwoods 

become stressed and start to die [Scott, 2002]. The main distinguishing feature for 

cottonwoods in CIR-DOQQs is their size. Their huge canopies may be up to 30m (-90-

1 00 ft) across which allows for easy recognition. Cottonwoods are often found 

coincidentally with willow (salix gooddingii) [Snyder, Williams, Gempko, 2000]. 

Distinguishing willow from among the cottonwoods is difficult in airphotos and of 

questionable need because of their frequent co-occurrence [US Army Corps of Engineers, 

2001] . 

Mesquite is useful because it is the primary woody invasive species in the San Pedro 

river basin and southern Arizona in general. Recent and ongoing research has made 

significant improvements in our understanding of the life cycle and morphology or the 

species. Mesquite exists in 2 general forms - A shrubby, small upland form that is an 

opportunistic phreatophyte and a larger bosque form, which is a riparian zone obligate 

phreatophyte (exists exclusively on groundwater) [Williams, 2001; Scott, 2003]. 

Both forms are the same species however they fill different ecological niches. In addition 

to these two end member forms, mesquite will also grow in dry washes exploiting 

intermittent water in a similar manner to the shrubby upland mesquites. 

Groundbreaking work done by Scott has established how mesquite varies its water use 

on diurnal and annual timescales in an area south of Fairbank on the San Pedro River in 
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southeastern Arizona. At the SARRA I USDA experimental site, sap flow meters 

embedded 1.5 m above the ground inside mesquite trunks recorded active transpiration in 

the June I July 2001 and 2002. Immediately adjacent piezometers recorded a fairly 

constant groundwater depth of9.5 m. 

Other work [Philips, 1963] records mesquite (propos is juliflora) root depths of 63 m 

below the surface. However, such extreme depths would appear to be a rare exception 

rather than the norm. 

Palo Verde trees (circidium) can also be a good indicator species for the presence of 

water because their distinctive green bark makes it very easy to distinguish them in the 

field. Up close, drought stress is clearly visible because the canopies lose most of their 

leaves and the smaller branches appear noticeably shriveled. However, it is not possible 

to distinguish Palo Verde trees from other trees in airphotos. 

Assessing the Sample Sites: 

Eight sites were chosen as test sites for characterizing the nature of the water supply. 

Each site is described, then discussed afterwards sequentially. The range of situations 

has been selected to typify Arizona lowland terrain south and west of the Mogollon Rim 

(excluding the higher elevation mountain islands). The sites have been summarized in 

tabular form on the next page in Table 5. 

A very good reference summarizing the vegetation of the Sonoran Desert can be found at: 

http:llwww.desertusa.comlflora.html 
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Site and Location Notes 

A. Highway 83 
This can be interpreted as a seepage facies where water is coming out of 
the hillside and being exploited by the vegetation before it reaches the 

Fairbank Quad surface. 

B. Treated effluent sustaining 
Downstream of the Roger Road sewage treatment facility on the Santa 
Cruz River in metropolitan Tucson (Marana), a lush riparian habitat 

a riparian habitat thrives. Even in winter, the vegetation in the bed and on the banks is 
Metropolitan Tucson 

green and healthy. 

Along this perennial stretch of the San Pedro, the river has a lower 
C. Charleston Bridge floodplain incised into the valley floodplain by about 6-9 m (20-30 ft). 

San Pedro River Cottonwood trees line the lower floodplain and mesquite bosque 
dominates the upper, adjacent floodplain 

Fieldwork in this regions suggested that this mesquite grove was planted 

D. Mesquite Grove in Wash 
to provide fodder and shade for cattle. The pump at the well is electric 
supplying a small stock-watering tank. The heavy use of the area by 

Fairbank Quad 
cattle has led to extensive gullying which may cause the water table to 
lower in the future. 

E. Site 4: Rural House in To the east of the San Pedro River in the Fairbank Quad, there is a red 
Topographic Low edge reflection signature that corresponds to a topographic low relative 
Fairbank Quad to the slope profile. 

In 1998 the two organizations received funding to put up a 

F. SARRA I USDA ARS 
meteorological tower in the San Pedro National Conservation Area. 

research site 
Monitoring wells were dug in 2001 to provide information as part of an 

San Pedro River 
ongoing study to quantify the water use of riparian mesquite woodlands. 
The wells recorded a relatively steady water depth of -9.5 min the dry, 
pre-monsoon summer months of 2001 and 2002. 

G. Fairbank River Crossing 
The site at Fairbank where highway 83 bridges the river does not have 

San Pedro River 
perennial flow, yet the groundwater is shallow enough to sustain 
cottonwood and willow trees. 

At this site, the depth to water is over 50 m (170 ft). However during 
fieldwork to ground-truth the observation there appeared to be a thriving 

H. Perched Aquifer ecosystem that was significantly more humid and cooler than the 
Fairbank Quad surrounding area that was a clear example of the oasis effect leading to 

the conclusion that the vegetation is drawing from a perched aquifer and 
the well is pumping from a deeper regional aquifer. 

