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Research in global ecology has been concerned with the effect of vegetation 

removal in semi-arid regions including aspects such as plant succession and desertification 

and its impact on global change, specifically global warming. In addition, conditions along 

international borders often are presented as discontinuities in terms of vegetation and soil 

status. 

To better document these discontinuities in a semi-arid region, a multi-temporal 

study along the U.S.-Mexico border was conducted with a series of six Landsat Thematic 

Mapper (TM) images acquired over the 1992 growing season. 

Spatial and temporal variations across the border were analyzed with reflectance 

data. Spatial data was obtained from three different sampling size areas which included: 

the Parker Canyon grassland; the San Rafael Valley, a grassland combined with riparian 

areas and croplands; and the regional area along the Arizona-Sonora border including 

valleys and mountains, and diverse vegetation communities and soil conditions. These 

areas consisted of about 106 ha, 5,800 ha, and 738,000 ha, respectively, at each side of 

the border. Temporal data were obtained from the six TM images which were acquired in 

days of the year 162,178,194,274, 306, and 322. 

Four remote sensing applications were considered for comparison studies on both 

sides of the border. These techniques included: a) individual band comparisons, b) 

albedo, derived from the discrete sensor band information, c) vegetation indices, and d) 
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application of a linear mixing model. 

When comparing both sides of the border, significant differences were observed in 

most of the remote sensing techniques applied at the Parker Canyon area. Higher 

differences were found during the wet season with all of the applied techniques with the 

exception of albedo. The red band and albedo were the most important discriminants 

during the dry season. At the intermediate size, San Rafael Valley area, U.S.-Mexico 

differences followed the same pattem as Parker Canyon, but statistically, these differences 

were deemed insignificant At the regional area, no differences were observed at all 

between the U.S. and Mexican side. The effect of pixel aggregation using the different 

remote sensing techniques and ground data from field campaigns in 1995 were also 

analyzed. 
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INTRODUCTION 

A border line is more than a physical fence separating two countries. In fact, an 

international line may separate contrasting cultural, economical, technological and legal 

conditions. Something practical and legal on one side may no longer be valid on the other 

side. More than that, a common appreciation visible from space are differences in land 

utilization. When different land management practices exist, the international fence 

becomes clearly discriminable. Such is the case, for instance, of the Israel-Egypt border, 

the Namibia-Angola border, and the U.S.-Mexico border. 

Figure 1 presents a dry season Landsat TM image acquired June 11, 1992, 

showing a section of the international border between the U.S. and Mexico along the 

Arizona-Sonora border. The specific site is the San Rafael Valley, a native grassland. 

The observed difference is caused by the different land use practices between both 

countries. Hutchinson and Huete (1987) indicated that the Mexican side has been 

overgrazed and that factors, such as lower vegetation cover, lower soil and vegetation 

moisture content, and lower soil organic matter, cause the Mexican side to be brighter. 

Questions have arisen from these kinds of border discontinuities. Research in 

global ecology has been concerned with the effect of vegetation removal in semi-arid 

regions and on aspects such as plant succession or desertification and its impact on global 

change, specifically global warming. 
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Figure 1. The U.S.-Mexico border at San Rafael Valley, TM image DOY 162. 
The image window is 15 km x 15 km. 



24 

Scenarios such as these motivated us to better document these types of border 

discontinuities from the remote sensing perspective. Remote sensing is one of the most 

efficient tools for ecological studies from local to global scales. In this dissertation 

different remote sensing techniques were considered to evaluate this transborder 

comparison along the U.S.-Mexico border with the following objectives. 

Objectives of this Dissertation 

a) Since the difference between the U.S. and Mexico sides is evident in the Landsat 

TM images, the first objective of this dissertation was to investigate through the 

use of remote sensing data what information was more valuable in comparing cross 

border differences caused by anthropogenic effects in a semi-arid region. 

b) The second objective was to study the spatial differences between both sides of the 

border and at different spatial scales to verify if the land disturbance at the local 

scale has a significant impact on the global scale. 

c) The third objective was to investigate the temporal spectral profiles of the U.S.

Mexican border with a series of Landsat TM images to observe if phenological 

changes have occurred through the difference in land utilization. 

d) The fourth objective was to evaluate different remote sensing techniques for 

characterization of biophysical parameters in spatial and temporal perspectives to 

identify the technique that better describes those parameters in semi-arid 

vegetation. 



The fifth objective was to investigate the effect of pixel aggregation on the data to 

predict the response of sensors with coarser nominal spatial resolutions compared 

to the one obtained in this dissertation at the Landsat TM sensor resolution. 
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LITERATURE REVffiW 

Arid Lands 

Origin of Arid Lands 

Arid lands are regions of the planet where water availability is the most limiting 

element for the survival of plants, animals, and human beings. Beaumont (1989) defined 

arid lands as those regions which experience regular water shortage on a seasonal or long 

term basis. This author included not only regions with low precipitation totals, but also 

regions which seasonally experience a dry period interrupted by a series of rain events. 

Arid lands exist as a result of geological and global change processes. Geological 

events, such as widespread regional uplift that create rain shadows, have influenced the 

actual distribution of deserts throughout world (Hunt, 1983). It seems likely that the 

change in climate and vegetation toward actual, present conditions occurred during the 

last 2 million years (Pleistocene era) and completed during the last 10,000 years 

(Holoceneera) (VanDevenderand Spauling, 1983; Wells, 1983). 

The global climatic effect coupled with global sea currents, continental 

mountains, and continental land masses is the cause of formation of deserts in the worid. 

Thus, the world deserts can be classified in five types according to their origin: 

subtropical, cool coastal, rain shadow, continental interior, and polar deserts 



Subtropical deserts are the largest deserts in the world, and are located between 

20° and 40° north and south latitudes. They result from the dynamics of wind circulation 

when masses of air are warmed at the equator. The lower density of the air causes a low 

atmospheric pressure which lifts the air to higher altitudes and starts to move it toward 

the Poles. As the air masses travel, eventually, they are cooled down, generating a high 

atmospheric pressure, and the air descends toward the surface of the Earth. Since the area 

of the Earth is higher at the equator than at the Poles, the air is compressed by air from the 

upper layers. This increases the air's temperature adiabatically at the rate of 10 "C per 

1000 m. As a consequence, the air reaching the surface is hot and dry; that is, unable to 

produce any kind of precipitation. The Sahara and Arabian deserts are representative of 

this type of desert (Logan, 1968; Cloudsley-Thompson, 1977). 

Cool coastal deserts result from cool ocean currents originating in polarward 

latitudes. They are formed when hot subtropical air is chilled crossing the cool ocean 

current, which normally has a temperature of 15 to 18 "C. As the air temperature drops, it 

is saturated to about 100% relative humidity, and a foggy environment is created along the 

seashore. As the foggy air moves inland crossing the coastline, it is heated again, 

increasing its capacity to hold moisture, and condensation is no longer possible. As a 

consequence, no rainfall is produced. This type of desert is limited to coastal regions. 

The coastal effect of cooling the air is limited to about 1 km altitude, and after 150 km 

inland the effect disappears. Examples of these type of deserts are the Namib Desert in 
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Namibia Africa, the Atacama Desert in Chile and Peru, and the Baja California Desert in 

Mexico (Logan, 1968; Cloudsley-Thompson, 1977). 

Rain shadow deserts are caused by mountain ranges located transversely to the 

direction of dominant winds and sources of moisture. When air charged with moisture 

approaches a mountain, it starts rising and their temperature is reduced adiabatically. This 

cooling of the air causes condensation and cloud formation in the windward direction, and 

orographic precipitation occurs. On the other hand, when the air crosses the mountain 

toward the leeward direction, the air starts descending, causing adiabatic warming and the 

process is reversed. Logan (1968) reported precipitation data for the Great Basin of 

Nevada and Utah showing differences of 10-fold higher values of rainfall in the windward 

side of the mountain compared to the valley located in the leeward side. In addition to the 

Great Basin, the Mohave Desert of California also represents this type of desert. 

Continental interior deserts result because of their long distance from the ocean 

and other important sources of moisture. These deserts are located in higher latitudes. 

For this reason, they are usually cool, windy, and cloud-free with low relative humidity (5 

to 15%). The Gobi Desert of central Asia represents this classification. 

Polar regions are considered deserts even though they are covered with ice, since 

water is not available for plants. The freezing temperature of the Antarctic and Arctic 

regions causes air to saturate with very low moisture content unable to produce 

precipitation. Relative humidity is high (70% or more), and, when condensation occurs, it 

creates ice speckles floating in the air (Logan, 1968). 
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Many arid lands of the world present combined elements of origin. For instance, 

the Mohave Desert is caused by a subtropical climate and rain shadow effects. Other 

areas are located in the transition zones, such as of the study area in this dissertation, 

which is located between the Sonoran and Chihuahuan deserts. It presents combined 

features and characteristics distinctive of both major deserts. Delimitation is an important 

issue in the study of deserts. Vegetation characteristics and climatic information are the 

criteria most often considered in delimitating deserts. A global distribution of deserts is 

presented in Fig. 2. 

300km - ---

Figure 2. Global distribution of arid lands (UNESCO, 1979). 
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Importance and Characteristics 

The importance of arid lands can be considered in several aspects: a) Under a 

global ecology perspective, arid lands play an important role regulating global 

temperatures, surface albedo, and element cycles such as nitrogen. Sediment and wind 

deposition also affect the amount and quality of nutrients in the sea, and their contribution 

to atmospheric aerosols is considerable; b) Arid lands support 20% of the population of 

the world (UCAR, 1992); c) Most arid lands are utilized for gra2ang, rain-fed agriculture, 

irrigated agriculture, mining, solar energy generation, and/or production of botano-

chemicals, playing a substantial role on the worldwide economy; and d) Arid lands are also 

important in terms of wildlife, flora habitat, and human recreation (Tueller, 1987). 

In addition to low water availability, arid lands are also described by such 

characteristic features, as their high variability in climate, topography, and soils. 

Precipitation is commonly represented by low annual totals with high variations from year 

to year and from region to region. Moreover, temperature usually shows a wide range in 

daily and seasonal values. Topography is also highly variable from valleys to mountains at 

a local scale and from plateaus to mountain ranges in a regional scale. Soils are a dynamic 

component always subjected to from wind and water erosion, causing redistribution of 

organic matter, soil nutrients, and exposing of distinct soil colors as a product of diverse 

parent materials. Other features of arid lands are their low biomass production and low 

vegetation cover in comparison to more humid ecosystems. Sometimes, dense vegetation 
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can be found along favorable mesic environments, such as riparian areas or mountains. 

Furthermore, arid lands are also characterized by high inputs of solar radiation, high 

albedo values, low relative humidity, and continuous presence of winds. Some of these 

features are described in the next sections. 

Precipitation Patterns 

Total aimual precipitation data show an inverse relationship with variability. Arid 

lands receive very low annual precipitation, and the data show high variability in time and 

space. Most arid regions in the world have defined patterns of precipitation. Subtropical 

deserts usually have convectional storms, which originate by invasion of moist air masses 

fi'om oceans. This invasion is caused by tremendous changes of seasonal temperature over 

large masses of land. This type of precipitation, called monsoons, results in short-

duration, high-intensity thunder/electric storms generating flash flood conditions. On the 

other hand, in high latitude deserts, such as Central Asia and the Great Basin desert, a high 

proportion of precipitation occurs in winter as a result of invasive polar air masses. In 

these regions, rainfall events are of low intensity and about one third of the total 

precipitation falls in the form of snow. In North America, rainfall patterns vary from west 

to east regions. The Great Basin receives maximum precipitation during winter. The 

Sonoran desert presents a bi-seasonal precipitation distribution with light winter rainfall 

and thunderstorms in summer. The Chihuahuan Desert receives its maximum rainfall 

during summer, from the influence from the Gulf of Mexico (Hunt, 1983). 
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Temperature 

Similar to precipitation data, temperature is also highly variable in arid regions. 

The highest record of 58 "C air temperature was reported in Libya. Most subtropical 

deserts show temperature values higher than 38 "C during summer. These values are 

explained by the high proportion (80%) of short wave solar radiation reaching the surface 

product of low atmospheric attenuation. A clear atmosphere with low water vapor 

content is highly transparent for these wavelengths. In addition to high radiation, desert 

areas experience high albedo values of 0.20 to 0.45, resulting in a high emittance of 

thermal wavelengths (Oke, 1987). Contrasting subtropical deserts, higher altitude deserts 

in Central Asia and the Great Basin show the lowest minimum values for continental 

deserts in winter. Central Asia averages -10.6 °C in January, and in the Great Basin, the 

January minimum is usually -18 °C. In addition to the variation of temperature data over 

different locations within a region, the same desert regions present wide range of seasonal 

differences. If the average for Central Asia for January is -10.6 "C, the average in July is 

32 °C. Furthermore, one of the most distinctive features in arid lands is its wide range of 

variation of daily temperatures. Oke (1987) reported a diurnal range of 56 °C at Tucson 

Arizona for air temperature and 80 "C for soil surface temperature. Daily differences, 

favored by cloudless skies and a dry and clean atmosphere, are explained by the high input 

of radiation during the day and the easy dissipation by re-radiation of absolved energy 

during the night. Usually the maximum difference is recorded at dawn when minimum 

temperatures are lowest. 



Landforms 

Beaumont (1989) described the landforms of a simple basin model. Uplands are 

areas of steep slopes with high occurrence of erosion. Soil profile is poorly developed and 

large soil surface areas are covered by resistant rocks. Temperature is commonly freezing 

in winter and minimum values are observed in summer, compared to neighboring lower 

lands. The amplitude of uplands is usually of few kilometers. Alluvial fans are 

characterized by high fluvial activity during rainy periods. They are located contiguous to 

uplands and have slopes fi-om 3° to 15°. Soils are dominated by coarse sedimentary 

material. These areas are usually narrow with an extension of hundreds of meters. 

Alluvial plains, also called bajadas, are the most extensive area in the basin. They 

represent a deposition zone with lower slopes than alluvial fans. Soils are dominated by 

fine gravels, sands, and silts. Salt lake or playas are the flatter and lower altitude areas in 

the basin. These areas are characterized by an accumulation zone of the finest particles. 

In closed basins, superficial lakes are created during the rainy season with temporal 

duration until water evaporates. Soil salt crust are common in this zone. 

Soils of Arid Lands 

Dregne (1976) reported five dominant orders of soils found in these regions; 

Aridisols, Mollisols, Alfisols, Entisols, and Vertisols. Three of these orders can be 

associated with specific vegetation communities. Aridisols are associated with scrublands. 



This order uicludes mineral soils with low organic matter content, usually dry, and some 

with accumulation of lime or salty layers, such as carbonates which may present hard 

layers (e.g. caliche) in their profile. Stony desert pavements are included in this order 

(Miller and Donahue, 1995). Mollisols are commonly associated with semi-arid and sub-

humid grasslands. This order of soils presents a deep profile and very high organic matter 

content, which makes them very fertile when opened to agriculture. Alfisols are 

associated with cool forests, usually restricted to top of the mountains. Water availability 

for most of the growing season and argillic accumulation is a notorious characteristic of 

this order. The soils are also slightly to moderate acidic soils (Miller and Donahue, 1995). 

Entisols and Vertisols are not associated with any specific vegetation community. Entisols 

are soils related to high soil movement; as a result, lack of horizon development is one of 

their principal characteristics. Vertisols have a high content of clays that swell when wet 

and crack when dry. This results in vertical erosion of the upper layer, forming a deep 

mixed A horizon. These soils are found in gently sloping or flat areas that experience wet 

and dry seasons. 

Dregne (1976) also estimated that 77% of the area in arid lands is represented by 

Entisols and Aridisols, 41% and 36% respectively. The high proportion of their 

dominance merits important considerations. The first consideration is the high incidence 

of soil erosion present in arid lands, since Entisols are highly related to soil movement. 

Here the question is: How much of this erosion is associated with man-made disturbance? 

Many articles have discussed the transition of the American Southwest fi-om grassland to 



scrubland as a result of overgrazing during middle of the last century. Important changes 

in soil and vegetation status have been reported. Whitford (1983b) described the concept 

of "Isles of Fertility" to refer to shrub-dominated areas where bushes and trees intercepted 

soil mostly from wind erosion and creating micro-climatic zones with different conditions 

from intershrub spaces. As a result, under their canopy higher organic matter, nutrient, 

water infiltration, and moisture availability provide a more favorable environment for 

establishment of high vegetation density. Secondly, smce Aridisols represent areas of 

hostile conditions, plants living on this class of soils have to adapt to overcome these 

edafic conditions in addition to adapting to a xeric climate. These plant strategies to 

populate arid lands are discussed in the next section. 

Vegetation of Arid Lands 

Vegetation conmiunities have evolved together with arid lands. Axelrod (1983) 

reported that desert species are derived from species of humid environments. Arid land 

plants evolved from tropical savanna, dry tropical forests, and woodland and grassland 

species. The process occurred during the last Cretaceous (about 70 million years ago) and 

finished during the Pliocene (about 3.5 million years ago). Van Denver and Spaulding 

(1983) analyzed fossils of packrat middens {Neotoma spp.) dated from 22,000 to about 

8,000 years ago. Their studies have demonstrated the migration of mesic species to higher 

altitudes to reduce water stress effect caused by more desertic conditions. As a 

consequence, the areas remaining were re-populated by more xeric adapted species. For 



instance, mesic adapted species ofPinyons {Pinus spp.) were replaced by Junipers 

{Jiniperus spp.) and Oak {Quercus spp.) in middle level altitudes, and scrubs such as 

creosote bush (Larrea spp) became established at lower altitudes. This theory describes 

the plant distribution found today in arid lands. Uplands, which are humid environments, 

have lower temperatures than the surrounding lowlands during the year. At this level, 

vegetation cover and vegetation density of woodlands are high. In lower slopes, where 

more xeric conditions are approached, woodlands become disperse and eventually reduced 

to small cluster of trees with the appearance of lower size species. Grasslands become 

dominant in valleys if soil quality, climate, and water collected from mountains allow their 

establishment. They degrade at lower altitudes, into desert scrub communities with low 

plant density, cover, and high soil exposition (Beaumont, 1989). 

Matthews (1983) developed a global vegetation and land use data base. She 

divided the major global ecosystems into thirty two subdivisions using previous maps and 

data bases, plus the addition of Landsat satellite data confirmation. From this study, 

considering only the proportion of data corresponding to xeromorphic vegetation, it was 

established that arid land vegetation is sub-divided to, 47% desert (incipient vegetation 

dominated by rocks and sand), 27% shrubland, 18% grassland, and 8% forest/woodland. 

To adapt to arid environments, vegetation species have developed appropriated 

anatomical and physiological mechanisms. Many of these mechanisms are triggered by 

climatic conditions with a very fast response time scale of weeks or even days. One 

example of this response is the fast growth cycle of ephemerals which permit these species 
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to evade drought periods. Under favorable moisture and edaphic conditions, these species 

break down the dormant period. Otherwise, they remain latent for long time as seeds or 

roots until new favorable conditions break the cycle again. Other species show different 

tolerance to low water availability. Long root systems permit plants to increase their 

water capture during rainy periods. Deep roots systems down to the water table permit a 

perennial water supply. Hairy and leathery pubescences and leaves reduce the 

transpiration area. High solute cellular concentrations permit plants to adapt to saline 

ambience, and specialization of photosynthesis carbon reception mechanisms, such as C4 

and CAM cycles, are some of the most distinctive processes of plants to adapt to arid 

lands (Hunt, 1983). 

Productivity and Seasonality 

Primary production is defined as the rate of accumulation of organic matter 

(biomass) (Ludwig, 1983). In arid lands, primary production is very low with a wide 

range of variation. Data collected fi'om a desert scrub populated area produced 70 g m"^ 

yr'\ and in an extreme desert area, 3 g m'^yr"^ (Whittaker and Likens, 1973). Lieth (1973) 

reported a range of values of 10 to 250 g m'^yr"' for desert scrub land and 0 to 10 g m'^yr" 

' for extreme desert areas. Ludwig (1983) reported values of 30 to 450 g m'^yr"' for 

vegetation along arroyos and 292 to 592 g m'^yr"' for a Tobosa grass {Hilaria mutica) 

grassland. Hadley and S2arek (1981) reported a low production of 2.6 g m'^yr'^ obtained 

in a dune community and a high value of 816 g m'^yr'^ in arroyo area during a wet year in 



the Chihuahuan Desert. Usually the first appreciation is that water is the most limiting 

factor for net primary production and other desert processes such as organic matter 

decomposition. Not only water, but the interaction of water with soil nutrients, mainly 

nitrogen and phosphorous, and mychorrizal relation (less studied) have been identified as 

the major limiting factors in desert ecosystem (Trappe, 1981; Ludwing, 1983). Ludwig 

and Whitford (1981) demonstrated that long-term climatic events are correlated to net 

primary production instead of single high-raining events. Long-term processes match 

better the oscillating seasonal immobilization-mineralization nutrient activity of desert 

decomposers (microarthropds, mites, termites, fiingi, protozoa, etc.), which degrade litter 

to release soil nutrients. 

The interaction of all environmental factors, biotic and abiotic, causes high spatial 

and seasonal variability on the arid ecosystem productivity which is sometimes 

unpredictable. In Fig. 3, the average annual yield (g/m^) of native grasses was evaluated 

in four different sites with different soil conditions at Jornada Experimental Range in 

southern New Mexico (Herbel et al., 1972). 

Classification of Arid Lands 

Wallen (1967) identified three approaches in attempting to define and classify the 

arid lands of the world. The classical approach focuses on studying individual climatic 
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Figure 3. Average annual yield (g/ra^) production of native grasses obtained at four 
different sites at Jornada Experimental Range, New Mexico (After Herbel 
et al., 1972). 

elements and their relationship with vegetation conditions and agricultural zones. The 

most studied elements are precipitation and temperature. Precipitation amount, variability, 

and intensity are the most documented parameters. Similarly, mean temperature and 

extreme values were originally considered to model the rate of evaporation and 

transpiration. Afterward, other parameter such as heat sums, limiting temperatures, and 



annual fluctuations were also included. As a example of this classical approach. Hunt 

(1983) classified desert lands based on rainfall amount as: semi-arid from 254 to 508 mm; 

arid fi-om 127 to 254 mm; and extremely arid if < 127 mm. The problem with single 

element criteria classification is the failure in coincidence between climatic regions and 

vegetation distribution. This is due because in reality more than one factor interacts to 

determine vegetation conditions. The index approach involves two or more climatic 

elements in a standard equation. Koppen (cited by Wallen, 1967), applied a formula to 

classify regions of the world. The author considered annual precipitation and annual mean 

temperature. Wallen (1967) assumes that the disadvantage of this method is to include 

climatic parameters with considerably different dimensions. The third approach applies 

the concept of water balance, considering the relationship between precipitation and 

evapotranspiration. This approach is based on the concept of potential evapotranspiration 

(PET) coincidently derived by Thomthwaite and Permian (Thomthwaite, 1948; Permian 

1948). The Penman concept included turbulent transfer in addition to water balance and 

has shown to be more accurate when calibrated to evaporating pans and lysimeters under 

different conditions around the world (Beaumont, 1989). The Thomthwaite concept 

considered only energy balance. A limitation of the index derived by Thomthwaite, when 

applied to global classification, is that the relationship between ETP and temperature is not 

universal and might only be applied for the specific conditions of the region where it was 

developed (Wallen, 1967). Meigs (1953) developed a moisture index applying the 

Thomthwaite method to calculate potential evapotranspiration and created a world map. 



An index value of zero indicates that the monthly precipitation will provide ail water that 

is required for maximum evaporation and transpiration during a year. Index values of 0 to 

-20 were classified as sub-humid; between -20 and -40 semi-arid; and lower than -40 as 

arid. UNESCO (1979) created a world map (Fig. 2) utilizing the ratio P/ETP where P is 

the mean annual precipitation and PET is the mean annual potential evapotranspiration 

calculated using the Penman method. The classification consisted of five categories; 

hyper-arid, less than 0.05; arid fi-om 0.05 to 0.2; semi-arid fi^om 0.21 to 0.5; dry sub-

humid fi-om 0.51 to 0.65; and moist sub-humid and humid higher than 0.65. Dregne et al 

(1991) presented data showing the distribution of arid lands in the world. These authors 

classified 6.6% of the total global land as hyper-arid; 10.4% as arid; 15.4% as semi-arid; 

8.6% as dry sub-humid; and the rest as moist sub-humid and humid. 

The Desertification Process 

UNEP (1992) reported a 6% diflFerence between areas classified climatically as 

semi-arid lands and areas identified as semi-arid because of the condition of soil and 

vegetation. The difference was related to human activities. Grazing, agriculture, mining, 

and deforestation are some of the factors that cause land disturbance. This process is 

commonly referred to as desertification because of the increasing desert-like conditions. 

Arid lands are considered fi-agile ecosystems since small annual or long-term 

climatical fluctuations cause serious effect on vegetation dynamics. The low organic 

matter content in soils and the sparse woody vegetation cover result in a lack of buffering 
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to resist against environmental degradation. Once degraded, it is unlikely to revert, unless 

a high input of resources are injected, which commonly are economically un-

recommended. 

The response to desertification will depend on the grade of degradation. The 

effect is reflected as a change in dominant species; fi^om grasses to less palatable weeds, 

ephemerals with low productivity, or/and a perennial desertshrubs, or in a more severe 

condition, the elimination of vegetation increases soil exposure accompanied with a soil 

redistribution caused by wind and water erosion. In this way, desertification is an additive 

degradation process. The change in land surface conditions will affect atmospheric 

patterns which control energy balance relationships, convective rainfall, and boundary 

layer meteorology (UCAR, 1991). Increasing surface albedo and dust in the atmosphere 

reduces convective rainfall. For this reason, it is commonly stated that desertification 

generates more desertification (Otterman, 1974), 

The explanation of desertification is a complex phenomenon which requires the 

unified criteria of many disciplines, such as climatology, ecology, geography, soil sciences, 

hydrology, etc., to understand land, climatic and atmospheric processes in an integrative 

way. Tucker and Justice (1986) have established a criteria to define a methodology for 

studying arid lands. In areas receiving more than 250 mm of precipitation, the presence of 

green leaf biomass should be the leading parameter to study. On the other hand, in areas 

receiving less than 250 mm, dormant vegetation and soil related parameters are the most 

distinctive parameters to observe. To complete the methodological study, there is a 
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general agreement that arid lands should be studied in a muhidimensional scale in terms of 

area, time, resources, and criteria. In terms of area, UNEP (1992) has recommended the 

utilization of models in three scales; 1) in a "patch" scale (area of 1 - 100 m^), 2) the 

watershed scale (area of 10,000 m^ to 1 km), and regional to continental scales. Another 

consideration is that semi arid areas adjacent to arid or desertic areas are the most 

endangered due to the influence of neighboring dry conditions. In terms of time, scales 

should include seasonal, years, and long-term monitoring. In this aspect the challenge is 

to identify drought periods followed by periods of vegetation recuperation from 

consistent and well defined long-term increase of desertic conditions. Resources and 

criteria are two related aspects; they include observations in different fields of study 

looking at different strata of study of the whole problem, including the socio-economic 

part of the anthropogenic factor. 

Remote Sensing Applications on Arid Lands 

One of the principal problems in studying arid lands is the lack of and reliability of 

data in many sites of the world (McGinnies et al.^ 1968). A reason for this reality is that 

many countries located in arid lands are suffering with poor economies which makes it 

difficult to invest in technical equipment for data acquisition, processing, analysis and 

archiving. Thus, one of the priorities of the international community is to develop a 

network of confident data bases which permit the integration of different disciplines, such 

as climatology, hydrology, geography, ecology, and soil sciences to identify short-term 



environmental oscillations and long-term gradual changes. Data acquisition should be 

conducted continuously on a local and regional scale to observe land use and its effect on 

biosphere and atmospheric processes. Remote sensing applications are one of the most 

recommended tools to carry on these kind of studies. An advantage of airborne and 

satellite data is that it changes in perspective, showing features that would not be possible 

to see from the ground. These features can be combined with surface campaigns and 

selected meteorological data to produce synergetic results. Another reason to apply 

remote sensing is the low cost per unit area considering the surface included in an image. 

Remote sensing can acquire data in areas of difficult ground accessibility. In addition, 

satellite remote sensing application permit the integration of information of regions from 

different countries, allowing observation of continuities or distinctions. Satellite remote 

sensing produces continuous and periodic data, and airborne sensors permit control data 

acquisition. 

Two satellite sensors are important in this dissertation. The Landsat Thematic 

Mapper (TM), from which images were used to study a semi-arid region in the U.S-

Mexico international border along the Arizona and Sonora states, and the Moderate 

Resolution Imaging Spectroradiometer (MODIS) sensor, in which nominal spatial 

resolution bands were simulated from TM images to test the consistency of our results at 

those spatial scales. A description of both sensors follows. 



The Landsat Thematic Mapper and MODIS Sensors 
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The Landsat Thematic Mapper Sensor 

This sensor was introduced on Landsat 4 in 1982 with the objective of offering 

higher spatial, radiometric, and spectral resolutions than the previous Landsat MSS 

sensor. The TM sensor was launched again aboard the Landsat 5 in 1984. Due to the 

failure of Landsat 6 in 1993 which was carrying the Enhanced Thematic Mapper (ETM), 

Landsat 5 continues acquiring data, and periodic on-board re-calibrations are performed to 

assure confidence of the data (Campbell, 1987). Landsat 4 and 5 satellites were placed at 

an altitude of 705 km in sun-synchronous orbits with an equatorial crossing time at about 

9:45 a.m. and a complete coverage cycle of 16 days. The swath width of the sensor is 

185 km with a 30 m nominal spatial resolution, except for band 6, which is 120 m. 

Spectrally, it has seven bands. Bands 1 - 4 use 16 staggered silicon detectors and bands 5 

and 7 use 16 staggered indium antimonide detectors. The thermal infrared band relies on 

a 4-element mercury-cadmium telluride array. This sensor operates with a whiskbroom 

system with 2.28 m focal length and a fi'5.6 optical system. It is an 8-bit system. More 

specific description of the spectral bands is included in Table 1. This table describes the 

first three bands in the visible spectrum. Bands 4 through 7 are sensitive to IR energy in 

spectral regions invisible to the human eye. To display these bands, different colors are 

assigned to their digital value in a false color composite image. Inside the IR range, bands 
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5 and 7 sense the sun's energy that is reflected from the surface, and band 6 responds to 

the emitted thermal infrared energy (NASA, 1984). 

The MODIS Sensor 

When MODIS is launched, it will be the most important sensor of the NASA-EOS 

program covering daily global monitoring studying biosphere dynamics and process rates. 

MODIS has been designed with the philosophy of creating land products with the 

objective of reducing image processing time for the scientific community. In this way 

some land products will include mapping of spectral albedo, land cover and change 

detection, vegetation indices, snow and ice cover, surface temperature and fire, carbon 

cycles, hydraulic balances and biochemistry of greenhouse gases. Two versions of the 

MODIS sensor will be on board two polar synchronous platforms, EOS-AM and EOS-

PM to be launched in June 1998 and December 2000, respectively. The equatorial 

crossing time for EOS-AM will be 10:30 A.M. in an ascending orbit, and 13:30 P.M. for 

EOS-PM in a descending orbit. The radiometer is designed to acquire information in 36 

spectral channels distributed from 0.415 to 14.235 (im wavelength, and with three nominal 

spatial resolution: 250 m (2 channels), 500 m (5 channels), and 1000 m (29 channels) at 

nadir (Table 2). The sensor total aperture is 110° providing a swath width of 2330 km 

with a repetitive cycle of 16 days (Running et al, 1994). 
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Table 1. Thematic Mapper band characteristics (NASA, 1984) 

Band Bandpass (^m) Characteristics 

I (blue) 0.45 - 0.52 High atmospheric scattering, blue chlorophyll absorption, 

used for conifer discrimination and separation of soil and 

vegetation. 

2 (green) 0.52-0.60 Hi^ reflectance of healthy vegetation, ratio band 1/2 related 

to dissolved organic material. 

3 (red) 0.63 - 0.69 Red chlorophyll absorption, used to determine plant vigor. 

4 (NIR) 0.76 - 0.90 Used with visible bands to create vegetation indices related 

to plant biomass and delineation of water bodies. 

5 (MIR) 1.55- 1.75 Sensitive to moisture content, useM for rock differentiation 

and cloud, ice, snow delineation, and vegetation moisture. 

6(TIR) 10.4 - 12.5 Useful for crop stress detection, emissivity changes, and 

hydrothermal mapping. 

7 (MIR) 2.08 - 2.35 Useful for geologic mapping, hydrothermally altered rocks, 

plant heat stress, moisture content. 

MODIS is designed to improve present products over NOAA-AVHRR for 

vegetation monitoring. The higher spatial resolution is 250 m for MODIS instead of 1 and 

4 km for AVHRR. Spectrally, 36 channels instead of 5 channels, and narrow NIR 

channels are used to reduce absorption problems and earlier equatorial crossings are used 

to reduce cloud appearance. Better radiometric calibration is provided by an on board 

Spectro-Radiometer; improved atmospheric correction methods and pixel to pixel 



Table 2. MODIS band specifications (MODIS homepage) 
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Primary Use Band Bandwidth (jim) Spatial Resolution (m) 

Land / Cloud 1 0.620 - 0.670 250 
Boundaries 2 0.841 -0.876 250 

Land / Cloud 3 0.459-0.479 500 
Properties 4 0.545-0.565 500 

5 1.230- 1.250 500 
6 1.628-1.652 500 
7 2.105-2.155 500 

Ocean Color/ 8 0.405 - 0.420 1000 
Phytoplankton / 9 0.438-0.448 1000 
Biogeochemistiy 10 0.483 - 0.493 1000 

11 0.526 - 0.536 1000 
12 0.546 - 0.556 1000 
13 0.662-0.672 1000 
14 0.673 - 0.683 1000 
15 0.743-0.753 1000 
16 0.862 - 0.877 1000 

Atmospheric 17 0.890 - 0.920 1000 
Water Vapor 18 0.931 -0.941 1000 

19 0.915-0.965 1000 

Surface / Cloud 20 3.660 - 3.840 1000 
Temperature 21 3.929 - 3.989 1000 

22 3.929 - 3.989 1000 
23 4.020 - 4.080 1000 

Atmospheric 24 4.433-4.498 1000 
Temperature 25 4.482 - 4.549 1000 

Cirrus Clouds 26 1.360- 1.390 1000 
27 6.535-6.895 1000 
28 7.175-7.475 1000 
29 8.400 - 8.700 1000 

Ozone 30 9.580 - 9.880 1000 

Surface / Cloud 31 10.780- 11.280 1000 
Temperature 32 11.770- 12.270 1000 

Cloud Top 33 13.185- 13.485 1000 
Altitude 34 13.485- 13.785 1000 

35 13.785 - 14.085 1000 
36 14.085 - 14.385 1000 
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coregistration will enrich the quality of data (Huete et al., 1994). In addition, MODIS will 

be interconnected with other sensors such as the EOS Multi-Angle Imaging Spectro-

Radiometer (EOS-MISR) which has nine cameras viewing a fixed angle for better 

determination of the bi-directional reflectance distribution ftinction (BRDF) eflfect. Also, 

in regions of the world where cover change is detected at MODIS spatial resolution, finer 

spatial resolution sensors (Landsat, ASTER, or SPOT) will be used for better 

quantification of the change (Running et al., 1994). 
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CHAPTERS 

MATERIALS AND METHODS 

Study Site 

Location of San Rafael Valley 

The San Rafael Valley is located along the U.S.-Mexico border, about 40 km east 

of the cities of Nogales, Arizona and Sonora, respectively. Towns within the area are 

Lochiel on the U.S. side and Santa Cruz on the Mexican side. 

This valley is between the Sonoran and the Chihuahuan Deserts in the southern 

part of Arizona, U.S. It is located between 110° 20' and 110° 50' W longitude and 31° 

20' and 31° 28' N latitude. The area consists of approximately 860.6 square kilometers 

straddling Santa Cruz and Cochise counties. 

The area is a privileged and beautiful valley surrounded by the Patagonia 

Mountains along the west, the Huachuca Mountains along the east, and Canelo Hill in 

the north. This location increases the area's water catchment The Santa Cruz River 

originates in this valley, running south into Mexico, looping for about 55 km, then turning 

north into the U.S. again. The river concludes its 205 mile course intersecting the Gila 

River near the city of Phoenix, Arizona. 

The altitude of the site varies from 1371 m at the point where the Santa Cruz River 

crosses the international fence to about 2201 m at the Mt Washington, the highest 
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peak in the Patagonia Mountains, and about 2885 m at Miller Peak, the highest peak in the 

Huachuca Mountains. 

On the Mexican side, following the Santa Cruz River path, the valley extends 

between the San Antonio Mountains with an altitude of 2210 m and El Chivato 

Mountain with an altitude of 2190 m. The area consists of about 112.5 square kilometers 

from Guadalupe Ranch to the west, to Parker Canyon to the east, and the town of Santa 

Cruz in Santa Cruz, Sonora County to the south. A map of the San Rafael Valley and 

surrounding areas along the U.S.-Mexico border is presented in Fig. 4. 

Figure 4. Southeastern Arizona and northeastern Sonora (Mter Bahre and Bradbury, 
1978). 
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History of the Area 

The history of both sides of the border has been described as having similar 

degraded conditions until the early 1900's when the intemational fence was established. 

The American side belonged to Mexico until 1854 when the Gadsden Purchase annexed 

the land between the Gila River and the present intemational boundary to die United 

States. The major impact on the ecosystem during the Mexican period was provoked by 

the large scale cattle raising activity. 

After the American Civil War (1861-1865), the area became settled more 

considerably by Anglo Americans (Bahre and Bradbury, 1978). Bahre (1991) described 

three reasons for this event: subjugation of the Apaches; discovery of several important 

mining districts; and completion of the Southern Pacific railroad from Tucson to El Paso. 

Ranching and mining promoted the cutting of large quantities of wood and timber at that 

time. Sawmills, established in Patagonia, the Huachuca Mountains, and the towns of 

Bisbee and Lochiel, operated until the 1890's. Oak (Quercus spp). Juniper {Juniperus 

spp), Pinyon (Pinus edulis Engelm), and mesquite (Prosopis juliflora) were the most 

exploited vegetation species to fuel mines and warm houses (Hadley and Sheridan, 1995). 

Logging in the Patagonias was extremely heavy for the mining camps of Duquense, 

Washington, and Mowry. In contrast, a low rate of logging was reported in the Huachuca 

Mountains. 

The National Forest Reserve was created in 1905. Since then, live wood cutting 

has been controlled on federal lands. In the early 1930's, firewood gathering for cooking 
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and heating was stopped on the American side. On the Mexican side, the cutting of wood 

was prohibited until the mid-1950's. 

Toumey (1891) reported a high degradation (heavy overgrazing) of the grassland 

as the major reason responsible for the difficult identification of the individual grass 

species in the area. Wagoner (1952) reported a severe drought between 1891 and 1893 

which led to the death of 50 to 70% of the cattle in Southern Arizona. 