Table 5 Summaries of the sites assessed for the nature of their water supply. Each site was reviewed 
considering the 7 analysis categories described by Avery, 1977. 
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Site A: Highway 83, just west of the San Pedro River near Fairbank (Figure 26) 

Site 1 can be interpreted as a seepage facies where water is coming out of the hillside and 
being exploited by the vegetation before it reaches the surface. This line of vegetation 
with dry, bare ground to the east extends intermittently for 2-3 miles north of this site 

Site B: Treated effluent sustaining a riparian habitat (Figure 27) 

Downstream of the Roger Road Waste Water Treatment Facility on the Santa Cruz River 
in metropolitan Tucson (Marana), a lush riparian habitat thrives. Even in winter, the 
vegetation in the bed and on the banks is green and healthy. The facility at Roger Road 
can treat up to 41 million gallons per day of effluent. 
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Site C: Charleston Bridge at the San Pedro River (Figure 28) 

Along this perennial stretch of the San Pedro, the river has a lower floodplain incised into 
the valley floodplain by about 6-9.5m (20-30 ft). Cottonwood trees line the lower 
floodplain and bosque-form mesquite dominates the upper valley floodplain. As the 
terrain rises to the west and southwest of this site, the mesquite forest rapidly thins to 
nothing within - 2-3 m (5-1 0 ft) vertical rise above the level of the upper floodplain. The 
fact that this is a gaining, perennial portion of the river strongly suggests that the aquifer 
either side of the channel is not lower than the channel itself. 

The 3D rendered image shown below shows spot heights taken from a 10 m resolution 
DEM. The mesquites at the 1216 m spot height are dormant. The vegetation at the 1214 
m spot height is at the borderline for a red edge signature. The mesquites at 1212 m and 
below are all showing a red edge spectral response that can be inferred as active ET. 

Figure 29 2.5x Vertical Exaggeration. Facing SE. For scale purposes, the road is a single Jane highway. 

The information from this site suggests that the limit of the depth to water at which the 
mesquites can draw water is in the region of 8- 10m. The 1212 m spot height is placed 
at the well that was measured as 8.75 m (28.9 ft) depth to water in 1998. 
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SiteD: Mesquite Bosque in Dry Wash (Figure 30) 

The most recent recorded depth to water measurement was in 1962 at 10.5 ft. However 
the entire mesquite bosque is made up of trees much younger than 40 years old. The 
drilled well depth is only 18 ft. 
An examination of the site during fieldwork gave the overwhelming impression that 
mesquite had been deliberately planted to provide fodder and shade for cattle. All the 
trees appeared to be the same age. It was also noted that the cattle would eat the lower 
portions of the canopy in addition to the bean pods. This has the effect of reducing the 
total canopy area available to reflect incoming light. Feeding cattle is likely the reason 
why the scene appears to have some pixels with a very bright red edge response 
surrounded by many darker pixels. 

Figure 31 

Location co-ordinates: 

X: 581590 
Y: 3503517 
UTM Zone 12, NAD83 

A high erosion rate and gullying has 
caused near vertical 2 m high cliffs. 

'"·~~-~~w-. Photo taken facing east. 
All the trees are mesquites. 

The pump at the well is electrically powered, supplying a relatively small stock-watering 
tank. The heavy use of the area by cattle has led to extensive erosive gullying which may 
lead to I have caused a lowering of the local water table. 
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Site E: Rural House in Topographic Low (Figure 32a) 

To the east of the San Pedro River at Charleston Bridge, there is a red edge reflection 
signature that corresponds to a topographic low relative to the slope profile. The well 
(31.5 ft total depth) adjacent to the house was recorded at 29 ft in 1998. The house is 
approximately 10 ft (3m) in vertical elevation above the mesquite bosque. The plain, 
smooth gray area in the image appears to have agricultural field in the past. However, by 
2003 it appeared to have been abandoned and allowed to return to desert scrub 
conditions. 

Figure 32b The photograph (Jan 2003) in the lower left is of the house and the trees surrounding it. 
Figure 32c The drawing in the lower right is the conceptual model to explain why there might be shallow 
enough groundwater to sustain evapo-transpiration (ET). 

In the top image, the sun was relatively low in the sky (mid-early morning) which means 
that most of the reflection from the trees comes from the south-southeast side of the 
canopies, with the north side either being self shadowed [Schowengerdt, 1997] or 
reflecting light in a direction other than that of the camera vertically above. Figure 32c is 
the conceptual model to explain the presence of active ET and thus a red edge response. 
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Site F: SARRA I USDA ARS research site, San Pedro River, SE Arizona (Figure 33) 

In 1998 the two organizations came together build up a meteorological tower in the San 
Pedro National Conservation Area. Monitoring wells were dug at the site in 2001 as part 
of a USDA I SARRA research project to provide information as part of an ongoing study 
to quantify the water use of riparian mesquite woodlands [Scott, Goodrich, Stromberg, 
Leenhouts, 2002]. Well data records a relatively steady water depth of ~9.5 m in 2001 
and 2002 in the dry, pre-monsoon summer months. The trees in the floodplain are 
obligate phreatophytes. 