Construction of a fence at the international border began in the early 1900's. And 

was completed around 1915 (Bahre and Bradbury, 1978). The significant difference in 

land use on both sides of the border was established by the application of the Taylor 

Grazing Act in 1934. The objective of this act was to protect public land from 

overgrazing by both controlling the number of livestock and improving management 

practices. On the Mexican side, the land was expropriated in the late 1940's and divided 

into ejidos with less control over land use. 

The period from 1860 to 1960 was the most intensive land utilization of this area. 

Hadley and Sheridan (1995) described the higher population peak around 1910, but by 

1960 mining activities had ceased and schools, post offices, and stores were closed due 

to the intense migration. During this process, small ranches which are still operating in the 

valley and facing the explosion of rural subdivision since 1950 (Bahre, 1991) were 

replaced by large, modem ranches with less workers. For instance, in 1993 part of the 

Ki-He-Kah Ranch, an 1800 acre ranch, was sold in 160 acre lots breaking up the grassland 

into smaller parcels. The main reason for this subdivision was the high price difference in 
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selling the grass for grazing compared to that for residential use (Pence and Brooks, 

1994). 

This historical description, confirms that even though the international fence was 

erected around 1915, significant land use differences between both sides of the border 

began in 1934. The differences observed today are the result of the ecosystem recovery 

on the American side and the overgrazing effect in the Mexican side. 

Vegetation 

The general landscape of the San Rafael Valley and surrounding mountains is 

composed of plains grassland, evergreen woodland, ponderosa pine, mixed conifer 

forest, and riparian wetlands vegetation (Bahre 1991). Bahre also stated that the major 

differences in the vegetation types in this area are related to elevation rather than 

longitude and latitude. Figures 5 and 6 show a vegetation map for the U.S. and Mexican 

sides, respectively. 

The plains grassland community is also known as a short grass prairie. It is found 

on elevations from 1372 m to 1829 m. It is populated mainly by perennial grasses. The 

dominant species include Bouteloa curtipendula (sideoats grama), B. eripoda (black 

grama), B. hirsuta (hairy grama), B. rothrockii (rotrock grama), B. grasilis (blue grama), 

Trichachne califomica (Arizona cottontop), Sporobolus wrightii (wright sacaton), 

Andropogon spp (bluestems), Eragrostis intermedia (plains lovegrass), Aristida longiseta 

(threeawn), Hilaria jamesii (galleta), and Setaria macrostachya (plains bristlegrass). 
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Figure 5. Vegetation map of the study area of the U.S. side (Brown, 1973). 
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Bothriochloa barbinodis (beared cane grass). During the rainy season, ephemerals and 

annual forbes are mixed with the grassy species. 

The evergreen woodland conmiunity is found along mountain slopes in elevations 

from 1219 m to 2134 m. It is populated mainly by Quercus arizonica (Arizona white 

oak), Q. emoryi (emory oak), Q. oblongifolia (Mexican blue oak), and Juniperus 

deppeana (alligator juniper). In the lowerland margins bordering the plains grassland, 

scatter shrubs are found among Oaks. These species include: Vauquelinia califomica 

(rosewood), Juniperus monosperma (one-seed juniper), and Prosopis spp (mesquite). In 

higher elevations, bordering the ponderosa pine and mixed conifer forest, other species are 

associated with this ttansition. These species are: Pinus cembroides (Mexican Pinyon), 

Pinus engelmanii (Apache pine), Pinus leiophylla (Chihuahua pine), Arcthostaphylos 

pungens (manzanita), and Arbustus arizonica (malone). 

The Ponderosa pine and mixed conifer forest are present at elevations over 2134 

m, almost exclusively on the top of the Huachuca Mountains. This community is 

dominated by Pinus ponderosa (Ponderosa pine), Pseudotsuga menziesii (Douglas fir), 

Abies concolor (White fir), and less dominant species are Populus tremuloides (Quaking 

aspen) and Quercus gambelii (Gambel oak). 

The riparian wetlands are located along the banks of major streams of the Santa 

Cruz River (where permanent running water from high water tables provide high soil 

moisture content). The type of dominant species varies with elevation, but most dominant 

species are: Populus spp (cottonwood), Chilopsis linearis (desert willow), Salix spp 
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(willow), Prosopis juliflora (mesquite), Plantanus wrightii (Arizona sycamore), Fraxinus 

permsylvanica (velvet ash), Junglans major (walnut), and Tamarisk chinensis (tamarisk or 

salcedar). 

Vegetation Change 

Vegetation change has been associated with an intensive exploitation of the land 

in the southwest (Hasting and Turner, 1965; Martin and Turner, 1977; Bahre and 

Bradbury, 1978; and Humpley, 1987). The change in the type of grasslands during the 

last 150 years in the southwestern United States has been widely discussed (Neilson, 

1986). In the early 1900's, on sites with good grass cover, the stocking rate was 17 ha per 

animal unit whereas in the decades that followed these rangelands could be stocked at only 

95 ha per animal unit (Campbell and Campbell, 1938; Wright and Van Dyne, 1976). 

The reduction in grass cover is a consequence of several factors: vagaries of 

climate (mainly droughts), overgrazing by livestock and rodents, trampling, erosion, and 

factors related to plant characteristics, such as competence. Competence by stronger 

species reduces the success of survival of dominated species by limiting food, nutrients, 

space, and other common needs (Odum, 1959) and the other factors at some point 

become hazardous for some species (Herbel et al, 1972; Wright and Van Dyne, 1976; 

Neilson, 1986; Archer, 1989). 

The effects of drought and erosion are highly correlated. Drought is a period of 

insufficient rainfall which causes damage in plant growth (Herbel et a/., 1972). In areas 
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such as the one under consideration where rainfall is limited, drought effects on plant 

growth are more pronounced than in areas of high precipitation. Considering the area 

under study, the effect of drought could be described in the long and short term. In the 

long-term, the effect of drought was seen in the reduction of grass and invasion of 

mesquite. Reduction of grasses such as Bouteloa spp (black grama) and Sporobolus 

flexuosus (mesa dropseed), occurred because these plants are not adapted to the sandy 

soils which are formed by wind erosion during droughts (Herbel et ai, 1972). 

Establishment of Prosopis spp (mesquite) is enhanced because the deep, well-developed 

root system of this plant allows resistance to moisture stress, thereby providing an 

advantage over shallow rooted grasses (Herbel et a/., 1972). In the short-term, drought 

affects survival rates, especially in younger plants (Wright and Van Dyne, 1976) because 

of the increases in wind erosion that may kill plants by soil depletion. 

The effects of overgrazing can be easily understood. Overgrazing removes 

biomass, and reduces the photosynthesis area, hence carbon fixation and storage, which 

is critical for the plant during drought periods. Furthermore, overgrazing is highly 

correlated with cattle movement, trampling, and soil erosion. Also, cattle trampling 

promotes soil compaction reducing water infdtration, and it is an efficient medium to 

disperse weeds. Probably these correlated effects have more impact on plant growth 

than grazing itself. (Wright and Van Dyne, 1976). Herbel and Gibbens (1987) state that 

the change of vegetation in the southwest from grasses to shrubs resulted in the loss of 10 

cm of A horizon due to increased erosion. Furthermore, overgrazing reduces the 
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probability of wildfire which is the more effective natural control for invasive species such 

as mesquite, acacia, burroweed, and snakeweed. 

The combination of cattle overstocking and periods of drought is a devastating 

mixture for grasslands. This was the case between 1891 and 1893 in the San Rafael 

Valley, which has been considered a comparison event for vegetation studies in the area. 

However, nowadays, the condition of the grassland in the San Rafael Valley is quite 

different from other slopes of the Patagonia and Huachuca Mountains, which show 

condition similar to those described for the southwest On the American side of the valley, 

grass species dominate the landscape with the exception of some areas, which have been 

invaded by Diguiera annual, a composite annual plant, present after the rainy season. 

Gooch Goodwin, co-owner of the Parker Canyon Ranch, estimates a stocking rate of 10 

to 12 hectares per unit animal (personal communication). On the other hand, the Mexican 

side of the valley shows a more degenerated landscape with more abundance of mesquite 

and other shrubs. Weeds indicating land degradation, such as Gutierrezia spp. 

(snakeweed) and Solanum eleagnifolium (white Horesenettle), are also abundant. Other 

soil and vegetation differences are discussed in the corresponding sections. Mr. Goodwin 

estimates higher stocking rate for the Mexican side. Downing and Ffolliott (1983) 

reported a stocking rate on the average of 3.2 animal per square kilometer in Arizona, and 

an average of 12.3 animal per square kilometer in Sonora. 

Riparian areas have always been associated with human settling. These areas have 

supported agriculture, construction of irrigation channels, woodcutting, grazing, and 
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transportation. They face groundwater pumping and, on the Mexican side, extraction of 

sediments as construction materials. 

Bahre and Bradbury (1978) described the condition of the riparian area of the 

Santa Cruz and San Pedro Rivers before 1860 as a open, un-channeled, marsh with 

abundance of fish and beaver. Bahre (1991) reported changes in riparian areas as 

increasing the density of cotton wood and willows, which were not present in 1880's and 

an invasion of tamarisk. Some reasons for this change are explained in terras of change in 

hydrologic regimen, natural succession, or reestablishment after the cessation of 

woodcutting. 

Grazing is also the major reason for riparian area degradation. Today, grazing is 

transforming the Santa Cruz River path into a bare, sloughing bank with little streamside 

vegetation. Trees and grass along the river were eaten up or beaten down by cattle and 

horses. Young trees are seldom found because they have been severely tramped. The 

damage is present on both sides of the border, although it looks more pronounced on the 

Mexican side where the rivers are converted to a ramification of irrigation channels, 

sometimes deep, sometimes broad and shallow. Inside the Mexican territory, the river is 

utilized to irrigate vegetables and apple orchards in the town of Santa Cruz. With the 

exception of the town, the river is only active during the monsoon period (mainly August). 

Contrasting with the grassland and riparian areas, where change is easily 

observable, transformation of the evergreen woodland area is not consistent. Hasting and 

Turner (1965) compared a series of multi-temporal matched photographs and concluded 
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that evergreen woodlands have migrated upward slope in response to climatic change. 

The sustained hypothesis is that climate has turned to greater aridity. Bahre and Bradbury 

(1978) also compared matched photographs taken in 1892,1969, and 1976. They found 

that evergreen woodland areas have increased in some areas and decreased in others. 

They associated the changes with human activities instead of climatic changes. Bahre 

(1991) analyzed aerial photographs taken between 1935-1937 and 1983-1984, and 

concluded no change in the general trend of evergreen woodlands except in cleared areas. 

In the study and monitoring of vegetation change along the border, matched 

photographs (Hasting and Turner, 1965; Bahre and Bradbury, 1978; and Humprey, 1987), 

field survey notes, and aerial photographs (Bahre, 1991) have been used. Although these 

sources have been helpfiil in documenting changes, Bahre (1991) discusses sources of 

error related to matched photographs and siurveyor field notes. Problems with matched 

photographs are: a) first series of photographs were taken at the time of fence 

construction, so they may be influenced by local distm-bance along the line; b) due to the 

longer time interval between one series of photographs to another, pictures may show a 

long time span plants which are more stable rather than short-lived; c) errors produced by 

cameras placed in different directions; and d) the earlier series of photographs were taken 

in 1892, thirty years after the Anglo setdement when changes may have occurred. 

Climate 

The climate of the Sonoran Desert region is controlled by one low and two high 
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atmospheric pressure systems: the Sonoran Low, Pacific High, and Bermuda High systems 

(Shrave, 1944; Ives, 1949; Selles, 1960; Hasting and Turner, 1965; Bryant et ai, 1990). 

The Sonoran Low is a local system around the Pinacate Peak near Sonoita, Sonora. In 

winter, it is a weak system which extends from Yuma, Arizona to Caborca, Sonora. In 

sunomer, its influence extends from Winslow, Arizona to Culiacan, Sinaloa, and the 

eastward side of the Baja California Mountains. During spring and fall, the Sonoran Low 

is dissipated, forming small local low atmospheric pressure systems. The major influence 

of the system, when it reaches its maximum, is the diminution of an uplift air circulation 

and consequent lack of rainfall (Ives, 1949). 

The Pacific High is also a migrating system with a center localized at latitude 40° 

N in the Pacific Ocean during the summer. In winter the system moves toward the south, 

and its center is located about 24° N latitude. When this system migrates toward the 

south, it causes cold rainy weather in the Sonoran Desert, obliterating the influence of the 

Sonoran Low, which becomes a weak system (Hasting and Turner, 1965; Bryant et ai, 

1990). 

The Bermuda High is a system originating in the Gulf of Mexico. The major 

influence of this system is in early July when the Pacific High system moves northward. 

As a result of the readjustment, masses of moist air influence the area after crossing the 

Chihuahuan Desert, and combining with the convective uplift, triggers the summer 

monsoon (Ives, 1949; Hasting and Turner, 1965). 

As a result of these atmospheric dynamics and the transitional location of the San 
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Rafael Valley, the climate of the valley is semi-arid with an annual mean precipitation of 

505 mm (Selles, 1960). 

The monthly precipitation has a bi-modal distribution; that is, there are two 

rainy seasons during the year. One rainy season occurs in winter during December and 

January and the other in summer from July to September. Two drought periods are also 

presented, one more severe in spring from February to early July, and the other, more 

moderate, in fall from October to middle December. Precipitation information collected at 

Parker Canyon Ranch from 1990 through part of 1995 is presented in Fig. 7, and the 

average precipitation of 64 years is presented in Fig. 8. 
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Figure 7. Monthly precipitation collected at Parker Canyon Ranch (source: Mr. Gooch 
Goodwin, co-owner of Parker Canyon Ranch). 
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Figure 8. Average mean temperature and precipitation data from 1893 to 1957 collected 
at San Rafael Valley weather station (Sellers, 1960). 

About 13 percent of the total yearly precipitation falls during December and 

January. Usually, this precipitation is in the form of light showers, which might span 

several days. Due to the characteristics of rainfall and the time of the year, soU water 

infiltration is high and evaporation is low, contributing to high water retention. Another 

source of precipitation during this season is snow. The mean monthly report of snow for 

the San Rafael Valley is about 6.4 cm (Selles, 1960). 
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After the drought period of spring, in early July, the area is influenced by moist 

air from the Gulf of Mexico, a product of the Bermuda High system, which brings the 

summer monsoons. During this season, about 61 percent of the total monthly 

precipitation falls during July, August, and September. Rainfall events during this season 

are characterized by high intensity and short duration. As a result, run-off of the Santa 

Cruz River and other riparian areas of the valley is high. During this rainy season, soil 

erosion and evaporation are high, and damage to crops, roads, and railroads is common. 

Although the atmospheric systems are less well defined throughout the year, the 

yearly temporal distribution of precipitation presents a high variability, which is 

characteristic of the arid and semi-arid areas of the world (Ives, 1949). 

The moderate altitude of the San Rafael Valley considerably influences the thermic 

regimen of the area. From December to March the minimum average temperature is 

below 0 "C. During these months, freezing early morning temperatures are common, and 

night temperatures are chilly, influenced by cold air of the nearby mountains, which might 

be covered by snow (Fig. 6). In contrast, in summer, the highest temperatures of the 

year are present in July and August. Average maximum values rarely exceed 40 °C; 

predominating values are about 30° C. Spring and fall seasons have moderate 

temperatures. Figure 6 also shows a less constant difference of about 20 °C between 

average monthly minimum and maximum temperatures through the year. 

In contrast to precipitation data, temperature data is more consistent from year to 

year, and, as a result, more predictable (Ives, 1949) 
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Early research has hypothesized that areas affected by vegetation removal, such as 

the case of the Mexican side due to overgrazing, will experience higher surface albedo, 

and, as a consequence, lower surface temperatures (Otterman, 1974). Jackson and Idso 

(1975) measured albedo and surface temperatures of soils and plants of the Sonoran 

Desert and found the opposite relationship; denuded surface is wanner than the vegetated 

surface. Balling (1988,1989) analyzed climatic data from both sides of the border. His 

results showed that in summertime the average maximum surface and air temperature at 

Sonora stations was significantly higher by about 2.5 °C than the Arizona stations when 

latitude and elevation were held constant And, when only elevation is held constant, the 

sunmier average maximum temperature increases about 4 °C. This relationship was found 

on a seasonal scale. However, on a daily scale, the gradient in maximum temperature 

decreased after a rain event. He explained his results in terms of evaporation rate, 

accounting for latent heat in an energy balance equation, which reduced the difference of 

sensible heat on both sides of the border. After ten days of the rain event, differences in 

water retention will affect the measured temperature differently, increasing the gradient 

between the compared sides. 

Soils 

Soil orders on the American side of the San Rafael Valley include Entisols, 

Aridisols, MoUisoIs, and Alfisols (Hendricks, 1985). Most of the series reported for the 

valley present carbonate accumulation and/or silicate layers in their profile. Buried 
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horizons are also common in the Entisols found within the bank of the Santa Cruz River. 

Figure 9 shows a soil map of the study area of the U.S. side, 

Entisols are located along the riparian bank of the Santa Cruz River and branches 

which originate from it The Guest series belong to this order and are classified as Vertic 

Torrifluvents. The series are located in floodplain and alluvial fans with slopes of 0 to 2 

percent Typical horizons of these series are: Ap, A, AC, Btkb. 

Mollisols are represented by the Halthaway series which are classified as Aridic 

Calciustolls and by the Lithic Haplustoll series. The Halthaway series have a gravelly 

loamy surface, and they are found in slopes ranging from 10 to 60 percent The upper 

layer has a medium acid soil reaction and moderately alkaline and calcareous profile 

below 18 to 40 cm. Typical horizons of these series are: A, Bk, 2Bk. The Lithic 

Haplustoll series have a shallow, gravely and cobbly surface with fine to moderate coarse 

textures. A main characteristic is lithic contact within 50 cm of the surface. Although this 

soil can be found in a wide range of slopes, in the San Rafael Valley it is found on very 

steep slopes of hills on the mountains. Typical horizons of this series are: A, C. 

Aridisols are represented by the Bemardino and the White House series which are 

classified as UstoUic Haplargids. These series typically have a dark brown loam surface, 

and are found on rolling fan terraces with 0 to 35 percent slope. Soil reaction is medium 

on upper layers and alkaline and calcareous about 50 cm depth. The White House series 

are deeper than the Bemardino series. Typical horizons of the Bemardino series are: A, 

Bt Btk, BC k, and Ck and for the White House series: A, Bt, and Bk. 
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Alfisols are represented by the Martinez and Casto series. The Martinez series are 

classified as a Udic Haplustalfs with brown gravelly loam and clay loam surface about 15 

em thick. These series occur in old fan terraces with slopes of 0 to 3 percent. The upper 

layer is strongly acid to moderate alkaline and lower layers moderately alkaline and 

calcareous. Common horizons for these series are: A, Bt, and Bck. The Casto series are 

also classified as Udic Haplustalfs. Characteristic horizons of these series are: A, Bt, and 

C. A difference between the Casto and Martinez series is the thickness of the A horizon 

which is shorter with a higher content of organic matter and less percent of clay 

(Richardson et al.,1979; Hendricks, 1985). A soilscape of the San Rafael Valley is 

presented in Fig. 10. 
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Figure 10. Representative mesic subhumid soil soilscape and profiles (After Hendricks, 
1985). 
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On the Mexican side, information from a soil map issued by the Mexican Institute 

of Statistics, Geography and Informatics (INEGI) using the FAO system of soil 

classification was compared with the information reported above. After translating the 

FAO system to the USDA system, comparisons of both sides of the border were 

performed for the San Rafael Valley area. Figure 11 shows a soil map of the study area of 

the Mexican side. 