The area is approximately half way between Charleston Road and Fairbank. 
The mesquite forest is adjacent to a perennial stretch of the river. Directly along the 
riverbanks the perennial flow and shallow groundwater supports cottonwood trees. The 
cottonwood trees and channel growth are the brightest green at the center of the picture. 
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Site G: Fairbank, San Pedro River (Figure 34) 

The site at Fairbank where Highway 83 crosses the river does not have perennial flow, 
yet the groundwater is shallow enough to sustain cottonwood and willow trees. 
Researchers [Snyder, Williams et al, 2000] have shown that the tolerance of cottonwood 
and willow to low water potentials is substantially less than that of mesquite and thus 
more vulnerable to changes in groundwater levels. The conclusion that can be drawn 
from their work and applied to this technique is that whenever a cottonwood canopy is 
seen with a bright red edge response, the water table is much shallower than if woodland 
was made of mesquite alone. Dave Williams also states [pers comm., 2002] that the 
cavitation • pressure of cottonwood when considered in context of a sandy riverbed 
relates to a maximum depth to water of approximately 4.5m (15 ft). 

) 

Wat r ta , 
ro 1n 

---__ ... .,-...,.,.. 

---
\ 

Figure 35 During the growing season active ET by woody species can actually cause an inverted cone of 
depression. This graphic is from a USGS on-line factsheet about groundwater. 

• Cavitation: Air is sucked into the xylem, thus disrupting the function of the xylem. 
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Site H: ET on a perched aquifer. SE of Fairbank, San Pedro River Basin (Figure 36) 

At this site the depth to water in the well is over 50m. However during fieldwork to 
ground-truth the observation there appeared to be a thriving ecosystem that was 
significantly more humid and cooler than the surrounding area that is a clear example of 
the oasis effect. Immediately surrounding the isolated ecosystem, there is a distinctive 
red soil horizon beyond which the land becomes very dry. In this situation I would 
predict the presence of a perched aquifer to explain active ET. 
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Analysis: 

Site A: The line of active vegetation with bare ground to the east extends intermittently 

north of this site at Highway 83. The sharp contrast in the character of the vegetation at 

this line is likely providing a surface expression for a lower permeability paleo-terrace 

horizon. It is a relatively narrow band approximately 200-300 meters ( <1 000 ft) with no 

surface water features present. This would indicate a seepage flux rate that is very low in 

comparison to seepage in the riparian corridor at the base of the valley. When combined 

with the 4.5-6 m (15-20 ft) water level measurement it is my prediction that there is 

sufficient water for active ET to occur throughout the growing season but that flow might 

be significantly reduced in a multi-year drought. 

Site B: There is plenty of water year round. The water supply is anthropogenic in source 

and long term. The water supply is capable of sustaining a riparian corridor year round 

for as long as Tucson continues to use the current sewage treatment technology at the 

Roger Road Waste Water Treatment Facility. 

Site C: This perennial reach has a lower incised floodplain and an upper, wider 

floodplain with 7-10 m (20-30 ft) vertical difference between them. The lower floodplain 

has many large canopy trees (cottonwood, juniper, etc). However, none of the large trees 

on the lower floodplain appear to be as old as those further downstream at Fairbank. The 

age of the lower floodplain vegetation, when combined with the geomorphic feature of a 

steeply incised riverbed strongly suggests that this portion of the river may still be in the 

process of geomorphic evolution to a new long-term equilibrium state. 

On a shorter time scale (a few years to a few decades) the water supply appears to be 

shallow enough to support growth in the lower floodplain, and the mesquite forest on the 

upper floodplain throughout the growing season. In the future, the continued incising of 

the river channel may lower the water table to the extent that it exceeds the critical xylem 

depth of the mesquite forest [Snyder, Williams, 2000], thus changing their ecological 

niche from obligate to opportunistic phreatophyte. 

SiteD: In 1962, the well recorded a water table 3.2 m (1 0.5 ft) below surface. Since then 

a mesquite bosque has been deliberately planted and extensive erosion and gullying 2 m 

(6ft) deep has occurred as a result of the corralled cattle. It would be impossible to 
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characterize this site unless more was known about the management practices of the 

rancher I land manger who manages the herd and the water well. 

Site E: In 1996 when the airphoto was taken the fields adjacent to the house were bare. 

By January 2003 woody invasion of the former agricultural fields had occurred. 

The density of the bosque in the topographic low, combined with a red edge spectral 

response from the vegetation west of the house strongly suggest that water is shallow 

enough and persistent enough to sustain the ecosystem throughout the growing season. 

However, it would be advantageous to know more about the hydrological characteristics, 

in particular the soil moisture retention curves of the sedimentary deposits in the 

topographic low, to make any predictions more certain. 

Site F: The river can be seen flowing in the airphoto taken in June 1996. A flowing 

stretch of river provides very strong evidence that water is present year round and 

consequently the water table is relatively shallow. Water would therefore be available 

throughout the growing season. The growing season is from spring to fall. 

Site G: The presence of old cottonwoods is a distinct indicator of a long-term stable, 

shallow water table. Field notes from immediately before the monsoon began in 2002 

record a humid environment at Fairbank with very moist river sediments just 30 em 

below the surface in the center of the dry stream. At the same time, the desert scrub area 

outside the central river plain was very dry. Combined, this indicates a situation where 

there is enough water in the river plain to sustain ET throughout the growing season. 

Site H: This site highlights a potential limitation of relying on field notes and drawing 

inaccurate preliminary conclusions on the nature of the water supply. This area appears 

in the filtered CIR DOQQ as a site where active ET is occurring. Field notes in summer 

2002 also indicate a lush ecosystem even though the surrounding desert scrub was very 

dry. The wind turbine driven well at the site has a shaft approximately 200ft deep. It 

would appears that the well is drawing from a deeper aquifer, which would be far too 

deep for the natural surface vegetation to use. 

A second, more detailed analysis of the airphoto revealed that the area of active ET does 

not extend beyond the limits of an unusual and distinct red soil horizon. This leads to the 
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conclusion that the site is probably a small perched shallow aquifer and thus the water 

supply might be completely used up during a multi-year drought. 

Conclusions: 

1) If active vegetation is seen in the CIR airphoto and the a dominant riparian species in 

the region is mesquite and the assumptions are met, the depth to water is between 8-

12 m (26 ft- 39 ft) depending on the substrate. 

2) Groundwater used by evapotranspiring vegetation may not be from the regional 

aquifer, it may be from a local, perched aquifer. 

3) Examination of the mesquite grove at Charleston Bridge in conjunction with a digital 

elevation model strongly suggests that ~9 m vertical elevation above the riverbed was 

the limit for actively evapo-transpiring mesquite trees. Depth to water may be greater 

because ~9m elevation difference does not take into account any lowering of the 

water table due to uptake by vegetation (see Fig lla). 

Summary of relevant research by others: 

1) Work done by SAHRA and the USDA-ARS confirms that mesquite will actively 

evapo-transpire when the water table remains at~9.5 m (~31ft). 

2) If the large canopy of a cottonwood tree with a red edge response is seen in a color 

infrared aerial photograph, then depth to groundwater is likely to be between 0 and 

4.5 m (15 ft). 
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Discussion 

Often, one of the first questions people have asked me when presenting this technique 

to a wider audience is: How much can be automated? Usually embedded within that 

question has been the assumption that the automation of a process makes it less 

subjective and that the interpretative skills and experience of an individual become less 

necessary. 

In a debate of Experience & Skill vs. Automation*, I designed the output product of 

RERD to strongly favor a qualitative interpretation using expert knowledge. In support 

of this position I offer the following quote [Rinker, 1984] that refers to the interpretation 

of airphotos for engineering and soils purposes: 

"Deductive and Inductive reasoning procedures produce information that is 
broader in scope, and more complex in content, than that derived by using 
targeting and detecting techniques. " 

However, a top priority in the development of this technique was that the procedure 

for RERD has a strong degree of automation. This was achieved by designing the 

procedure to read as a step-by-step manual that can be used with a minimum of training. 

With a few hours practice, it is possible to process one quarter quad in less than 15 

minutes. That translates to one entire quad in about an hour or 100 square miles 

processed per hour. Once processed, the images never have to be re-processed and can 

be used as inputs to future procedures and automated pixel counting. 

Although this procedure has been designed using 1 m resolution CIR orthorectified 

airphotos it should also be possible to apply the same procedures to any digitized CIR 

airphoto before or after the orthorectification procedure as long as the spatial resolution is 

high enough to distinguish grasses from trees. 

The success of any interpretation depends heavily on the quality of the raw materials. 

With that in mind the assumptions embedded within the technique all have to be valid to 

identify the obligate phreatophytes growing in an arid climate whose red edge response is 

not the result of a recent precipitation event. 

• Sometimes known as the "Expert Dichotomy"- Some issues are best dealt with through automation of process and 
some require the intuition of an expert that has taken many years to acquire. For example computers can extract feature 
shapes from an image such as lines or polygons but it takes a human to interpret what they might be, by being aware of 
the context that they are in. [Craig Whissler, ART Lab, SRNR, University of Arizona, 2003] 
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Those assumptions I necessary requirements are: 

I) The presence or absence of water is the primary biolimiting factor; 

2) A strong red edge spectral response indicates actively evapo-transpiring vegetation; 

3) There has been an appropriate length of time since the previous precipitation event or 

flow event in an ephemeral wash; 

4) The CIR airphoto was taken during the growing season. 

Potential benefits of ARMETT 

In addition to addressing the thesis statement- " It is possible to create a technique that 

identifies and differentiates active vegetation from all other cover types in color infrared 

airphotos, thereby providing a tool to map the spatial distribution of obligate 

phreatophytic, evapo-transpiring vegetation in arid regions", I believe that there are other 

potential benefits of this new technique. The four listed below represent the benefits that 

might be of the most practical and immediate use. 

1) Riparian Corridor Delineation 

By being able to predict depth to water through the relative health of the vegetation, 

this technique potentially opens up a whole new way of delineating the lateral extent of 

riparian ecosystems within Arizona to a very high level of spatial accuracy. This is very 

important because it could help identify more precisely avian migration corridors and 

also where those corridors might be under threat due to human development and over 

pumping of groundwater resources. Current standard practice would be to perform a 

supervised or unsupervised classification on LANDSAT scenes. Although inexpensive, 

accuracy is limited by the relatively coarser spatial resolution (30 m*30 m). 

2) Biological Productivity Models 

The technique could provide a tool in rangeland modeling for more precisely 

predicting the annual growth potential for phreatophytes by providing information about 

what does have a year round water supply and what does not. [Nouvellon et al , 2000] 

state that carbohydrate storage in the root system of a plants is positively proportional to 

the subsequent year' s potential productivity. 