Most of the neighboring areas on both sides of the border have similar soils types. 

However, two relatively small areas of the Mexican side, east to the Santa Cniz River, 

were classified differently than the classification assigned to the American side. One area 

was classified as a Chromovert and the other area as a Xerochrept. Both soils were 

adjacent to the White House series on the American side. The reason for this discrepancy 

in classification may be due to the translation from one system to the other. 

During the field campaign in July 1995, soil samples were collected from 15 sites 

located along five 100 m transects utilized for vegetation sampling. The area of sampling 

is between the Parker Canyon and the international marker 109 on both sides of the 

border. Soil series of the sampling area corresponded to White House gravelly loam on 

the American side and Chermovert on the Mexican side. 

Top 10 cm soil samples were collected per each point. All samples were mixed 

and preserved in a common bag for further analysis. Results obtained are listed in the 

following table: 
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Table 3. Analysis of soil samples collected at Parker Canyon during the field 
campaign of 1995 

Soil Texture Organic Soil Color 

Side Sand Silt Qay ClassincatioD Carbon Hue Value Chroma 
(%)  (%)  (%)  (%)  

U.S. 69.9 14.3 15.9 Sandy Loam 1.83 6.9 YR 3.6 2.8 

MEX 61.6 26.0 12.6 Sandy Loam 1.07 7.0 YR 4.0 3.3 

Atmospheric Correction 

Importance 

The final product of a satellite sensor is a digital image; that is, the remotely 

sensed information is registered in an array of digital values or digital counts. From these 

discrete values, information about the feature conditions of the ground is estimated. This 

relationship between the sensor and ground information involves an important 

consideration: the interaction of the electromagnetic radiation traveling Uirough the 

earth's atmosphere reaching the ground and being re-directed toward the sensor. In this 

section, the role of the atmosphere on digital imagery is discussed. 

Basic Concepts 

Absorption 

Absorption is a selective loss of radiant energy due to the conversion of the 
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incident energy to the other types of energy (e.g. heat) by the molecules or other 

inhomogeneities in the propagation medium (Richards, 1993). In the atmosphere, the 

most important gases that provoke absorption are oxygen (O2), ozone (O3), carbon 

dioxide (CO2), and water vapor (HjO). The absorption process is selective because the 

effect of these gases is bandwidth specific. 

Oxygen (O2) plays an important role in the mesosphere and high stratosphere. 

The highest range of absorption is between 0.2 and 0.25 nm, and, to lesser extent in the 

visible and near infrared, particularly at approximately 0.69 and 0.76 (im. Due to the 

ultraviolet absorption, oxygen molecules are dissociated forming atoms which are 

deterministic in the chemistry of ozone (Lenoble, 1993). 

Ozone (O3) is highly concentrated in the stratosphere. Inn and Tanaka (1953) 

studied the behavior of ozone absorption from 0.2 to 0.7 |im. They found a very high 

absorption in the ultra-violet range of 0.2 to 0.31 |im with a maximum of absorption at 

0.255 |im. This ozone absorption is responsible for ultraviolet protection at ground level. 

They also found an absorption region at the red range of 0.6 |im but with a much lower 

coefficient of absorption compared to the ultra-violet region. 

Carbon dioxide (CO2) absorption occurs mainly in the lower atmosphere. It is due 

to the vibrational-rotational process product of the CO2 molecules and related isotopes. 

The strongest absorption occurs in the infrared range, between 13 and 17 |im. A second 

absorption range occurs about 4.3 |jm (Campbell, 1987). 

Water vapor and its isotopic forms of absorption are also limited to the lower 



atmosphere with high variability in time and location. The process of absorption is also 

vibrational-rotational and the range of absorption corresponds to the infrared region. The 

most important regions of absorption are in several bands between 5.5 and 7.0 imi and 

above 27.0 nm (Campbell, 1987). 

Figure 12 represents the effect of the propagation medium, delimited by the length 

from Xi to X2, when energy in units of radiance travels along this medium. 

L(Xi) >1^ 
X, 

-> L(X,) 

Figure 12. Representation of energy traveling through a propagation medium. 

From Fig. 12, can be expressed by: 

(1) 

where 6, is the absorption optical thickness between Xj and Xj. When 6^ is measured 

above a given level, it is called the absorption optical depth and can be expressed as: 

(2) 
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where a, is the volume absorption coefficient with units m"'. If no other effect of 

attenuation is present in the medium, the non-absorbed energy will be transmitted through 

the medium. 

The transmittance (t) of a layer at X, and Xj can be expressed as: 

X . ̂  . exp(-fi.) (3) 

If the radiance at Xj and Xj is known, the absorption optical depth can be calculated: 

6^ = - In T (4) 

The absorbance (a) of the medium in layer X,, Xjis: 

a = 1 - X (5) 

Scattering 

Scattering is the redirection of electromagnetic energy because of gas molecules 

and aerosols in the atmosphere (Campbell, 1987) and is considered the dominant 

mechanism in the image radiometric distortion (Richards, 1993). The main effect of 

scattering is the atmospheric radiance usually associated to haze. When referred to the 

direction of propagation, scattering is also a loss term in the sense that energy is redirected 

in the propagation medium. In contrast to the absorption, scattered energy remains in the 

form of radiation. 



As absorption, scattering optical depth can be expressed as: 
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&, = Jo, (*) dx (6) 

And the same equation for transmittance (x) applies. Now, we will introduce the concept 

of scattering function. In Fig. 13 the radiance flux is scattered firom an incident beam (E) 

by a scattering volume (dv) in a direction s from the plane of scattering. 

dO) 

plane of scattering 

dv 

Figure 13. Representation of scattering function. 

This relationship can be expressed as (Lenoble 1993): 

E dv du> (7) 

where f(0) is the scattering function (in m''sr''), which represents the angular distribution 

of the scattered radiation. When ^is equal to zero degrees, radiation remains unaltered 

and foUows the forward incident direction. When ^is equal to 180 degrees, radiation is 
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re-directed in the backscattering direction opposite the direction of propagation. 

Usually the scattering function is normalized to unit or 4tz and is then referred to 

phase function, P(0), and the resulting integration is: 

4ii 

fPCQ)da> = 1 (8) 

or 

jP{Q)d(i> = 471 (9) 

0 

Scattering is a function of the radius of the particle to the wavelength of the 

electromagnetic spectrum. This relationship is expressed as: 

I n r  
' • — ««' 

where ^ is the scattering-element size parameter and is a relative measurement of 

scattering (Slater, 1980). Molecular (Rayleigh) scattering shows q values of < I, 

indicating that particles are smaller than wavelength . Values of 1< ^ <2 indicate a 

transition to Mie scattering and both wavelength and particle radius are similar. Non

selective scattering is when r is larger than the wavelength. 

Rayleigh scattering is present in "clear atmosphere" conditions and is caused by 

gas molecules such as nittogen, oxygen, argon, methane, etc. This kind of scattering is 
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easily predicted during the atmospheric correction process. It depends basically on two 

parameters: the wavelength under consideration and the amount of gases. The 

relationship with the wavelength is that the grade of Rayleigh scattering decreases roughly 

as An equation derived by Hansen and Travis (1974) gives a good estimation of the 

optical depth for Raleigh scattering: 

0.008569 (!• 0.0113 * 0.00013 (11) 

where A, is in |im, and the relationship is valid for a standard surface pressure of 

^0= 1013.5 mbar. Foster (1984) presented an equation to calculate the value at any 

pressure P: 

% («• V ('.) f (U) 

Mie scattering is caused by larger particles or aerosols. Compared to gas 

molecules, aerosols are more variable and harder to predict Their influence is principally 

in the lower atmosphere from 0 to 5 ion where the most concentration occurs. This kind 

of scattering is also wavelength dependent but not to the extent of Rayleigh scattering. 

Instead, it is related to the Angstrom turbidity law which assumes scattering as 

proportional to y with values between 0.5 to 2.0 (Thome, personal communication). 

Nonselective scattering means that scattering is wavelength independent An 

example of this kind of scattering is the white reflection of clouds. 
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Energy, Surface and Atmosphere Relationships 

The spectral radiance from a surface (Lg;^) is a function of the irradiance reaching 

the surface and the spectral reflectance of the surface: 

where 

PgA = spectral reflectance of the ground surface; 

~ solar spectral irradiance at the top of the atmosphere; 

0z = zenith angle; 

= spectral optical depth; and 

Edil = downweUing spectral irradiance. 

The radiance transmitted toward a satellite sensor will be: 

where 

L.. = spectral radiance at the sensor; 

Lg. = spectral ground radiance re-directed through the solid angle of the field of 

view of the sensor; 

= specu^ upwelling atmospheric radiance; and 

0v = sensor's view angle 

By combining equations 13 and 14, the interaction of the incoming solar irradiance 
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in the atmosphere and surface can be expressed as: 

where and are atmospheric transmittances along the solar and the sensor viewing 

paths, approximately equal to and respectively, for scattering and weak 

absorbers at 0^ and 0^ values less than 70° (Moran et al. 1992). 

If atmospheric effects are ignored, equation 15 is simplified to: 

Pfi«= (16) 

u stands for uncorrected or apparent reflectance. 

When atmospheric correction is applied by solving equation 16, we obtain Ls;^ from 

the DN of the sensor and the calibration coefficients of the sensor applying the next 

equation: 

< — )• (17) 

where 

DN = digital value of the i/-pixel in the image; 

= spectral radiance when DN is maximum (255); and 

Lminx = spectral irradiance when DN is zero. 

Note: 255 comes from the dynamic range of 8-bit data (2® = 256). 

As shown in equation 17, the relationship is linear where Lmtna represents the 



intercept a and (Lmaxa.-Lminj./255) is the slope m of the equation: 
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£, = m * DN * a (18) 

To transform our 1992 Landsat-TM images from digital numbers to radiance at the 

sensor, calibration coefficients were obtained from Dr. Kurtis Thome with the Remote 

Sensing Calibration Discipline Group Department of Optical Sciences of the University of 

Arizona. These coefficients are displayed in Table 4. 

Table 4. Calibration coefficients to transform the 1992 thematic mapper images 
from digital numbers to radiance at the sensor (Units mWcm'V Vn^"') 

Landsat TM band 

Coefficient 1 2 3 4 5 7 

a 0 0 0 0 -0.037 -0.015 

m 0.074 0.1466 0.11346 0.0977 0.0108 0.0057 

Values for equation 17 parameters O^maxx'^minx) ̂  cited in Markham and Barker 

(1986) for MSS and TM Landsat sensors. As will be explained later in this section, 

coefficients obtained from a radiative transfer code based on the Gauss-Seidel model were 

applied to make the atmospheric correction. To calculate the values of the spectral ground 

reflectances, the values to consider are listed in Table 5 (After Markham and Barker, 

1986). 



Table 5. Solar exo-atmospheiic irradiance (Eo;j^)(units mWcm'^nm') 

Landsat TM band 
1 2 3 4 5 7 

Irradiance 195.5 182.9 155.7 104.7 21.93 7.45 

Equation 16 is also applied to calculate exoatmospheric reflectance, which, in 

absence of atmospheric effect, is the same as ground reflectance. Markham and Barker 

(1986) multiplied equation 4 by a value which considers the earth-sun distance along 

the path of rotation. The d value is expressed in astronomical units from a nautical book. 

The zenith angle can be computed from date and time of overpass using a 

SUNANGLE program, or taking information from the header of the respective image. 

Values for d and solar zenith corresponding to the considered TM images are listed in 

Table 6. 

Table 6. Values for the earth-sun distance d and solar zenith angle (O^) for the Landsat TM 
overpasses utilized in this study 

DOY d(au) (degrees) 

162 1.015416 28.8 

178 1.015416» 28.8» 

194 1.016541 30.6 

274 1.001083 45.0 

306 0.992168 53.2 

322 0.992168 57.3 

* Same as 162 due to lack of data processing for DOY 178 (no solar optical depth data acquisition) 
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In this way there will be four unknowns in equation 15: the transmittance terras, 

and the downwelling irradiance and the upwelling spectral radiance, Lj^,. 

Atmospheric correction is the minimizing of the atmospheric effect in the satellite or 

airplane-based remotely sensed data. After taking into account the four unknowns in 

the Eq. 15 the data will be likely as if there were no atmosphere. The most common 

atmospheric effects corrected in digital imagery are scattering and absorption. 

Atmospheric Correction Techniques 

In this section, different techniques of atmospheric corrections are addressed. 

Richards (1993) categorized models of atmospheric correction into three types: a) 

examination of known reflectance of a specific target, b) utilization of the dark object 

subtraction(DOS), and c) modeling the physical behavior of the radiation as it passes 

through the atmosphere. 

The first method considers a natural or man-made feature that can be observed 

with airborne or ground-based instruments at the time of the image acquisition. Its 

advantage is that intrinsically a method that uses in situ or ground information is usually 

the most accurate. Its disadvantage is that sometimes the target is not large enough to 

appear in the image. 

The dark object subtraction is also known as the minimum histogram method 

(Chavez, 1975; Schowengerdt, 1983). This method is based on observing the histograms 

of multispectral images containing dark targets such as deep water bodies or topographic 



shadows. The method involves the adjustment of the image histogram to zero by 

subtracting the minimum pixel value of that band from all pixels in the image. Simplicity is 

the main reason for its utilization, especially under a situation of working with images 

previously acquired, sometimes with years of acquisition. The DOS method assumes that 

the reflectance of the dark target is zero. The disadvantages of the method are: a) it 

neglects surface-atmosphere interactions; b) not all pixels are affected equally, since 

atmosphere can cause dark pixels to become brighter and bright pixels to become darker; 

c) sometimes, there is no dark objects in the image; and d) not all bands are scattered in 

similar proportion. To solve this problem, Chavez (1988) described a method to find the 

relative contribution of each band. In other words, the DOS method is an approximation 

of atmospheric corrections that sometimes can cause inaccuracies due to its assumptions 

of = 1.0 and E^J^, = 0 (Moran et al. 1992). 

Teillet and Fedosejevs (1994) reported a modification of the above described dark 

object substraction. They called their method the dark target approach and described it as 

an image band methodology for aerosol optical depth estimation. The method is based on 

the combination of image information for calculation of the background reflectance and 

the utilization of a radiative code (6S) to estimate the spectral aerosol optical depth. 

When applied on TM data, it only considers the first three bands. The other reflective 

bands are not considered because band 4 may present contamination of the dark target 

signal because of high reflectance of vegetation in this band, and bands 5 and 7 are not 

used because their radiance calibration are less certain and aerosol optical depth values are 
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so small that they can be omitted. Moran et al. (1992) compared the three methods using 

TM and aircraft-based images, concluding that the DOS method was very inaccurate, 

particularly in the NIR region. 

The limitations expected for the DOS technique for global studies are not different 

from the ones described above. Because there is no consideration of atmospheric 

attenuation, there will always be a bias because of the absorption phenomenon. However, 

one advantage in the application of the method on this scale is the high appearance of 

water bodies (sea) which permit regional calibration. Teillet and Fedosejevs (1994) 

reported that the method will work well in most areas of the world, but in flat desert areas, 

it could fail because of the lack of dark targets. Another situation which would make the 

technique fail is the presence of excessive cirrus clouds on the scene, specially when there 

are some non-visually detectable between gaps of major clouds in the image (Teillet and 

Fedosejevs, 1994). 

The third model refers to the application of radiative transfer codes such as 6S, 

Gauss-Seidel or LOWTRAN, each one with different assumptions and simplifying 

approximations. The advantages of these models are their accuracy and applicability to a 

wide variety of conditions. Disadvantages of these methods are that they are complex, use 

intrinsic computer programs, require detailed meteorological information, and apply only 

to a few points within the scene. The atmospheric conditions also vary with altitude. 

Radiative transfer refers to radiative energy traveling through and interacting with 

a propagation medium. The amount of energy crossing in the propagation medium will 



consist of the unattenuated energy plus addition of emitted or redirected energy toward 

the path of propagation. Basically the radiative transfer equation is written as: 

<a,^(s,co) = (19) 

where 

= Spectral radiance; 

s = Arbitrary distance; 

CO = Arbitrary direction; 

|i = Volume extinction coefficient, which describes how well the medium 

attenuate; and 

= Spectral source ftinction, which accounts for the increase of radiation due 

to emission and multiple scattering, and has the same units as L;i 

This equation describes the change in radiance ( L )  along a path in a certain 

direction and depends on a) attenuation ability of the medium, b) sources and sinks in the 

medium, and c) energy in the system, or how much radiation starts travelling in a given 

direction. 

A solution to the radiative transfer equation is based on the transformation of the 

distances to optical depths (6), since; 
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~ J Jl(s)ds- (20) 
o 

where & represents the optical depths due to absorption and scattering: 

(21) 

6 is inversely related to transmittance ( -r ), which can be expressed in terms of 

vertical optical depth 

't = exp(- m~) 

where m is a unitless air mass equal to 1/cose (6 is the zenith angle in degrees). 

Then the solution to the radiative transfer equation can be expressed as: 

I 

L 1 = J J 1 (s' ,c.> )e -"'C•.I'>ds-' + L 1 (s=O ,c.> )e -"C•.o) 

0 

(22) 

(23) 

where the source function (first term) represents the amount of energy re-directed into the 

direction of interest and the second term, the Beer's law incident term, represents the 

radiation that passes the medium unattenuated. 6 (s, s') is the optical depth between points 
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s and s', and 6(s, 0) is the optical depth along the entire path. 

Usually the amount of energy redirected toward the direction of interest (J;^) is the 

most difficult parameter to determine. When scattering is an important process in some 

areas of the spectrum, this parameter can be expressed as: 

2s s 

0 0 

where P is the phase function assumed for Mie scattering (Herman, 1964). Since all 

parameters in Equation 23 are inter-related, to calculate the first we need to know the 

second, and to know the second we need to know the first. A common method to solve 

this problem is through the implementation of a interactive radiative transfer code. 

Considering the atmosphere as a propagation medium, the radiative transfer code is a 

series of computer programs which describe the vertical attenuation, scattering and 

absorption passing through predetermined atmospheric layers. The method applied to 

solve the atmospheric effect on our TM images was the Gauss-Seidel flat atmosphere 

radiative transfer code, developed by the Optical Science Remote Sensing Group, which is 

described in the next section. 

The Gauss-Seidel Radiative Transfer Code 

To calculate the atmospheric correction coefficients for the 1992 TM images, the 



Gauss-Seidel flat atmosphere radiative code was used to compute ground reflectances 

from spectral radiance at the sensor by taking into account the atmospheric effect. The 

code is based on a numerical solution of the radiative transfer function for areas of the 

spectrum dominated by Mie scattering (Herman, 1964). The code divides the atmosphere 

into tiny and plan-parallel layers and assumes a uniform atmosphere and ground 

reflectance, and Mie scattering. The required input parameters are: a) solar zenith and 

solar azimuth angle, b) sensor view angle and sensor azimuth angle, c) central wavelength, 

d) surface reflectance, e) absorption and scattering optical depths, f) values of bi

directional reflectance disttibution function (BRDF), and g) ground elevation and sensor 

altitude (Gauss-Seidel Flat Atmosphere Radiative Transfer Code Manual). 

Direct solar optical depth estimation was determined from solar radiometer data 

located at the Kendall site in the Walnut Gulch Experimental Watershed near Tombstone, 

Arizona. Data were taken at the time of image acquisition for the 1992 images with the 

exception of DOY 178. The solar radiometer data were processed to obtain values of 

optical depth as the example presented in Table A1 for band 2. The optical depth 

separation method was described by Biggar et al, (1990). The method separates the 

optical depth components, absorption, Rayleigh (molecular), and ozone through an 

interactive method, which applies the Langley Plot procedure. 