In addition the spatial extent of ecosystems can be ascertained with a very high degree of 

spatial accuracy faster that traditional field based techniques alone would allow. 
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3) Assessing Mortality I Re-Growth over time 

The USGS has been mandated to produce CIR-DOQQs of the USA side of the USA I 

Mexico borderlands region every 10 years. I anticipate that because of the strong 

potential this technique has for providing a time sequential way to delineate riparian 

habitats it may be possible to use the 1996 series CIR-DOQQs as a baseline for assessing 

climate change in the southwestern USA in a multi-decadal study. Detailed comparative 

analysis should enable a high-resolution assessment of the total area change of riparian 

habitat over perhaps the next 50 years. That is the type of information that would help in 

modeling the impact of global warming and the over-exploitation of water resources as a 

function of time. The current procedure for this would be to repeat the (expensive) study 

done by the US Army Corps of Engineers to map species distribution from large scale 

true color airphotos and extensive fieldwork. However, the Corps of Engineers studies 

do not currently record information of relative vegetation health, only vegetation 

distribution. 

4) Global Relevance 

Although this technique is being developed using the datasets available in Arizona, the 

technique is potentially transferable to any hot arid or hot semi-arid environment in the 

world such as Saharan and Sub-Saharan Africa, Mediterranean Europe, the Indian 

Subcontinent, or Australia. The basic data required to begin the procedure is a stereo 

pair* of color infrared aerial photographs or orthorectified very high-resolution satellite 

images (e.g. Quickbird), taken at least a month after the most recent rain event and a 

Digital Elevation Model (DEM). Once these basic requirements are met then an analyst 

with the appropriate computing power, software and training located anywhere in the 

world can carry out the analysis. 

Computing Needs 

As little as two years ago working with 1-meter resolution Color Infrared (CIR) 

Digital Orthophoto Quarter Quads (DOQQs) in a 3-D viewing mode was not possible to 

do in real-time on commercially available desktop machines. 

The following specifications are of the machine on which I carried out most of the work 

and could be considered the bare minimum specifications for this type of analysis. 

• A stereo pair of aerial photographs can be used to create a new Digital Elevation Model (DEM). 
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Hardware Specifications 

• AMD Athlon 2000+ Mhz Processor 

• 17" monitor 

• 1.0GBofRAM 

• 64MB 3D graphics card 

• 80GB hard drive 

• 32-bit operating system (MS-Windows 2000 or XP) 

• High Speed CD-RW drive and/or DVD-RW drives 

• Approximate cost: $1200 (price at mid-2003) 

The maximum realistic viewing area with this system is 2 sutured DOQQs (290 MB) 

overlain onto a 30 m resolution DEM. However at this level of demand the computer 

will slow down significantly. Or, in a 2D GIS program one can work with and display an 

entire orthophotoquad (600MB). 

Until around the year 2006 computing power is likely to be main factor in the size of 

the "holistic view" of a site that is possible. By then, 64-bit operating systems and 5-

1OGB of RAM in a desktop PC should enable the simultaneous analysis of a region the 

size of the entire Tucson basin or the Upper or Lower San Pedro at 1 m resolution. 

Software 

The ESRI software ArcGIS 8.1 works well for 2D analysis and viewing very large 

areas at both high and decreased resolution. However, the extension "Arcscene" is not 

appropriate for 3D analysis. Also, because of the way in which data is stored, file sizes 

and windows swap files can become prohibitively large. 

ERDAS Imagine with the "Virtual GIS" extension is very good because it is very 

capable of working with such large files (145MB) at full resolution in 3D and doing so in 

real time. Also, the import/export function within the program is very good at efficiently 

converting datasets between different formats. The cost and licensing of ERDAS 

Imagine is also reasonable. As of February 2003 the cost for a graduate student license 

for 1 year is $250 for version 8.6. It is also capable of working with multi-band 

LANDSAT imagery. 

Manifold 5.50 is a very cost effective GIS program, which has 3D visualization tools 

built in and only costs $250. This program works very well as a full function 2D GIS 

-74-



program, especially when displaying data that has been provided in different projection 

systems and different datums. A useful feature is the ability to output letter sized 

documents directly as Adobe Acrobat pdf files for inclusion in reports. It also has a 3D 

viewer built in, but the spatial resolution of the overlay in 3D mode is reduced to the 

spatial resolution of the DEM used. 

A good primer on how the software packages deal with displaying the information at 

different resolution to improve the computing efficiency can be found in the textbook 

Remote Sensing (2nd Ed) [Schowengerdt, 1997] at Section 6.5.1 (pp265-271). 
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Conclusions 

The thesis statement "It is possible to create a technique that identifies and 

differentiates active vegetation from all other cover types in color infrared airphotos, 

thereby providing a tool to map the spatial distribution of obligate phreatophytic, evapo

transpiring vegetation in arid regions" was broken into sub-objectives as a way of 

managing the work. Within the body of the document it was stated when each sub

objective was addressed. 

"Distinguish Evapo-Transpiration (ET) identifiers within Color Infrared Aerial Digital 

Orthophoto Quarter Quads (CIR-DOQQs)". This was addressed by describing and 

discussing relevant concepts from remote sensing including: red-edge response, film 

response, vegetative spectral response to stress and the importance of resolution. 

"Establish necessary conditions and assumptions for ARMETT to be valid". The first 

assumption is that the presence or absence of water is the main biolimiting factor in arid 

regions. The second assumption is that a strong red edge spectral response indicates 

actively evapo-transpiring vegetation. The first necessary condition is that there has been 

an appropriate length of time since the previous precipitation event or flow event in an 

ephemeral wash. The second condition that must be met is that the CIR airphoto was 

taken during the growing season, which ranges from spring to autumn. 

"The output should be easy to understand." This has been addressed in two ways. 

Firstly, sharpening the original airphoto image by increasing the contrast between 

adjacent pixels improves an interpreter's ability to recognize shapes, patterns and 

textures. Secondly, the output colors of the RERD filter have been carefully selected to 

maximize the perceptive abilities of the human vision system. 

"Develop the tool to have a high spatial resolution." This was addressed by 

considering the pros and cons of different resolution remote sensing products and 

subsequently choosing to use 1-meter resolution CIR-DOQQs. 

"Develop the tool to be cost effective over a large area." The current dataset of USGS 

CIR-DOQQs covers so much of the arid southwestern USA that the exclusive use of this 

data source is feasible. The size of the area that can be worked with at one time is 

directly proportional to computing power. It is anticipated that by 2006 it will be 
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possible to work with an area the size ofthe entire Tucson basin at 1m resolution, 

assuming the current rate of increasing computer power continues. 

"Test ARMETT under controlled conditions." By testing the RERD filter in 

metropolitan Tucson it was possible to compare individual trees that did and did not have 

access to water in June 1996 when the CIR airphotos were taken. The airphotos were 

taken over three months after the previous precipitation event. 

"Develop a tool to aid in estimating the sustainability of a shallow groundwater supply 

throughout the growing season." By combining the output of the RERD filter, an 

interpreters background in hydrological science, and the analysis procedures described by 

Frost [1953] and Avery [1977] the water supply can be characterized at a reconnaissance 

level. Fieldwork and well data to ground-truth the interpretations greatly improves the 

accuracy of any interpretation. 

"Apply ARMETT to real world situations." ARMETT was applied to real world 

situations in the San Pedro River basin by assessing the nature of the water supply in 

remote areas. Where possible the interpreted localities were compared with fieldwork 

observations and well depths. 

There are some potential limitations of ARMETT. Firstly, the temporal resolution is 

limited to a single event using the USGS CIR-DOQQs. However, in some areas more 

dates may be available. Secondly, not all airphotos will be suitable for gaining an 

understanding of the spatial distribution ofET during the dry, pre-monsoon summer 

months if they fail to meet the necessary conditions and assumptions. Thirdly, some very 

red soil horizons may give a false positive because their spectral response is too close to a 

red edge spectral response for the RERD filter to grayscale them. If a red soil is 

overcompensated for, the sensitivity of RERD would be reduced. 
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Directions for Future Work 

I) Working directly with hydrologic modelers to develop tools to address specific needs 

At present this technique recommends a preliminary interpretation of hydrogeological 

conditions to estimate whether water might be present in sufficient quantities throughout 

the growing season. It might be possible to enhance basin-scale groundwater flow 

models by using areas identified as active ET to: Map depth to shallow groundwater; to 

find perched aquifers; and to find previously unidentified low permeability soil I rock 

horizons from their surface expressions as seepage facies. 

2) Developing the technique to be more automated 

It should be relatively simple to take the output from RERD and automate an analysis 

procedure to count the number of pixels that show a deviation from gray. It should be 

possible because the only pixels left in a CIR-DOQQ after applying RERD that have a 

deviation are pixels recording a red edge spectral response. Even so, while it is true that 

digi,tal techniques allow the automation of image processing, it must be realized that well

aimed image interpretation requires continuous guidance of the digital techniques to be 

selected [ Buiten, 1990]. 

3) Correlating the spectral response from CIR-DOQQs to LANDSAT thermal images 

One of the characteristics of active vegetation in arid regions is the cooling effect of 

water being evapo-transpired into the atmosphere. The 'Oasis effect' is well described in 

the textbook Boundary Layer Climates [T.R. Oke, 1987] and has been known about and 

used by human civilization for thousands of years for cooling purposes. It would be very 

informative to correlate areas of active vegetation identified from CIR-DOQQs with 

cooler areas as identified by the thermal band in the LANDSAT series of satellites. 

Fig 37 is a LANDSAT composite of the Fairbank region, San Pedro River Basin, Arizona 

region taken in the pre-monsoon period almost exactly one year before the CIR-DOQQs 

were taken. The darker red areas indicating cooler temperatures demarcate the riparian 

corridor of the San Pedro as much cooler than the adjacent landscape. 

The bands shown in Figure 37 are B6 (thermal emissions), B3 (reflected red light) and 

B2 (reflected green light). 
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4) Expanding the ARMETT methodology to other applications 

ARMETT uses the principle of biolimiting factors to find obligate phreatophytic 

vegetation. In arid regions the main biolimitng factor is the presence or absence of water. 