In Tables A2 and A3, the input and output parameters of the Gauss-Seidel code 

for DOYs 162 and 274 are presented. The atmospheric correction factors, which couple 

DN to ground reflectances, are obtained by applying a linear relationship between specfral 
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radiances at different values of reflectance (Fig. 3). Figure 14, shows that the shorter the 

wavelength of the sensor band, the higher the level of atmospheric correction. 

In Equation 18, it was expressed that radiance values are linearly related to DN by 

the sensor calibration coefficients. In the same way, by applying the linear relationship in 

Fig. 10, radiance values are related to ground reflectances as: 

L^ = m * a (25) 

where L, is expressed in units of Wni'^sr'\ pg is the ground reflectance and m and a  are the 

atmospheric calibration coefficients. 

The last equation for atmospheric correction to convert ground reflectance from sensor 

radiance results by inverting equation 25: 

The calibration coefficients applied on the 1992 TM images are listed in Table 7. 
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Figure 14. Relationship between radiance at the sensor and ground reflectance. 
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Table 7. Atmospheric Correction Coefficients 
After Washbume (1994) 

a  coefficient atmospheric path radiance 

Landsat TM band 
DOY 1 2 3 4 5 7 

162 20.55 13.17 7.08 2.47 0.21 0.07 
178 same as 162 
194 26.25 12.85 6.77 2.29 0.17 0.05 
274 23.46 11.31 5.77 1.79 0.09 0.03 
306 22.01 10.55 5.43 1.73 0.06 0.03 
322 20.62 9.88 5.03 1.57 0.09 0.02 

m coefficient: multiplier 

162 449 426 384 266 56.4 19.4 
178 same as 162 
194 458 419 374 258 54.4 18.7 
274 383 356 320 222 47.1 16.2 
306 321 294 267 188 40.3 13.7 
322 287 268 242 170 36.1 12.5 

As validation of the efficiency of the atmospheric correction procedure, the 

reflectance data extracted from the 1992 TM images of DOYs 162 and 274 at the Kendall 

site (a grassland at the Walnut Gulch Experimental Watershed) were compared to the 

Exotech radiometer ground data obtained from a 240 m transect at the time of image 

acquisition. This comparison is presented in Fig. 15. 
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Figure 15. Comparison of ground reflectances obtained with an Exotech radiometer (E) 
and data extracted from the atmospherically corrected TM images (AC) of DOYs 162 and 
274 at Kendall site (Exotech data provided by Karim Batchily of the Terrestrial Physics 
Laboratory, University of Arizona). 

Image Proce.s.sing 

A series of six 1992 Landsat TM images were acquired in this study to analyze the 

spatial and temporal differences along the U.S.-Mexico border. The corresponding dates 

of these images are listed in Table 8. 
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Table 8. Dates of the 1992 Landsat TM images analyzed in this study 

Julian Day (DOY) Date 

162 June 11 

178 June 27 

194 July 13 

274 October 1 

306 November 2 

322 November 18 

Among the seven bands of the TM sensor, all bands except the thermal band 

(band 6) were analyzed in this study. 

Image Registration 

Image to image registration was performed on all images at Boston University, 

Massachusetts. The nearest neighbor resampling technique was used for all images. The 

images were fit with a quadratic relationship. The root mean squared error (RMSE) was 

less than one in all cases (averaged around 0.6). 

Atmospheric Correction 

Ground reflectance images were derived from the corregistered images through the 

application of the calibration coefficients, as described in the previous section. 



Window Extraction and Masked Areas 

The original scene of the corregistered images consisted of 6967 columns and 

5965 rows. From this scene, the study area window was extracted and consisted of 6967 

columns and the bottom 2678 rows which included both sides of the U.S.-Mexico border. 

Although the international fence at this section of the border has an ascending diagonal 

shape, to make the comparison easier, it was assumed to have approximately the same 

number of pixels per each side of the border. 

Three areas of different sizes were masked to extract the data of interest. These 

areas were identified as Parker Canyon, San Rafael Valley, and Regional. A description of 

each of these study areas follows and is presented in Fig. 16. 

a) Parker Canyon sampling area. This area is a typical grazing area, dominated by 

grasses with a greater abundance of dicotyledonous on the Mexican side, and with 

a higher rate of grazing soil and vegetation disturbance than on the U.S. side 

(Figure 17). The area is located inside the San Rafael Valley and consisted of 

1,200 pixels (about 106 ha) on each side of the border. 

b) San Rafael Valley sampling area. This valley is a grassland combined with washes, 

riparian areas, and agricultural areas along the Santa Cruz river on both sides of 

the border, but with a higher density of vegetable and apple fields in the Mexican 

orchids. The sample area consisted of about 63,000 pixels (or approximately 

5,800 ha) on each side of the border and included the lower land of the valley. 

c) Regional sampling area. The Arizona-Sonora regional scale consisted of a masked 



Figure 16. Graphic representation of the sampling sites: Parker Canyon (black marks), San Rafael Valley (purple square), 
and regional scale (blue polygon). The image window consists of about 200 km x 75 km. 
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area of about 8 million pixels (or about 738,000 ha) on each side of the border. 

The area included grasslands, mountain vegetation, croplands, riparian areas, a 

high proportion of shrublands, and a diversity of soil backgrounds. Roughly the 

area included, from east to west, the cities of both Nogales Mexico and Nogales, 

Arizona, about 200 km to the west approximately to the border of Arizona and 

New Mexico, and from north to south, about 35 km on each sides of the border. 

Figure 17. Parker Canyon sampling area, photograph taken in July 21, 1995 
from the Mexican side. The fence is the international border. 
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Description of the Applied Remote Sensing Techniques 

A description of the remote sensing techniques included in this study is presented 

in this section. Individual band, albedo, vegetation indices, linear mixing models, and scale 

interpolation are described here. 

Individual Band Comparison 

Individual band comparison was done for bands in the visible (1,2, and 3), infrared 

(NIR)(4), and middle infi-ared (MIR)(5 and 7) spectrum for a dry season day (DOY 162) 

and for an after rainy season day (DOY 274). In addition, temporal comparisons of the 

six dates were observed on both sides of the border. 

Albedo 

Albedo (a) is the ratio between total reflected solar radiation and total incident 

energy, usually referred over 0.25 to 3.0 ^m spectral range, where most of the solar 

irradiance occurs (Oke, 1987; Jury et al., 1991). Albedo is a variable affected by soil 

surface conditions, such as soil color and OM (Post et al., 1994; Fimbres, 1996), moisture 

content (Idso et al., 1975; Graser and van Bavel, 1982), roughness (Chia, 1967), and 

vegetation cover (Stanhill, 1970). It is also affected by solar zenith angles. High albedo 

values are found in the early morning and the later afternoon (Imos et al., 1988). Latitude 

is the other variable affecting albedo. Albedo values increase with latitude (Kukla and 
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Robinson, 1980). 

In terms of solar irradiance (E) and ground reflectance (p), albedo can be defined 

as; 

j-p(X) £(X)9X 

(27) 

where the integral is defined in the solar reflective range and the normalization factor for 

different sun angles (cosOj) should be included (Pinty and Ramond, 1987). 

By definition, to calculate albedo, a continuous spectrum in the solar reflective 

range needs to be considered. However, albedo has been also estimated from sensors 

which acquire information of reflectance only in discrete bands. Washbume (1994) 

compared different criteria to develop a set of weights (w) such as the weighted sum of 

sensor band reflectance, which gave an accurate estimate of albedo from Landsat TM 

data sensors, starting from solar spectral irradiance, surface spectral reflectance, and 

sensor spectral response. The author found that: 

« • ^Pi^i (28) 

and concluded that among the five tested methods, the ratio of partial-to-total irradiance 
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(P/T) of total irradiance, defined as 

was the most consistent and the most physically credible weighing strategy. 

of the TM sensor bands, he developed the following relationship 

a - 0.067(Pi) « 0.155(Pj) » 0.166(pj) • 0.409(p^ » 0.157(pj) » 0.045 (p,) (30) 

This equation was applied in this dissertation to calculate albedo and to compare both 

sides of the international border. 

(29) 

An in terms 

Vegetation Indices 

In the visible spectrum, healthy vegetation shows high absorption in the blue (470 

nm) and red (670 nm) electromagnetic range with higher reflectance in the green (500-620 

nm) range. The blue and red absorptions are controlled by chlorophyll and many other 

pigments present in the chloroplast of the leaf. In this organelle, harvesting of incident 

photosynthetic active radiation occurs during the photochemical conversion of carbon 

dioxide and water into carbohydrates and oxygen, the process of photosynthesis. In the 

near-infrared (NIR) (720 to 1300 nm) spectrum, high reflectance is observed as a product 

of strongly scattered energy in the spongy mesophyll of the leaf. In a continuous spectral 
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curve, the two contrasting reflectance values, low in the red and high in the NIR, are 

known as red shift (Colwell, 1974; Collins, 1978; Elvidge and Lyon, 1985). 

Vegetation indices (Vis) are combinations of spectral bands designed to emphasize 

the red shift to differentiate the radiometric measurements of vegetation and to enhance 

the contrast from other nonvegetated materials. These indices are unitless and involve 

ratios (NBR/red), differences (NIR-red), linear combination of bands (xl*red + x2*NIR), 

or combination of all above (Huete et al., 1996). 

Because of their simplicity. Vis have been used extensively to estimate plant 

biophysical parameters, such as leaf area index (LAI), the proportion of leaf surface area 

per unit of soil surface. Vis have also been related to biomass, the weight of plant tissue; 

percent green cover, fractional absorption of photosynthetically active radiation (fAPAR), 

fractional energy caught by the canopy, and agronomic parameters related to crop 

production (Wiegand et al., 1991; Liu and Huete, 1995). 

The desired VI should have high capability to discriminate vegetation from other 

materials and couple it to biophysical parameters. Consistency in minimizing effects that 

alter the value of the index is another requirement. For instance, external effects are 

systematic changes of, for instance, sun angle, atmospheric influence, and sensor view 

angle during the growing season. Intemal effects from soil noise, litter, and ground, 

among others, are also systematic and occur even in ground measurements. By 

normalizing intemal and external effects. Vis can be applied globally to assess temporal 

and spatial variations in vegetation. 
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Ratio-based VTs 

Basically, there are three categories of Vis, ratios and orthogonal-based Vis 

(Jackson and Huete, 1991) and atmospheric corrected Vis (Rondeaux et al., 1996). 

Ratios are useful in amplifying information where there is an inverse relationship between 

two spectral responses to the same biophysical process (Cambell, 1987). Ratios also have 

the important property of minimizing variations of the solar irradiance product of different 

sun angles, topography, clouds, and atmospheric conditions. Ratio indices are the most 

commonly used Vis. The ratio vegetation index (RVI) was used by Jordan (1969) to 

calculate leaf area index in a forest floor. The RVI relation is: 

^ (31) 

The major advantage of this index is its sensitivity to vegetation changes under 

dense vegetation. A major disadvantage is that under high vegetation activity the red band 

value is very low and the index grows without bound (Huete et al., 1996). Another 

disadvantage is its insensitivity under sparse vegetation cover. 

The normalized vegetation index (NDVI) was designed to enhance the difference 

between the NIR and red bands: 

NDVI - ^ (32) 
NIR » red ^ ' 

The values of the index vary from - I to 1. Ratio indices can be calculated from outputs of 
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sensor voltage, radiance values, reflectance values, or image digital numbers. Negative 

values result from targets where red reflectance is higher than NIR reflectance such as 

water reservoirs, snow or clouds. Values close to zero indicate none or low influence of 

vegetation signal and high values indicate high amounts of vegetation. 

This has been the most popular index in the remote sensing community since the 

early 70's. A great amount of information has been reported to show a linear relationship 

between NDVI and plant leaf parameters, such as biomass production, fAPAR, and 

percent cover (Tucker et al., 1981; Asrar et al., 1984). Tne integral of the NDVI has been 

appUed on a temporal basis to estimate the net primary production (NPP) in phenological 

studies (Justice et al., 1985; Tucker and Sellers, 1986). On the other hand, the NDVI has 

presented several limitations. Atmospheric fluctuations reduce the index values, decreasing 

the contrast between NIR and red values (Teillet, 1989). Solar and view angles are 

components of the bi-directional reflectance distribution function (BRDF). NDVI shows 

higher values in the forward scatter direction compared to measurements in the antisolar 

direction (Huete et al., 1992). Gitelson et al., (1996; cited by Huete et al., 1996) reported 

insensitivity of the NDVI after LAI values higher than 2 due to saturation of the red band. 

Huete et al., (1985) and Huete and Warrick (1990) reported that NDVI increases under 

low brightness values of background. And Sellers (1985) documented the effects of 

different canopy structures and BRDF on NDVI. 
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Oithogonal-ha.sed VTs 

Orthogonal-based Vis apply the soil brightness line concept (Richardson and 

Wiegand, 1977), which is useful for discrimination of vegetation from a soil background 

(Jackson, 1983). The soil brightness line is created when soil values are displayed in a 

two-dimensional scatterplot of red and NIR bands. Dark soils with high moisture and 

organic matter (OM) content, or composed of basaltic minerals, modestly respond in the 

red and NIR regions, whereas contrasting bright soils responds with high red and NIR 

reflectance values. A full vegetation cover pixel respond with low red and high NIR 

reflectance values. In the scatterplot, it will be located in the upper left axis of a triangular 

shape point distribution. 

The soil brightness line concept assumes that all soils fall in a single line, and, as 

vegetation grows on the soil, vegetation values will migrate away in the orthogonal 

direction from the soil line toward the full vegetation cover axis. In this way, the 

measurement of the perpendicular distance of a point from the soil line is an indication of 

the amount of vegetation presented on that point (Jackson, 1983). Some examples of red-

NIR pixel distribution are presented in the mixing model section of this dissertation. 

Richardson and Wiegand (1977) proposed the perpendicular vegetation index 

(PVI) to measure the orthogonal distance from the soil line as a Euclidean distance 

(33) 
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where S is the soil reflectance, V is the vegetation reflectance, rand NIR are bands. 

The PVI attempts to reduce the influence of soil by assuming that most soil spectra follow 

the same soil line, and this index has presented better results than those from NDVI under 

low vegetation density conditions (Rondeaux et al., 1996). The major problem of PVI is 

that a scatter of soil points usually fall away from the principal soil line resulting in less 

accurate interpretation of vegetation cover. This problem is accentuated in semi-arid lands 

and in the early phase of vegetation and crop growth. 

Huete (1988) reported that in addition to a non-single soil line, the soil line does 

not cross through the origin failing to fully normalize soil background effects. He 

reported that both the ratio and soil brightness line indices do not account for these 

problems and proposed the soil-adjusted vegetation index (SAVI): 

SAVI- (1 • L) (34) 

where p indicates reflectance, NIR and red are bands, and the L term accounts for the 

differential red and NIR canopy transmission related to Beer's Law (Huete et al., 1996). L 

= 0.5 was reported as an optimal constant for a wide range of conditions, and (1 + L) is a 

multiplicative factor to maintain the same bounds as in NDVI. 

SA VI has been demonstrated to normalize a ftrst order soil-canopy background 

interaction effect (Baret and Guyout, 1991) and certain multidirectional red and NIR 
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reflectance effects (Huete et al., 1992) resulting in a better estimation of vegetation 

biophysical parameters, such as LAI (van Leeuwen, 1995), and% cover (Qi et al., 1994) 

than NDVI. 

Atmospheric corrected Yls 

Another family of VIs are those that correct for atmospheric effects. Kaufman and 

Tanre (1992) included atmospheric information with the NDVI equation. They proposed 

the following atmospherically resistant vegetation index (ARVI): 

p'NIR- p'ri> 
ARVI - __::_::::;..:_____..:._ (35) 

where p • is the reflectances with previous molecular and ozone atmospheric corrections: 

(36) 

where blue, red, and NIR are bands andy depends on the aerosol model (when no 

information is available y = 1). 

Liu and Huete (1995) applied this atmospheric correction concept on SAVI, 

resulting in a soil-adjusted and atmospheric resistant vegetation index (SARVI): 
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where p is the surface or the top of the atmosphere reflectance, L is the same adjusted 

(38) 

canopy factor as in SA VI, C1 and C2 are coefficients for atmospheric aerosol resistance. 

And L = 1, C1 = 6, C2 = 7.5 (Liu and Huete, 1995). 

Linear Mixing Models 

The Model 

The value of a pixel obtained from a digital image represents the integrated 

reflective characteristics of all individual elements in the ground area inside the field of 

view of an optical sensor. These individual elements with their specific or "pure" spectral 

signatures are called endmembers. 

A linear mixing model explains the composition of a mixed spectrum (P J by the n 

number of endmembers (p J each weighted by its relative proportion or fraction (j) and an 

unmodeled part identified as the residual term (c) (e.g., Adams et al., 1986; Smith et al., 

1990; Boardman and Goetz, 1991; Roberts, 1991): 

and 

It 

pl. - L (jl • p il.) + E l. 
1-1 

(39) 
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(40) 

This model assumes that the spectral variability of a whole scene can be explained 

by a few surface materials with different spectral signatures which remain dominant in a 

multispectral dimension. Consequently, the number of bands usually exceeds that of 

endmembers so that the fraction of each endmember for a specurum of a given pixel is 

estimated by the means of a least squares fitting. 

The model can be applied to DN, units of radiance or reflectance. In this study, it 

was applied to reflectance images. An important advantage of referring the model to 

actual ground reflectance, instead of units of radiance or digital numbers, is to connect 

endmerabers to real surface materials, such as vegetation, soil, or water bodies (Smith et 

al., 1990). 

The model was applied to unmix the San Rafael Valley area. This scenery was 

suitable for the application of this technique due to uniform distribution of the grassland, 

contrasting to high vegetated crops and riparian areas along the Santa Cruz River, and 

some clearly defined disturbed areas with high exposition of soils. 

Selection of Endmembers to Calculate Their Fraction 

The selection of endmembers is the most important part of the process to find the 

better fit of the model and reduce the spectral error. 
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To choose a set of endraembers which explain most of the spectral variability of a 

whole scene, a two dimensional scatterplot between the red band and the NIR bands was 

visually inspected. A dry season scatterplot (DOY 162) and a wet season scatterplot 

(DOY 274) are displayed in Fig. 13. These are scatterplots ofa 512 by 512 pixel 

window size obtained from a 30 m spatial resolution TM image. The pixel value 

distribution forms a triangular shape where pixels from photosynthetically active areas are 

located in the upper edge of the triangle. In other words, they represent high NIR and 

low red values. Pixels dominated by a high proportion of soil brightness are located at the 

right edge of the triangle indicating high red and middle to high NIR values. Pixels with 

high proportions of dark material are positioned at the left edge of the Uiangle. 

The wet season image showed a triangle with higher height, indicating a more 

intensive vegetation activity than the dry season image. In this way and by utilizing an 

inter-active program of the PCI image processing software, which indicates the 

coordinates of the pixels localized in the scatterplot, two image endmembers were 

identified as vegetation and soil brightoess. The third image endmember related to the 

shade was also included. The shade endmember can be described as a multiplicative 

factor which accoimts for the cosine of topographic effect, surface albedo (brightness), 

and canopy shadow. After the position of the selected pixels considered as image 

endmembers was determined, reflectance values for the six TM bands (all reflective 

bands, without the thermal band) were extracted to describe the pure spectral signature of 

each image endmember. Due to sixth dimensionality of the data, different combinations of 
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Figure 18. Scatterp1ot of the red and NIR bands of the San Rafael Valley image. a) Dry 
season image (DOY 162) and b) Wet season image (DOY 274). The image 
window size was 512 columns and 512 rows. 
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endmembers were tested to select the best, which resulted in the least root mean square 

(rms) error. 