However, if sufficient water is available (for example within the central riparian corridor 

of an arid region basin) then it may be possible to adapt the ARMETT methodology to 

indicate areas where the second major biolimiting factor to growth in arid regions

nutrient supply, no longer becomes a biolimiting factor. An area with a rich nutrient 

supply might be seen in CIR-DOQQs as having a thicker, less broken, lusher canopy with 

a greater potential biomass production per year than analogous, non-nutrient enriched 

riparian areas. 
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LANDSAT 5: Bands 6(thermal), 3 (red), 2 (green). Date: 6-18-1995 

FAIRBANK, SAN PEDRO RIVER, ARIZONA, USA 

Figure 37 
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Appendix, Impossible Figures 

Above left is M.C. Eschers- The Tower 

Below left is M.C. Eschers- The Waterfall 

Above right is an impossible drawing - artist unknown 

Below right is a checkerboard pattern. All lines are straight 
lines - artist unknown 

The purpose of this appendix is to show that our perceptive abilities and first impressions aren't as 
absolute as we would like to believe. 

- 81 -



References 

1. Frost, Robert E., Johnstone, James G., Mintzer, Merle P., Montano, 
Robert D. Miles, and Shepard, James R. 1953 , Ref Type: Book, Whole 
"A Manual on the Airphoto Interpretation of Soils and Rocks for Engineering 
Purposes" 
Airphoto Interpretation Laboratory, Joint Highway Research Project 
2. Rinker, J. N. and Corl, P. A. 1984 , Ref Type: Book, Whole 
"Air Photo Analysis, Photo Interpretation Logic, and Feature Extraction" 
(US Army Corps of Engineers, Engineer Topographic Laboratories) 
3. Asner, Gregory P. 1998, Ref Type: Journal 
Remote Sensing of the Environment Vol 64, pp 234-253 
4. Oke, T. R. 1987 , Ref Type: Book, Whole 
"Boundary Layer Climates" 2nd Edition 
pages 165-166 
5. Nouvellon, Yann, Moran, Susan, and et al. 2001, Ref Type: Journal 
Remote Sensing of the Environment Vol 78, pp 131-149 
6. Ustin, Susan L., Roberts, Dar A., Pinzon, Jorge, Jacquemoud, Stephane, 
Gerdner, Margaret, Scheer, George, Casteiiada, Claudia M., and Palacios
Orueta, Alicia 1998, Ref Type: Journal 
Remote Sensing of the Environment Vol 65, pp 280-291 
7. de Mey, Marc 1993 , Ref Type: Book Chapter 
Ch: Eye Movements and the Perception of Impossible Figures, 
"PERCEPTION AND COGNITION, Advances in Eye Movement Research, 
Volume 4" 
8. Water Resources Research Center. 
Glossary of Water-Related Terms. 2003. 
9. Source: Pacific Institute for Studies in Development, Environment, and 
Security, 1996 Ref Type: Electronic Citation 
"Glossary, Global Change, Electronic Edition, 1996" 
http://www.globalchange.org/glossall/glossa-c.htm 
10. Winter, T. C., Harvey, J. W., Franke, 0. L., and Alley, W. M. 2003 
Ref Type: Report 
"Ground Water and Surface Water- A Single Resource - USGS Circular 1139" 
11 . Freeze, R. Allan and Cherry, John A. 1979 , Ref Type: Book, Whole 
"Groundwater" 
12. Drury, S. A. 1998 , Ref Type: Book, Whole 
"IMAGES OF THE EARTH- a Guide to Remote Sensing" 2nd Edition 
13. Avery, Thomas Eugene 1977 , Ref Type: Book, Whole 
"Interpretation of Aerial Photographs" 3rd Edition Edition 
14. Buiten, Henk J. and Clevers, Jan G. P. W 1993, Ref Type: Book, Whole 
"Land Observation by Remote Sensing, Theory and Appllications" 
(Gordon and Breach Publishers) 
15. Nouvellon, Yann, Rambal, S., Moran, Susan, Lhomme, J. P., Begue, A., 
Chebouni, A. G., and Kerr, Y 2000, Ref Type: Journal 
Agricultural and Forest Meteorology Vol 100, pp 137-153 