Since sets of image endmembers for a same site vary with different conditions for 

different times of image acquisition, the shade image endmember was set to zero with the 

purpose of applying a similar alignment in modeling topography and normalizing different 

sensor view angles. The vegetation image endmember selected was a highly vegetated 

pixel corresponding to a wet season image (DOY 274), and the soil brighmess image 

endmember selected was obtained from a dry season image (DOY 178). 

A program written by Tomaoaki Miura from the Terrestrial Physics Laboratory, 

University of Arizona, was used to unmix the image. Two outputs were obtained from the 

program computation: First was the level of modulation reported in the rms error which 

expressed the goodness of the model in representing the total spectral variability of the 

image by the selected set of endmembers. Hence, the residual part represents the spectral 

variation not predicted by the model. This residual part was expected to be lower than the 

noise induced by the sensor. Smith et al (1990) reported an average for rms at 2% in 

reflectance values when TM images were modeled by laboratory and field spectrometer 

data. Second, fraction images were obtained for each of the endmembers plus an error 

image. Each pixel of a fraction image had an actual value between zero and one, and the 

summation of all fraction endmembers should be one. Values close to zero represented 

lack of spectral contribution of the particular endmember, while values close to one 

implied dominance of that particular endmember. 
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Scaled Vegetation Fraction 

When vegetation cover is the parameter of interest, a better estimation is obtained 

by normalizing the vegetation fraction by the shade fraction image. (Smith et al 1990): 

F,..g 
VF • ---=-

• 1-FIIwh 
(41) 

where VFs is the scaled vegetation fraction, independent of shade effect, and Fveg and Fshade 

are vegetation and shade fractions, respectively, for that particular pixel. This equation 

assumes that shade is equally partitioned among all endmembers. Similarly, the process 

can be applied to the soil fraction image or any selected endmembers. 

The practical application of the VFs is its relative estimation of vegetation 

abundance. To find more accurate results, the model has to be calibrated by some 

method, such as regression analysis to biophysical parameters, such as percent cover, LAI, 

green biomass, etc., in the field. 

To compare both sides of the international border, values of scaled vegetation 

fraction were compared for two sites marked as San Rafael Valley and Parker Canyon. 

The regional scale of the Sonora-Arizona border was not included in this analysis. The 

reason for its exclusion is included in the mixing models results section. 
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Pixel Aggregation 

FffecLs of scale 

Scientists of different fields have focused more on understanding the effect of 

developing research at different scales. Many experiments have been performed at specific 

scales and have attempted to describe phenomena at different scales. The main problem is 

that something true at one scale may not be valid at another scale if there is no linearity. 

One example of scale effect, according to plant physiologists, transpiration is regulated by 

stomatal conductance, but for meteorologists, the phenomenon is regulated by climate. 

Another example, the distribution of marine phytoplankton is controlled by horizontal 

turbulent diffusion according to local studies. However, according to studies on a broader 

scale, it is controlled by local eddy upwelling movements. Another important effect of 

scale is that some processes dominate at different scales. Biological processes dominate 

on geological processes at terrestrial scale, but at broader scales physical processes 

dominate on biological processes (Wiens, 1989). 

Extent and Grain 

Area and detail are probably the most important parameters describing landscape 

in a map, image, or mental visualization. It is clear that they are opposite: when the area 

is increased, apparent detail is lost, and vice-versa. The ability to detect patterns is 

described in terms of extent and grain. Extent can be defined as the study area, for 

instance, the total scene or a window in an image. Grain is the size of the sampling units. 
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for instance, the quadrant size along a transect or the pixel size selected for data 

extraction. Grain represents the smallest area of detection. These two spatial borders 

are widely analyzed by landscape ecologists to study the effect of varying spatial scales 

(Turner era/. 1989). 

By increasing extent, more area of the landscape is included adding new elements, 

such as cover types. Sometimes, under spatial natural boundaries, such as mountains or 

rivers, the variance of diversity increases rapidly because of the change in spatial patterns. 

And by increasing grain, features with low proportions in spatial appearance on the 

ground (landscape) experience a faster disappearance at coarser resolutions. At the 

opposite, features with high proportion will dominate. This is valid under randomly and 

non-randomly distributed features. In other words, well dispersed covers will disappear 

faster than patch forming covers (Turner et al. 1989). 

When the scale of a variable is modified, the general effect is a change in the 

variance of that variable. When grain is increased during the aggregation process, the 

new pixel value is formed by averaging some smaller pixels. The result of this 

aggregation is a smoothing of the total scene, reducing the spatial variance because greater 

proportion of the spatial heterogeneity is included inside the grain. The overall result is 

loss in detail. In addition, when extent is increased, more heterogeneity is also included 

with the addition of new areas. By increasing extent and holding grain constant, the 

proportion of between-grain variance will be increased (Wiens 1989). 

Turner et al. (1989) analyzed some indices related to landscape patterns. They 
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Studied indices of diversity, dominance and contagion. Maximum diversity was 

encountered when land cover types were present in similar proportion. Presence of one or 

few land covers caused large values of the index of dominance. Contagion was defined as 

the adjacency of cover types. These indices were compared to different levels of extent 

and grain. These results showed the index of diversity decreasing linearly with decreasing 

grain, but contagion and dominance did not show a linear relationship. In contrast, when 

extent was increased, the indices also increased. 

Scale in Remote Sensing 

Scale is a variable. As a variable, its different values should be recognized as a 

source of variation in the description of a specific feature. In addition to its values or 

levels of magnitude, its interaction with other variables opens a wide complex area for the 

application of remote sensing information. In remote sensing, scale has been described in 

terms of spatial, temporal, and special resolution. 

a) Spatial resolution. Probably the first idea of scale is related to its cartographic 

application. In this field, scale refers to the spatial detail of a map. Here, scale relates the 

distance on a map to actual distance on the ground. In the same way, it relates the area 

included in the map and the spatial detail or description of that area. For instance, a 

1:1,000 000 map is a small scale map where a large area is included in the map with very 

coarse detail. In contrast, a 1:1,000 scale map describes a small area with high spatial 

detail. Usually ecologists use large scale maps and cartographers use small scale maps 
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(Foody and Curran, 1994). 

In remote sensing the same concept applies, scale is that of a spatial resolution 

commonly identified by the size of the pixel also describing the size of objects in the scene. 

Strahler et al (1986) classified discrete models in remote sensing as H- and L-resolution. 

In the first case, the resolution cells are smaller than the elements. In the second case, the 

resolution cells are larger than the elements. Examples of H-resolution models are image 

processing models where individual elements can be identified, and canopy models are 

example of L-resolution models. The authors concluded that the formulation of the 

models are specific to the acmal size of elements and resolution cells. 

It is common in remote sensing to compare information of local areas with that of 

regional or global areas. The most direct approach is to acquire images of different scale 

from different sensors for the same day and area of interest. However, although this is the 

simplest comparison, some problems begin to appear when dealing with different scales. 

Frank et al. (1994) reported some problems with this comparison: a) sensors having 

different waveband intervals, b) difficulty in comparing spatially coincident sites, c) 

different atmospheric and topographic effects, and d) spectral channels responding 

differently to the change in scale depending on the landscape on the ground. The first 

problem can be solved with standardization of bandwidth but the other problems have to 

be considered. 

Another option is to aggregate information from a sensor having fine resolution 

and change the scale to simulate the expected results in a sensor with coarse scale to 



118 

model algorithms from local to regional scale. In the literature, this aggregation has been 

called scaling up (Foody and Curran, 1994), progressive clumping (Lillesand and Kiefer, 

1994), extrapolation of data (Turner et al. 1989), integration of spatial datasets (Moody 

and Woodcock, 1994), averaging signals over larger areas (Pience and Running, 1995), or 

degradation of images (Woodcock and Strahler, 1987). This process is more complex 

than the comparison of images with different scales. 

Some authors have reported studies on aggregation. Townshend and Justice 

(1988) degraded MSS images from the original 80 m spatial resolution until 4000 m. They 

found that at 1000 m significant changes were observed in the surface area represented by 

NDVI values. Moody and Woodcock (1994) degraded TM images to different scales 

until 6000 m. They reported the same observations as those from Turner et al. (1989): 

covers with higher proportion eventually dominate and are overestimated. In contrast, 

covers with low original proportion disappeared. They also reported an important aspect 

in scaling: threshold. They reported that from 30 m to 90 m spatial resolution there was 

consistency in the properties of the image because of the high level of spatial 

autocorrelation. Beyond 90 m the autocorrelation begins to break down affecting the 

linearity of the data. 

With the infroduction of the threshold concept, another related parameter is the 

domain. Domain is related to the validity of the scale of a particular variable. This 

parameter describes the portion of the scale where the process-pattern relationship is 

consistent One way to quantify the domain limits is to study the variance of the variable. 
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Usually peaks of high variance represent levels of heterogeneity in which the between 

grain variance is still high. Thus, pecks of variance of similar behavior may link two 

variables with similar levels of aggregation (Wiens, 1989). 

b) Temporal resolution. In addition to applying scale in a spatial context, in 

remote sensing, scale may be applied in a temporal context since one important utilization 

of remote sensing is to monitor environmental changes over time. The tm-bulence of the 

atmosphere may change in minutes, the seasonality of a grassland represents the seasons 

of the year. El Niiio occurs every four years, and soil development is compared for 

centuries. These are examples of the earth system processes studied with remote sensing 

describing different temporal scales. 

Strahler et al. (1986) also classified their H- and L-resolution models in a temporal 

way. The H- resolution model describes slow changes in time, and L-resolution models 

faster changes compared to the temporal resolution of the sensor. 

Pierce and Running (1995) estimated NPP on a temporal basis using aggregated 

databases. Their results described how early growing season estimations of NPP were 

overestimated, and late growing season were underestimated. 

Wiens (1989) cited the necessity to link spatial and temporal scales. He stated that 

studies conducted over a long time using fine spatial scales have low predictability, and 

short term studies conducted at broad spatial scales generate false predictions. In this 

respect he concluded that temporal and spatial scales must be coordinated to describe the 

studied system. 



120 

c) Spectral resolution. Spectral resolution as a scale is probably specific to remote 

sensing. Frank et al. (1994) compared ground data with TM and AVHRR images. They 

found that the NIR channel was more stable than the visible channel when scale was 

modified. 

Spatial Simulation nf MODTS Data from TM TmagRrv 

A simulation algorithm developed by Barker et al., (1992) was applied to conven 

TM images from the original pixel size (28.5 m) to the following levels of interpolation: 

250,500, and 1000 m. These pixel sizes simulate the different nominal spatial resolutions 

of the MODIS sensor. The program simulates near nadir spatial resolution measurements. 

The original TM image, which consists of about 7,000 pixels by 6,000 lines, was 

subdivided in arrays of 2,500 x 2,500 pixels to solve the computer memory constraint 

during the interpolation process. To match the MODIS modulation transfer function 

(MTF), the TM image was spatially filtered. A Fast Fourier Transform (FFT) was applied 

in the image array to convert the TM image from spatial domain to frequency domain. In 

the frequency domain, the MODIS frequency domain image was created by multiplying 

the filter array by the TM frequency domain image. Finally, an inverse FFT was applied to 

return the MODIS image to the spatial domain (Barker et al., 1992). 

The goal of the aggregation process was to verify the consistency for the presence 

of the border differences at different nominal spatial resolutions. Specifically, it attempted 

to answer the question whether future sensors such as MODIS with lower spatial 
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resolution will be able to detect the border differences akeady reported in this dissertation. 

Before answering this question, the consistency of reflectance values modeled from one 

pixel size to another of higher nominal spatial resolution was tested. 

Another important application of image aggregation is the reduction of the image 

size. For instance, the size of a TM image interpolated to 250 m is about 869 pixels by 

744 lines. If the process of interpolation is efficient, the resulting image can be more easily 

processed in terms of computer space and memory, or can even be processed in a PC 

software solving one of the main difficulties of the original TM image, which is the large 

amount of data processing for 42 MB per band. 

Mean and standard deviation (STD) reflectance values at different pixel size were 

observed for the regional scale area of the Arizona-Sonora border. The stability of Vis 

and albedo was also observed for the smdied dry and wet season dates, DOYs 162 and 

274, respectively. 

1995 Field Data 

In 1995, vegetation, soils, and radiometric data were taken at Parker Canyon with 

the objective of comparing the magnitude of border differences with the obtained sensor 

data of 1992. All these data were obtained on DOYs 181 and 274 (solar zenith angles of 

33° and 46°, respectively) on the U.S. side, and on DOYs 185 and 295 (solar zenith angles 

of 34° and 52°, respectively) on the Mexican side. DOYs 181 and 185 correspond to the 

dry season and DOYs 274 and 295 correspond to after the wet season. 
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Vegetation data consisted of cover (%) and dry biomass (g/m'). Vegetation 

moisture content was also recorded for DOYs of the dry season. 

The vegetation sampling methodology for percent vegetation cover consisted of 5 

transects of 100 ra sampling every meter. Biomass was calculated from 3 quadrants of 0.5 

X 0.5 m per transect Vegetation moisture content was calculated from the same samples 

after being oven-dried. 

Soil samples consisted of 15 samples per transect of top soil which was placed 

inside a sealed can. The data presented in Table 2 were obtained from the analysis of 

mixing all samples from each side of the border. 

Radiometric data was recorded using an Exotech radiometer. The Exotech has 

the capability of obtaining TM and SPOT bandpass-equivalent data by interchanging the 

respective sensor filters. In this study, the TM filters were used to acquire data in the first 

four TM bands. A 1 km transect was sampled approximately every 10 m mounting the 

radiometer on a yoke frame at a height of about 1.5 ra, 15° field of view (FOV), ground 

FOV (GFOV) of 40 cm X 40 cm. The time of the day was approximately from 9:00 to 

11:00 a.ra, with a nominal sun zenith angle of 43.55 to 68.85 degrees. 

Statistical Analysis 

The statistical anlayisis was performed through the application of the t-student 

mean comparison. The t-value was calculated as follows: 



t • c 

(x1 - x2) 

s 2( _!._._!._) 
n 1 n2 
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(42) 

where x1 and x2 are the mean values calculated at each side of the border, n is the number 

of pixels and s is the variance of the selected sampling area calculated as: 

(nl-l)sl2 • (n2-l)s/ 

n1.n2-2 
(43) 
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CHAPTER 4 

RESULTS AND DISCUSSION 

In this section the results of data obtained from the sampling areas of the TM 

images are presented and discussed in terms of spatial and temporal analysis. This 

discussion begins with the analysis of results from the Parker Canyon, then the San Rafael 

Valley, and finally the regional scale area. In terms of remote sensing techniques, the first 

topic is individual band comparison followed by albedo, vegetation indices, and finally 

mixing model analysis. 

After the major sections of spatial and temporal analysis, the data are discussed in 

a third dimension in terms of changes in nominal spatial resolution. Results of the 

aggregation of the TM images to MODIS images are presented. The effect of aggregation 

on mean and standard deviation values are presented for the Parker Canyon and regional 

areas. The main idea was to predict the results that will be achieved with the MODIS 

sensor if similar border comparisons are analyzed. 

Finally, the ground data resuhs obtained from field campaigns in 1995 are 

presented. The section includes radiometric data and analysis of soil and vegetation 

samples. 
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Individual Band Comparison 

Parker Canyon 

Mean values of spectral reflectance of the six TM bands (visible and MIR 

wavelengths) from a dry season image (DOY 162) and a wet season image (DOY 274), 

presented m Fig. 19 were extracted from the area masked as Parker Canyon. This figure 

shows that the spectral reflectance of the dry season image was higher than that from the 

wet season image, and the Mexican side was consistently brighter than the U.S. side for 

both dates and most bands. In DOY 162 no difference was observed in bands 4, 5, and 7. 

The higher reflectance values observed for the dry season are explained in terms of the 

low vegetation cover and the dormant state of the grasses compared with the wet season 

image. The Mexican side is assumed to be brighter on DOY 274 because of the higher 

soil signal contribution. Differences in DOY 274 were more pronounced in the red (3) 

and MIR bands (5 and 7). 

Standard deviation indicates the range of variability of the parameter under study. 

In a grassland, high values of standard deviation indicate a high contrast among ground 

features, such as a high degree of exposed soil, in addition to diverse soil types with 

varymg color, organic matter content, and surface components. Also, diverse types of 

vegetation cover will cause high variability. In contrast, low values of standard deviation 

are obtained in uniform areas. A uniform area is an area with no vegetation cover and 
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Figure 19. Mean spectral reflectance at the Parker Canyon sampling area for DOYs 162 
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similar ground conditions, or one with similar vegetation type that is continually 

undisturbed. 

The standard deviation calculated at Parker Canyon for both sides of the border, 

presented in Fig. 20. This figure shows that values of standard deviation increased with 

wavebands. From Table 1, it was noted that the bandpass of each band increased with 

wavelength, with exception of the red band. This could indicate a relationship of standard 

deviation values with bandpass. At this spatial scale, the Mexican side experienced lower 

standard deviation values than the U.S. side at both DOYs. 

Ground data taken in 1995 with an Exotech radiometer resulted in a similar 

relationship for a dry season period. As presented in figure 17, the area is commonly 

under overgrazing. The similar characteristics of the exposed soil and low vegetation 

cover at this DO Y can explain the lower values of standard deviation compared with the 

U.S. side, which presented more diversity in vegetation species mixed with areas of 

exposed soil. 

The mean spectral reflectance values for all bands at Parker Canyon for both sides 

of the border is presented in Fig. 21. This figure is similar than Fig. 19, but both DOYs 

were separated to clarify their levels of variability. In Fig. 21a, it is shown that the red 

was the band showing highest difference between both sides of the border in the dry 

season. The red band showed a significant difference at a= 0.10. The other bands mostly 

overlapped with standard deviation bars. In Fig. l\b, one again observes the importance 

of the red band in DOY 274 which showed a significant difference at a= 0.10. In 
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addition, bands blue, green, and MIR (7) also showed a significant diflference at a levels 

of 0.10 . The MIR (7) band responded to moisture content and senescent materials. This 

MIR band experienced higher diflferences at DO Y 274 because of the acquisition of the 

image after the rainy season when both sides of the border presented maximum diflferences 

in vegetation conditions. 

Values of the diflference and the relative diflference for these two DOYs are shown 

in Fig. 22. The diflference is the subtraction of the average reflectance on the Mexican side 

minus the average reflectance on the U.S. side. Figure 22a compares the band diflferences 

for DOYs 162 and 274. All values are positive in all bands, indicating that reflectance 

values from the Mexican side were higher than those on the U.S. side. This figure shows 

that bands 3 (red), 4 (NIR), and 2 (green) present the highest absolute diflference for DOY 

162. For DOY 274, the bands of the MIR spectrum (5 and 7) varied the most across the 

border, along with band 3 (red). However, as reported above , band 5 did not show a 

significant diflference at this DOY. 

The percent relative diflference normalizes the diflference by mean value, assuming 

a linear response of the mean with the absolute diflference with the objective of intuitively 

observing that difference. In this case the Mexican side is compared with respect to the 

U.S. side by using the relationship: Mexican side - U.S. side / U.S. side. Figure 22b 

shows the relative diflference of DOYs 162 and 274 between both sides of the border. For 

DOY 162, the TM bands that showed the highest values of relative diflference (%) were 

bands 3 (red), 2 (green), and 4 (NIR) with 15.6%, 8.9%, and 5.9%, respectively. For 
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DOY 274, the highest values corresponded to bands 3 (red), 7 (MIR), and 1 (blue) with 

19.5%, 18.8%, and 12.3%, respectively. 

San Rafael Vallev 

Mean reflectance values of DOYs 162 and 274 comparing both sides of the border 

masked as San Rafael Valley are presented in Fig. 21. The area studied was the lowland 

of the valley consisting of grasslands, riparian areas and agricultural fields along the Santa 

Cruz River on both sides of the border. More agricultural areas were found on the 

Mexican side. These areas consisted of 0.5 to 2.0 ha apple orchids and small vegetable 

plots. Figure 21 is similar to Fig. 19 in that it describes the spectral reflectance values for 

Parker Canyon. Some differences between these two graphs are in terms of a slightly 

higher value in all bands for San Rafael Valley, and the different response of bands 5 and 

7, which showed higher differences in DOY 162 between the U.S. and Mexican side. 

Similar to Fig. 19, the overall observation that Mexico was brighter than U.S. is 

consistent on this spatial scale. Also the dry season date resulted in higher reflectances 

than the wet season dates. 

Standard deviation values obtained on this spatial scale are presented in Fig. 24. 

This figure shows a similar response to standard deviation values increasing with the 

waveband. However, two differences are noted with respect to Parker Canyon. First, 

standard deviation values were higher, as expected due to the increase of the area (extend) 

adding more variability. Second, values obtained from the Mexican side were higher than 
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the values obtained from the U.S. side. Figure 1 which presents the image of the valley 

shows a highly disturbed area in the Mexican side east to the Santa Cruz River. In 

addition, a mosaic of small agricultural fields are also present along the river. These two 

characteristic features made an important contribution to the variability level in the 

Mexican side increasing in the standard deviation value. 

The deviation of mean reflectance values for all bands in the San Rafael Valley is 

presented in Fig. 25. In comparing Figs. 25a and 15b with those obtained at Parker 

Canyon, there were lower differences of mean reflectance values. As a result of this lower 

separability, all standard deviations overlapped. No statistical difference was observed in 

any band between the U.S. and Mexican sides. 

Values of band differences and relative differences between the U.S. and Mexican 

sides are presented in Fig. 26. Figure 26a compares all bands of DOYs 162 and 274, and 

for both the highest differences were observed in bands 3 (red), 4 (NIR), and 7 (MIR). 

Normalized values, with respect to their mean, are presented in Fig. 26b as relative 

difference (%) comparing both sides of the border. In DOY 162, the bands showing 

higher relative difference were 3 (red), 2 (green), and 1 (blue) with 18.1%, 14.1%, and 

10.1%, respectively. Again for DOY 274, the same bands showed the highest relative 

differences. The red band was the highest followed by the blue and green bands with 

15.8%, 15.6%, and 12.2%, respectively. There was less contrast between the dry season 

and the wet season images in the San Rafael Valley compared to the differences observed 
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at Parker Canyon. In other words, it seems that the increase of the spatial extent and the 

resulting higher variability suppressed the effect of seasonal changes. 

Regional Scale 

The Arizona-Sonora border regional scale consisted of a masked area of about 8 

million pixels at each side of the border. The main purpose for using this spatial scale was 

to investigate consistency in observing differences on both sides of the border. 

Mean reflectance values in all bands for DOYs 162 and 274 are presented in Fig. 

27. Observed reflectance values were oflower magnitude than Parker Canyon (Fig. 19) 

and the San Rafael Valley (Fig. 23). Another observation is the very little differences 

found between the U.S. and Mexican sides on this scale, with many bands showing no 

difference, especially for DOY 162. No statistical difference was observed at this spatial 

scale on either side of the border. 

Standard deviation values obtained on this spatial scale are presented in Fig. 28. 

This figure again shows an increase in the magnitude of the standard deviation values with 

the waveband. In addition, the standard deviation values on this spatial scale were 2-fold 

and 1-fold higher with respect to the Parker Canyon and the San Rafael Valley, 

respectively. Similar to the Parker Canyon sampling area, values from the Mexican side 

were lower for both DOYs. The U.S. side presented more diversity in vegetation patterns 

and contribution of diverse ground features. 
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The mean reflectance deviation values for all bands on a regional scale are 

presented in Figs. 29a and 29b. The size of the error bars indicated the highest variability 

on this spatial scale when compared to the other sampling areas. No statistical difference 

was observed at this spatial scale on either side of the border. 

Figure 30a shows the band difference between the Mexican side and the U.S. side 

for DOYs 162 and 274. Again, the degree of difference on both sides of the border was 

lower than the observed difference on the other scales. These differences were not 

statistically significant. In DOY 162, the three bands showing higher differences were 3 

(red), 2 (green), and 5 (MIR). In DOY 274, the three bands with highest observed 

differences were 4 (NIR), 3 (red), and 2 (green). 

The relative difference (%) between the U.S. and Mexican side for DOYs 162 and 

274 is presented in Fig. 306. In DOY 162, the bands showing the highest relative 

difference were 3 (red), 2 (green), and 1 (blue) with 4.4%, 3.4%, and 1.8%, respectively. 

These were the same bands reported in San Rafael Valley but with difference of 18.0%, 

14.1%, and 10.1%, respectively. In DOY 274, the highest observed bands were 2 (green), 

3 (red), and 4 (NIR) with 3.9%, 3.8%, and 2.0%, respectively. 

Comparison Among Spatial Scales 

A comparison among the three spatial scales describing the relative difference (%) 

between the U.S. and Mexican sides is presented in Fig.31. This figure shows the extent 

to which the Mexican side is brighter than the U.S. side. Also, it answers the question 
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regarding how much brighter is the Mexican side. On a local scale (San Rafael Valley), 

the difiFerence is about 10 percent brighter; on a regional scale, Mexico is on average 2.5 

percent brighter than U.S. in all bands. This indicates that along the U.S.-Mexico border 

there may be local areas that would show less inter-border differences. 

Albedo Comparisons 

Parker Canvon 

Albedo values comparing both sides of the border for DOYs 162 and 274 are 

presented in Fig. 32. This figure shows higher albedo values on the Mexican side when 

compared to the U.S. side, indicating more exposed soil on the Mexican side of the 

border since vegetation is considered a dark target in the visible and MIR channels. In the 

NIR spectmm vegetation and soil are high reflective (Fig. 33). Statistical analysis 

comparing both sides of the border showed a significant difference in DOY 162 at levels 

of a = 0.20 and no significant difference in DOY 274. 

The relative difference (%) in albedo values between both sides of the border is 

presented in Fig. 34. Albedo values were 7.7% higher in DOY 162 and 7.5% higher in 

DOY 274. 

San Rafael Vallev 

Albedo values comparing both sides of the border for DOYs 162 and 274 are 

presented in Fig. 35. Comparing the values of this figure with those obtained at Parker 
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Figure 32. Comparison of mean albedo values between U.S. and Mexico for DOY 162 
and 274 at Parker Canyon. 
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Canyon, both higher values and higher differences between both sides of the border were 

observed. Similar to the individual band comparison section, albedo values at the San 

Rafael Valley indicated a higher level of brightness on this spatial scale than the Parker 

Canyon area. However, because of high value of the standard deviation, no significant 

difference was observed in the albedo comparison on this spatial scale. 

The relative difference (%) between the U.S. and Mexican side is presented in Fig. 

36. Similar differences resulted firom the dry and wet season with 9.2% and 9.1% higher 

relative difference on the Mexican side. 

Regional Scale 

Albedo values obtained on the regional spatial scale are presented in Fig. 37. 

Similar to the other spatial scales, albedo was higher on the Mexican side, although 

showing only a slight difference between both DOYs and on both sides of the border. The 

relative difference presented in Fig. 38 shows values of 1.8% and 2.0% higher on the 

Mexican side for DOY 162 and 274, respectively. No significant difference, between both 

sides of the border were observed on this spatial scale. 

Comparison ampng Spatial Sgftlgg 

Similar to the response for individual bands, albedo comparisons at both sides of 

the border resulted in the highest relative difference for the San Rafael Valley spatial area. 
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followed by Parker Canyon and the regional scale (Fig. 39). General values resulted in 

9%, 8%, and 2%, higher values respectively for the Mexican side in DOY 162. 

Vegetation Indices 

Parker Canyon 

Vegetation Indices (VI) values comparing both sides of the border for DOYs 162 and 274 

are presented in Figs. 40a and 40d. Both figures showed higher VI values for the U.S. 

side than the Mexican side, indicating higher vegetation cover during the dry and after the 

wet season on the U.S. side. NDVI was the index showing the highest values at both 

dates, and the highest absolute difference between sides. SAVI and SARVI behaved 

similarly. DVI showed the lowest value and the lowest difference between both sides. In 

DOY 162, NDVI showed a significant difference at a= 0.10 and SAVI and SARVI at 

a= 0.20. In DOY 274, NDVI showed a significant difference at a= 0.05 and SAVI and 

SARVI at a= 0.10. 

The relative differences (%) between both sides of the border for both DOYs are 

presented in Fig. 41. As described above. Vis showed a higher difference during DOY 

274. NDVI showed a relative difference of about 19.9% and 15.0% higher values for the 

U.S. side. SARVI showed a difference of 17.8% and 14.2%, and SAVI showed a 

difference of 15.8% and 10.7% for DOYs 162 and 274, respectively. DVI showed a 

difference of 12.4% and 7,0% higher values for the U.S. side than the Mexican side for 

DOY 162 and 274 respectively. 
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San Rafael Vallev 

VI values from San Rafael Valley, comparing both sides of the border for DOYs 

162 and 274, are presented in Figs. 42a and 426, respectively. Similar results were 

observed for San Rafael Valley compared to Parker Canyon. That is the values were 

greater for the U.S. side than the Mexican side. The only exception was the DVT during 

the wet season which showed higher values for the Mexican side. No statistical 

difference of Vis was observed between both sides of the border at this spatial scale. 

The relative difference (%) between both sides of the border for both DOYs is 

presented in Fig. 43. The first observation is that the magnitude of the difference between 

both sides of the border was lower than the values observed in Parker Canyon. The 

second observation is that values of relative difference were higher in the San Rafael 

Valley than in the Parker Canyon. NDVI showed a relative difference of about 8.5% and 

13.2% higher values on the U.S. side for DOYs 162 and 274, respectively. SARVI 

showed a relative difference of 2.5% and 9.5%, and SAVI showed a relative difference of 

2.9% and 7.7% for DOYs 162 and 274, respectively. In contrast, DVI showed a value of 

2.7% higher relative difference in the U.S. side on DOY 162, and a value of 1.6% higher 

relative difference of the Mexican side for DOY 274. 

Regional Scale 

VI values comparing both sides of the border for DOYs 162 and 274 are presented 

in Figs. 44a and 446. For DOY 162, similar results were observed for the regional scale 
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Arizona-Sonora border in comparison to San Rafael Valley and Parker Canyon. All 

indices except DVI, showed higher values in the U.S. side. However, the magnitude of 

the observed difference was lower than the other study areas. In DOY 274, all VI values 

showed less difference between both sides of the border than DOY 162. No significant 

difference was observed on VTs comparing both sides of the border at this spatial scale. 

The relative difference (%) between both sides of the border for both DOY is 

presented in Fig. 45. This figure shows a higher difference in DOY 162 than in DOY 274. 

NDVI showed a relative difference of 5.5% and 1% higher values on the U.S. side for 

DOYs 162 and 274, respectively. SARVI showed a difference of 5.3% and no difference, 

and SAVI showed a relative difference of 4.3% and 0.1%. DVI showed a value of 7.3% 

and 1.0% higher relative difference on the Mexican side for DOY 162 and 274, 

respectively. 

Comparison among Spatial Scales 

The comparison in terms of the relative difference (%) among the three spatial 

scales for DOY 274 is presented in Fig. 46. Different than the results obtained with 

individual band comparison and albedo, vegetation indices showed a higher relative 

difference (about 12 to 19%) at the uniform grassland of Parker Canyon on the U.S. side. 

For the San Rafael Valley, the difference was about 5 to 7% higher for the U.S. side, and 

on the regional scale, only the NDVI detected a slightly higher difference in the U.S. side. 

DVI showed higher values on the Mexican side in the San Rafael Valley and regional 
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spatial scales. Since this index is the difference between NIR and the red band, the resuhs 

were probably masked by the high reflective ground surface materials in the NIR 

spectrum. 

Lmear Mixing Model 

Shade. Vegetation and Soil Enmember Results: Error 

For the San Rafael image (DOY 162), fraction images for the selected 

endmembers are presented in Figs. 47, 48, and 49. Figure 47 is the fraction image for the 

shade endmember. Bright areas represent a high dominance of shade in those pixels; in 

contrast, dark areas represent a low shade contribution. Shade endmember is a way to 

discern between the U.S. and Mexican sides since the international border is clearly 

visible. Areas with disturbed soils and low vegetation cover located in the Mexican side 

display lower values. Riparian areas and agricultural crops along the Santa Cruz River as 

well as mountain vegetation showed higher values. It could be hypothesized that 

vegetation abundance was correlated to the shaded endmember, probably as a result of 

shadow contribution. In addition, these results suggested that a shade fraction map can be 

utilized for monitoring degraded areas with low vegetation cover and high albedo values. 

Figure 48 displays the image fraction for the vegetation endmember. In this image 

the international fence is not observable. This mdicates that vegetation spectra was similar 

at both sides of the border. As expected, high values of vegetation fraction are located 
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Shade Endmember 

Figure 47. Fraction Image of shade endmember for DOY 162. 
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Vegetation Endmember 

Figure 48. Fraction Image of vegetation endmember for DOY 162. 
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along the river and lower values along washes that have a high degree of exposed soil and 

rock. 

Figure 49 displays the image fraction for the soil brightness endmember. This 

image appears to be inverse of the shade fraction image. The international fence is clearly 

visible, indicating a brightness difference between both sides of the border. The Mexican 

side presented higher values along the western side of the river. Areas along the river 

without cropping also showed high values. 

Parker Canvon 

An analysis of the Parker Canyon site showing the fraction of endmembers for a 

dry season image (DOY 162) and a wet season image (DOY 274) are presented in Fig. 

50. This data was obtained after applying the linear mixing model to separate the fraction 

components of the San Rafael Valley image masking the area identified as Parker Canyon. 

The soil brightness endmember was the dominant fraction explaining the spectral 

variability of the area at both dates. This fraction was higher on the dry season date 

(0.639 for U.S. and 0.674 for the Mexican side) than the wet season image (0.491 and 

0.589, respectively). However, due to the high standard deviation values, no significant 

difference was found with the t-test comparison in DOY 162. In DOY 274, there was a 

significant difference at a=0.10. Comparing the vegetation endmember for DOY 162 one 

observes a very similar fraction (0.116 for U.S. and 0.119 for Mexico). These values may 

indicate similar vegetation abundance on both sides of the border. No significant 
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Soil Brightness Endmember 

Figure 49. Fraction Image of soil brightness endmember for DOY 162. 
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difference in the vegetation endmember was detected when both sides of the border were 

compared in DOY 162. In DOY 274, there was a significant difference at a = 0.10 for 

values of 0.174 and 0.151 for the U.S. and Mexican sides, respectively. The U.S. 

presented higher shade fractions (0.245) than Mexico (0.208). The shade endmember 

accounts for variations in lightness due to local incidence angle plus shadows caused by 

different features. If we assume that variations in lighmess are similar at both sides of the 

border, the higher shade fractions indicate a higher presence of vegetation shadows in the 

U.S., which results from controlled grazing systems that provide adequate protection of 

top soil, as opposed to a higher level of overgrazing on the Mexican side, which results 

in higher soil brightoess fraction. Shade fraction was only statistically significant in DOY 

274 at a = 0.10. The mean values of the shade fraction were 0.286 and 0.204 for the U.S. 

and Mexican side, respectively. 

These results indicated that higher vegetation signals and more shade effects were 

detected at the height of the growing season (DOY 274) for the grassland species, 

reducing the soil brighmess contribution. 

The scaled vegetation fraction gives a more direct, although relative, estimation of 

vegetation cover by removing the influence of the shade endmember. Figure 51 compares 

the percent of scaled vegetation fraction for both sides of the border at the Parker Canyon 

site for a dry and wet date image, and Fig. 52 shows the relative difference in scaled 

vegetation fractions. Results of the dry date showed very similar amounts of scaled 

vegetation fractions of about 15% on both sides of the international border. Figure 51 
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shows a diflference of 2.2% higher fraction on the U.S. side than the Mexican side. In 

addition. Fig. 51 shows values of a fraction of 28.7% for the U.S. side and 20.5% for the 

Mexican side during the wet season. No significant difference was found in DOY 162, 

and a significant difference (a= 0.10) was detected when comparing both sides of the 

border in DOY 274. Figure 52 shows a relative difference of 28.5% higher fraction on the 

U.S. side. These results indicate that the grasslands on the U.S. side were more 

productive than their Mexican counterpart not only because of decreased top soil 

disturbance, higher nutrient availability, and higher water retention as explained in the 

section referred to as field data, but also because of increased and healthier vegetative 

propagation of materials, such as rhizomes of the species in the American grassland as a 

result of less damage from cow trampling. 

Comparing the results of the scaled vegetation fraction for DOY 162 with the 

results of the vegetation indices in Fig. 41, it was observed that Vis showed a relative 

difference of about 10 - 15% higher on the U.S. side compared to the Mexican side. The 

scaled vegetation fraction showed only a 2% difference. This difference in results can be 

explained in the nature of Vis and scaled vegetation fraction calculation. VTs are sensitive 

to the response of the bands assuming absorption of the red band and high reflection of the 

NIR band under the presence of vegetation activity. However, under the condition of 

non-vegetation or senescent vegetation, they still respond. In contrast, the scaled 

vegetation fraction represents the proportion or distance from no vegetation to high 
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photosynthetic active vegetation. The low scale vegetation fraction difference considers 

the difference caused by active vegetation, which is minimum at this DO Y. 

San Rafagl Vallgy 

Figure 53 displays the fraction endmembers obtained after applying the linear 

mixing model to separate the fraction components of the San Rafael Valley image for the 

area masked for dry and wet season dates. The soil brightness endmember values were 

very similar to the ones reported for the Parker Canyon area. There was a higher 

contribution of the soil brightness endmember on the Mexican side than on the U.S. side 

for both dates. The shade endmember curve of the whole valley and the curve of Parker 

Canyon responded similarly; so did the vegetation fraction for DOY 162. However, DOY 

274 showed a higher soil brightness fraction (0.538) for the Mexican side than the fraction 

obtained for the U.S. side (0.484). 

Scaled vegetation fraction values comparing both sides of the border for the San 

Rafael Valley image are presented in Fig. 54, and the relative difference (%) comparison is 

presented in Fig. 55. These graphs show that, in this valley, the U.S. has a greater 

vegetation abundance than Mexico. For DOY 162, 8.2% more vegetation abundance was 

reported, and 5.8% for DOY 274. Comparing these values with the values obtained from 

the Parker Canyon area, two important considerations can be pointed out. First, since the 

Parker Canyon is a natural grassland, the lower values of scaled vegetation fraction 
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Figure 53. Endmember fraction for a) DOY 162 and b) DOY 274 at San Rafael Valley. 
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compared to the San Rafael Valley spatial scale indicate a lower average of vegetation 

abundance, probably because of overgrazing. Second, crop areas localized along the river 

were in a phase in which the fields were covered by foliage as a result of the previous rainy 

season and crop stage. This increased the cover fi-action on the Mexican side, which 

subtended higher cropping surface and decreased the percent relative difference between 

both sides of the border. No significant difference was detected in any fi-action between 

both sides of the border at the San Rafael Valley spatial scale. 