- 82 -



16. Gehlbach, Frderick R. 1998 , Ref Type: Book, Whole 
"Mountain Islands and Desert Seas : a Natural History of the U.S. - Mexican 
Borderlands" desert/mountain islands 
17. Gibson, R. G. 1998 , Ref Type: Book Chapter 
Ch: Physical Character and Fluid-Flow Properties of Sandstone-Derived Fault 
Zones, ({Structural Geology in Reservoir Characterisation" pp83-97 
18. Marsh, Stuart, Thome, Kurt 2002, Ref Type: Personal Communication 
REM 590 - Introduction to Remote Sensing, University of Arizona 
Notes: University of Arizona, class, spring semester 2002 
19. Schowengerdt, Robert 1997, Ref Type: Book, Whole 
"Remote Sensing" 2nd Edition 
20. Goode, Tomas Charles and Maddock Ill, Thomas 2000 
Ref Type: Report 
"Simulation of Groundwater Conditions in the Upper San Pedro Basin for the 
Evaluation of Alternative futures", 
Arizona Research Laboratory for Riparian Studies, Department of Hydrology and 
Water Resources, University of Arizona 
21. Scott, Russell, Goodrich, David, Stromberg, Julie, and Leenhouts, 
James 2002 Ref Type: Report 
"SPRNCA Water Needs Study, Mid- Year Progress Report" 
22. Webb, Robert H. 2002 , Ref Type: Report 
"Surface water/ground water dependence of riparian trees: A Synthetic 
Dendrohydrology and Ecophysiology Study" (USGS) 
http://az.water.usgs.gov/swgwrp/Pages/RiparianTrees desc.html 
23. Kodak Film Corporation 2002 , Ref Type: Report 
"Technical Specification for KODAK AEROCHROME ///Infrared Film 1443 & 
KODAK AEROCHROME ///Infrared NP Film S0-734" 
24. Rees, Gareth 1999 , Ref Type: Book, Whole 
"The Remote Sensing Databook" 
25. Manning, Andrew H. and Solomon, D. Kip 2003, Ref Type: Journal 
Journal of Hydrology, pp 194-207 
26. U.S.Army Corps of Engineers 2001 , Ref Type: Report 
"Vegetation Map of the San Pedro Riparian National Conservation Area and 
Babocomari River" 
27. Source: Hong Kong Baptist University, Ref Type: Electronic Citation 
"Virtual Laboratory for GIS and Remote Sensing" Ref Date 2002 
http://geog.hkbu.edu.hk/virtuallabs/ 
28. Synder, K. and Williams, D. G. 2000, Ref Type: Journal 
Journal of Agriculture and Forestry Meteorology. SALSA Special Issue 
29. Behrenfeld, Michael A. and Kolber, Zbigniew S. 1999, 
Ref Type: Journal 
Science Vol 283 
30. Barrett, E.C. and Curtis, L.S. 1982 (1976), Ref Type: Book, Whole 
"Introduction to Environmental Remote Sensing" 2nd Edition (1st Edition) 

- 83-


	azu_td_hwr_0081_pg_001
	azu_td_hwr_0081_pg_002
	azu_td_hwr_0081_pg_003
	azu_td_hwr_0081_pg_004
	azu_td_hwr_0081_pg_005
	azu_td_hwr_0081_pg_006
	azu_td_hwr_0081_pg_007
	azu_td_hwr_0081_pg_008
	azu_td_hwr_0081_pg_009
	azu_td_hwr_0081_pg_010
	azu_td_hwr_0081_pg_011
	azu_td_hwr_0081_pg_012
	azu_td_hwr_0081_pg_013
	azu_td_hwr_0081_pg_014
	azu_td_hwr_0081_pg_015
	azu_td_hwr_0081_pg_016
	azu_td_hwr_0081_pg_017
	azu_td_hwr_0081_pg_018
	azu_td_hwr_0081_pg_019
	azu_td_hwr_0081_pg_020
	azu_td_hwr_0081_pg_021
	azu_td_hwr_0081_pg_022
	azu_td_hwr_0081_pg_023
	azu_td_hwr_0081_pg_024
	azu_td_hwr_0081_pg_025
	azu_td_hwr_0081_pg_026
	azu_td_hwr_0081_pg_027
	azu_td_hwr_0081_pg_028
	azu_td_hwr_0081_pg_029
	azu_td_hwr_0081_pg_030
	azu_td_hwr_0081_pg_031
	azu_td_hwr_0081_pg_032
	azu_td_hwr_0081_pg_033
	azu_td_hwr_0081_pg_034
	azu_td_hwr_0081_pg_035
	azu_td_hwr_0081_pg_036
	azu_td_hwr_0081_pg_037
	azu_td_hwr_0081_pg_038
	azu_td_hwr_0081_pg_039
	azu_td_hwr_0081_pg_040
	azu_td_hwr_0081_pg_041
	azu_td_hwr_0081_pg_042
	azu_td_hwr_0081_pg_043
	azu_td_hwr_0081_pg_044
	azu_td_hwr_0081_pg_045
	azu_td_hwr_0081_pg_046
	azu_td_hwr_0081_pg_047
	azu_td_hwr_0081_pg_048
	azu_td_hwr_0081_pg_049
	azu_td_hwr_0081_pg_050
	azu_td_hwr_0081_pg_051
	azu_td_hwr_0081_pg_052
	azu_td_hwr_0081_pg_053
	azu_td_hwr_0081_pg_055
	azu_td_hwr_0081_pg_056
	azu_td_hwr_0081_pg_057
	azu_td_hwr_0081_pg_058
	azu_td_hwr_0081_pg_059
	azu_td_hwr_0081_pg_060
	azu_td_hwr_0081_pg_061
	azu_td_hwr_0081_pg_062
	azu_td_hwr_0081_pg_063
	azu_td_hwr_0081_pg_064
	azu_td_hwr_0081_pg_065
	azu_td_hwr_0081_pg_066
	azu_td_hwr_0081_pg_067
	azu_td_hwr_0081_pg_068
	azu_td_hwr_0081_pg_069
	azu_td_hwr_0081_pg_070
	azu_td_hwr_0081_pg_071
	azu_td_hwr_0081_pg_072
	azu_td_hwr_0081_pg_073
	azu_td_hwr_0081_pg_074
	azu_td_hwr_0081_pg_075
	azu_td_hwr_0081_pg_076
	azu_td_hwr_0081_pg_077
	azu_td_hwr_0081_pg_078
	azu_td_hwr_0081_pg_079
	azu_td_hwr_0081_pg_080
	azu_td_hwr_0081_pg_081
	azu_td_hwr_0081_pg_082
	azu_td_hwr_0081_pg_083