Regional Area 

Unmixing in this study as a regional area of the Arizona-Sonora border was 

attempted on a larger area of the TM image. However, results at this scale showed rms 

values of about 10%, which indicated the incapability of the model to explain the total 

spectral variability of the global scene with three endmembers. For a more precise 

uiunixing difference, two approaches are recommended. First, a higher number of 

endmembers should be tested, considering the assumption that image endmembers vary 

with image scale (Smith et al., 1990). Secondly, the whole scene can be divided in small, 

similar physiographic areas, which may be explained by local endmembers, and after 

processing all areas, create a mosaic of the complete scene to avoid artificial results. 
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RMS Error of the Linear Mixing Model 

Average values of rms for the selected endmembers were obtained for the six 

images after selecting a high vegetation pixel from DOY 274, a high soil brightness pixel 

from DOY 194, and a shade set to zero in all bands. These results are presented in Table 

8 for the San Rafael Valley window image. 

Table 9. Values of rms for the San Rafael Valley images 

DOY RMS error % ref. error 

162 2.75 1.08 

178 3.14 1.23 

194 3.37 1.32 

274 3.29 1.29 

306 4.40 1.73 

322 4.83 1.89 

Since the model was applied on ground reflectance values obtained from 

atmospheric corrected images, the % rms of Table 9 represent the percent of reflectance 

error with respect to the total djuamic range of the image (255 gray levels) per band and 

per DOY. These values were the lowest obtained after testing different combinations of 

endmembers. Smith et al., (1990) considered rms values lower than 2% as acceptable for 

TM images. These values test the effectiveness of the atmospheric correction process 

and the uniformity of the modeled area of the San Rafael Valley. 
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Temporal Analysis 

Individual Band Comparison 

Parker Canvon 

A time series of band differences for the Parker Canyon area is presented in Fig. 

56a. The histogram shows that for all DOYs TM band 3 (red) had the highest and most 

consistent band differences and for DOYs 274, 306, and 322 band 7 (MIR) was highest. 

In terms of dates, DOY 274 presented the highest values for all bands except band 4 

(NIR) which is one of the lowest. The combination of high differences in the red band and 

low differences in the NIR band mdicates either a soil dommated signal on the Mexican 

side or a high red absorption rate on the U.S. side because of the higher signal of 

vegetation at the peak of the growing season, or a combination of both factors. Bands of 

the MIR (5 and 7) showed higher values of band difference and relative difference after 

the rainy period, which was observable in DOYs 274 and 306. The higher degree of soil 

erosion on the Mexican side, as reported in the field data section for Parker Canyon, 

explained the difference in water retention between both sides of the border. As stated, 

the U.S. side infiltrates more water and retains it for longer periods, as opposed to the 

Mexican side, where increased run-off is an important component of the rainfall 

distribution. The retention of water for longer periods, better soil conditions and 

vegetative materials explained the higher absorption of bands 5 and 7 in the U.S. side. 

The statistical analysis resulted in a significant difference (a=0.10) of the red band 

on both sides of the border in DOYs 162, 178, and 274. DOY 274 was the date when 
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most band showed a significant difference. Bands blue, green, and MIR (7) resulted in a 

significant difference at a= 0.10. 

The values of relative difference (%) for all bands on all days (Fig. 56Z>) coincides 

with the results of the previous figure with respect to band 3 (red) which shows the 

highest difference for most dates (Fig. 51b). Band 2 (green), although with intermediate 

values, shows consistency throughout the time profile, and bands 1 (blue) and 7 (MIR) 

were as mentioned, highly responsive to the after rainy season conditions. 

Both sources of comparison, the absolute difference or the relative difference, 

attempt to describe the different responses of the sensor bands because the different 

conditions between the U.S. and Mexican side. The response of the blue and MIR bands 

in DOY 274 should be denoted. According to the sensor manufacturer, in Table 1, it is 

reported that the blue light is absorbed by blue chlorophyll and the MIR wavelength (band 

7) is absorbed by vegetation moisture content. The fact that more vegetation activity was 

present on the U.S. side may explain the response of these bands at this DOY. 

To better document our temporal profile analysis, three bands were considered for 

fiirther study. Band 3 (red) and band 4 (NIR) were selected because of their role in the 

soil-vegetation signal relationship, and band 7 (MIR) was selected for its immediate 

response to variations in soil and vegetation moisture content. Figure 57 indicates the 

temporal profile of red and NIR bands. Both bands showed their lowest reflectance at 

DOY 194 (July 13 th) which was preceded by a series of rainfall events in the early 

monsoon period. In 1992, the months of July and August experienced the highest number 
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of rainfall events. In July, there were 14 events with a total of 20.14 cm of rainfall and 8 

events in August with 10.03 cm. September presented only two minor events. For this 

reason, in DOY 274 (October 1st) there is a positive slope of reflectance values as it 

moves away from the rainy period. If another image between DOY 194 and 274 were 

acquired in August, the slope between DOY 194 and the hypothetical date should 

decrease and then increase again toward DOY 274. However, during the monsoon 

season, the cloud cover often limited the acquisition of images by optical systems. 

Figure 58 shows the time profile for band 7. As reported, this band was sensitive 

to ground feature moisture content, that is, the higher the moisture, the lower the 

reflectance value. This figure supports our hypothesis of different water retention 

capabilities between the soils on both sides of the border was also manifested in different 

vegetation conditions. As reported, band 7 resulted statistical difference at DOY 274 

when comparing both sides of the border. 

San Rafael Valley 

A time series of San Rafael Valley showing the band difference is presented in Fig. 

59a. Bands 3 (red), 4 (NIR), and 7 (MIR) presented the highest differences for most of 

the dates, and all bands were approximately consistent, showing similar values, for all 

DOYs. In figure 596, time profile values of relative difference (%) comparing both sides 

of the border are presented. The relative difference of all bands was also consistent 

through all DOYs, and highest values were noted for bands 3 (red), 2 (green), and 1 
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(blue). At this spatial scale, band 5 (MIR) was the least important one in showing 

difference and relative difference when comparing both sides of the border. No significant 

difference was detected in any band when the U.S. and Mexican side were compared. 

A temporal profile of red and NIR is presented in Fig. 60. Comparing this figure 

with Fig. 56, a similar shape was observed on both bands. However, it is clear that band 4 

(NIR) showed less difference in all DOYs specially in 194 and 274 when comparing both 

sides of the border. Similar to figure 57, both bands showed their lowest reflectance 

values at DOY 194 which was preceded by several rainfall events. 

Figure 61 shows a time profile for band 7. Consistently with all other bands, this 

band showed that the Mexican side had higher reflectance values than the U.S. side. This 

indicates an average higher vegetation moisture content on the U.S. side. Higher 

differences were observed on DOYs 162 and 178 and less difference is noted in DOYs 

274 and 306 where lower values were observed for San Rafael Valley compared to Parker 

Canyon. 

Regional Area 

A time profile for the Arizona-Sonora border showing the band difference is 

presented in Fig. 62^7. Bands 3 (red), 2 (green), and 4 (NIR) showed the highest 

differences for most DOYs while most bands of DOY 274 showed the lowest differences. 

In Fig. 62b, a time profile of relative difference (%) comparing both sides of the border is 

presented. Bands 3 (red) and 2 (green) showed the highest relative differences and band 
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5 (MIR) showed the lowest values for most DOYs. No significant difference was 

detected in any band when the U.S. and Mexican side were compared. 

Similar to Parker Canyon and San Rafael Valley, a temporal profile of red and NIR 

bands is presented in Fig. 63. This figure shows that the Mexican side was only slightly 

brighter for these two bands during all DOYs. The crossborder differences were not as 

well defined as observed in the two other spatial scales. The lowest value of the red band 

was observed in DOY 274, indicating its high sensitivity to vegetation absorption. 

Figure 64 shows a temporal profile of band 7 (MIR) comparing both sides of the 

border. Differences across the border were indistinguishable. 

Albedo Comparisons 

Parker Canvon 

Figure 65 shows a time profile of albedo. This figure shows the Mexican side was 

always brighter than the U.S. side. There is a negative slope fi-om DOY 162 toward DOY 

194. DOY 194 was preceded by a series of rainfall events. One reason of the drop of the 

albedo curve in this DOY resulted of the darkening of all individual bands caused by the 

high moisture content in the environment. Another probable reason is found in the 

increase of vegetation activity in DOY 194 as observed in Fig. 74 of the linear mixing 

model section. Vegetation is considered an opaque feature in most bands except the NIR 

band. However, in the calculation of the albedo value, the NIR band has the highest 

weight. At this point, it would be interesting to identify what contribution of vegetation 
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is more dominant in the albedo value, the opaque contribution of visible and MIR 

spectrum or the higher weighted contribution of the NIR band. By observing the path of 

the curve after DOY 194, albedo values started increasing toward DOY 274, the period of 

highest vegetation activity. Before the acquisition of DOY 274 (Oct. 1) TM image, the 

last rainfall event occurred in Sep. 20 with 12.2 mm. If we consider that sensors such as 

TM only sense the upper millimeters of the soil surface, it could be considered that no 

surface moisture is sensed in DOY 274 promoting the albedo value to be increased. In 

addition, the increase in albedo value may be also related to the high contribution of the 

NIR band. But one of the strongest reasons of the increase of the albedo curves is related 

to the change of the solar elevation angle. As previously reported, high albedo values are 

found under the effect of low elevation solar angles. In Table 6, the zenith angles for the 

six TM images utilized in this study are presented. The complementary of the solar zenith 

angle is the solar elevation angle. In this way, the data acquisition of the TM images was 

obtained from a higher elevation angle in June to a lower elevation angle in November. 

The dominant effect of the solar elevation angle was observed in DOYs 306 and 322. In 

these DOYs, the activity of the grassland decreases because of the dormancy of the grass 

caused by cooler temperatures and low solar radiation characteristics of the Fall indicating 

the end of the growing season as observed in Fig. 71 of the Vis section. As observed, the 

albedo curve maintain an increasing path until DOY 322 which is attributed principally to 

the solar elevation angle and secondarily to the higher reflection of the wavelengths in the 

optical and MIR spectrum because of the low vegetation activity. From the t-test 
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comparison between both sides of the border, DOYs 162 and 274 showed a significant 

difference at a= 0.20. 

San Rafael Valley. Figure 66 shows a time profile of albedo. A similar pattern was 

observed in the San Rafael Valley, compared with Parker Canyon. This figure also shows 

the Mexican side to be always brighter than the U.S. side. Also, albedo values were 

lowest at DOY 194 and a similar analysis as the Parker Canyon can be stated as this 

spatial scale. In addition, this figure showed higher albedo values in the Mexican side and 

higher differences between both sides of the border relative to Parker Canyon. No 

significant difference was observed when both sides of the border were compared. 

Regional Scale. Figure 67 shows a time profile of albedo. The general pattern of both 

curves is different than the shape of the curves of the other two study regions. In this 

figure lower values were presented at DOY 306 and 322. At this spatial scale, it is difScult 

to understand the behavior of the albedo curve. It is clear that the solar elevation angle 

effect was masked by another unidentified ground effects which caused an unexpected 

curve pattern. In general, this figure shows that the Mexican side was still brighter, 

although values of relative difference (%) ranged fi-om 1.8% at DOY 162 to 2.8% at DOY 

306. No significant difference was observed when both sides of the border were 

compared. 
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Vegetation Indices 

NIR-red Scatterplots 

Prior to analyzing the temporal behavior of Vis, NIR-red scatterplots at each 

spatial scale and side of the border are first presented in figures 68, 69, and 70. The 

purpose of these scatterplots is to display a time trajectory of each side at each spatial 

scale. Parker Canyon and San Rafael Valley showed similar responses, but the regional 

scale plot showed a different dispersion of the mean reflectance values. In general, there 

were no clear relationships between image date and phenological stage of the studied 

scales. This has been demonstrated in agricultural crops as the predictability of the time 

trajectory, identified as the "tassel cap". However, in a natural semi-arid grassland, it 

seems that it does not exist. 

Parker Canyon 

A temporal profile of NDVI and SAVI comparing both sides of the border is 

presented in Fig. 71. This figure showed higher NDVI values than SAVI for all DOYs. 

Consistently, NDVI displayed higher differences between the U.S. and Mexican sides than 

SAVI. Both indices showed the highest difference at DOY 274. After DOY 274 (Oct. 1), 

both indices decreased their values toward DOY 306 indicating a decreasing in vegetation 

activity. Both indices showed lowest the differences at DOY 322 (Nov. 17), indicating 

the dormancy of the grassland. 
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Figure 71. Comparative temporal profile of NDVI and SAVI on both sides of the border 
at Parker Canyon. 
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The effect of vegetation on albedo can be identified by comparing Fig. 71 of Vis 

with Fig. 65, which describes the albedo curve of the Parker Canyon. Here, albedo and 

vegetation activity are negatively correlated. This contrasting response was observed in 

most DOYs. 

NDVI showed a significant difference at a = 0.10 in DOYs, 162, 178, 194, and a 

significant difference at a = 0.05 in DOY 274. SAVT showed a significant difference at 

a=0.20 in DOYs 162 and 194, and a significant difference at a=0.10 in DOY 274. No 

significant difference was found in the other DOYs. 

San Rafael Valley. A temporal profile of NDVI and SAVI comparing both sides of the 

border is presented in Fig. 72. Similarly to Parker Canyon, NDVI values were higher 

than the SAVI values for all DOYs. Consistently, NDVI displayed higher differences and 

higher standard deviation values between the U.S. and Mexican sides than SAVT. In 

contrast to Parker Canyon, both indices showed the highest border difference at DOY 

194. From DOY 194 to DOY 274, the VI values of the U.S. side were approximately 

constant. In contrast, the VI values increased slightly on the Mexican side. This 

difference in behavior can be caused by the influence of agricultural areas on the Mexican 

side, which modified the mean values of both Vis. After DOY 274, both indices 

decreased. NDVI consistently showed a difference until DOY 322. In contrast, SAVI 

began showing less difference (0.1% relative difference) at DOY 306, and at DOY 322, 

SAVI showed a higher value (1.5% relative difference) for the Mexican side. No 
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significant difference was reported in any VI when comparing the border at this spatial 

scale. 

Regional Area 

A temporal profile of NDVI and SAVI, comparing both sides of the border, is 

presented in Fig. 73. In this figure, both indices showed slight differences at DOY 274, 

and SAVI continued to show almost no difference through DOY 322. No significant 

difference was reported in any VI when comparing the border at this spatial scale. 

Linear Mixing Model 

Parker Canyon. A time profile of the scaled vegetation fraction reflects the phenological 

dynamics of the grassland of the study area. Figure 74 compares both sides of the border 

and Fig. 75 shows the relative difference between them. Figure 74 indicates that the 

fractions on DOY 162 were very similar (as mentioned in the spatial chapter). Comparing 

DOY 162 and 178, the later date presented a lower fraction resulting from the hard 

drought at the end of the dry season. Values at DOY 178 showed a fraction of 8.6% 

higher relative difference on the Mexican side. The Mexican side may have had a higher 

abundance of weed species, which remained active during this period. 

Results in Fig. 74 are similar to results in Fig. 71 which describe the curve of the 

NDVI and SAVI. From DOY 194 until the end of the growing season in DOY 322, there 

was a similar response between the scale vegetation fraction and the Vis. However, in 
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DOYs 162 and 178, the scaled vegetation curve showed no diflference between both sides 

of the border. An explanation for this response is based on the sensitivity of the linear 

mixing models in detecting only vegetation activity because of the selection of the high 

vegetation activity endmember. In fact its spectral signature was used to discriminate the 

low vegetation dynamics of those DOYs. 

Returning to Fig. 74, higher values in scaled vegetation fraction for the other four 

dates are observed on the U.S. side. As shown also in Fig. 75, an important difference is 

detected in DOYs 194 of about 17% and 306 of about 18%. The higher separability was 

observed at the height of the growing season on day 274 with a relative difference of 

28.5% higher fraction. At DOY 322 the relative difference was 10.4% declining toward 

the end of the season. However, statistical difference (a=0.10) was found in DOY 274, 

and no signijBcant difference was found in the other DOYs. 

San Rafael Vallev 

The time profile of the scaled vegetation fraction of the San Rafael Valley is 

presented in Fig. 76, and the relative difference between the U.S. and the Mexican sides of 

this parameter is presented in Fig. 77. The San Rafael Valley sampling area was described 

as a grassland combined with washes, riparian areas and agricultural areas along the Santa 

Cruz river on both sides of the border, but with a higher density of vegetable and apple 

fields in the Mexican orchids. The values of the U.S. side were similar to those found on 

the Parker Canyon site (Fig. 74). This indicates that the overall area of the American side 
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was dominated by the grassland signal contribution. In contrast, the Mexican side of the 

San Rafael Valley showed a different profile with higher average values of scaled 

vegetation fi"action in DOYs 274, 306, and 322 than the Mexican side at the Parker 

Canyon site. This increase ui average scaled vegetation fraction indicated that this side was 

controlled by the phenological state of farmed crops along the river. Winter vegetables 

grown in the Santa Cruz river fields reach their highest growth in December. Another 

difference between the San Rafael Valley (Fig. 77) and the Parker Canyon site (Fig. 75) 

was noted in the relative diJBference of DOY 178. The U.S. side was higher at the San 

Rafael Valley scale than at the Parker Canyon scale. It is also noted in this figure that 

DOY 274 presented less relative difference (about 6%) compared to the relative difference 

of Parker Canyon in Fig. 69 (28.5%). Moreover, DOYs 306 and 322 presented higher 

relative difference for the Mexican side, contrary to the results of Parker Canyon. These 

results were already explained in terms of higher signal contribution of crops grown in the 

agricultural land of the Santa Cruz by Sonoran farmers. The results reported in DOYs 

306 and 322 were similar to the results obtained with the SAVI at this spatial scale (Fig. 

72). No significant difference was reported in any DOY when comparing the border at 

this spatial scale. 

Pixel Aggrggation 

As reported in the section on materials and methods, the goal of the aggregation 

process was to verify the consistency of the presence of the border differences at different 
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nominal spatial resolutions. Specifically, it attempted to answer the question of whether 

future sensors such as the MODIS with lower spatial resolution will be able to detect the 

border differences already reported in this dissertation. 

Parker Canvon 

The effects of the spatial aggregation on mean reflectance values for bands 3 (red) 

and 4 (NIR) for DOYs 162 and 274 are presented in Figs. 78a and 786. These figures 

compare both sides of the border for the Parker Canyon area. All mean reflectances 

were consistent throughout the different pixel sizes for both DOYs. In the same way, the 

difference between the Mexican side and the U.S. side was also consistent. 

Regional Area 

The effect of the spatial aggregation of mean reflectance values for bands 3 (red) 

and 4 (NIR) for DOYs 162 and 274 are presented in figures 79a and 796. These figures 

compare both sides of the border for the reegional area of the Arizona-Sonora border. All 

mean reflectances, similar to Parker Canyon, were consistent throughout the different 

pixel sizes for both DOYs. 

The effect of pixel aggregation on standard deviation (STD) of the regional scale 

area for bands 3 (red) and 4 (NIR) for both sides of the border and DOYs 162 and 274 is 

presented in Figs. 80a and 806. Both figures showed a high sensitivity of STD to the 

aggregation. As pixel size increased, STD decreased with a rapid decrease rate fi-om 30 
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m to 250 m pixel size. Another important observation is that STD interacted more with 

DOY. In DOY 162, the STD of band 4 (NIR) was similar on both sides of the border, 

showing a difference at 30 m pixel size. The red band showed a higher value on the U.S. 

side and more difference compared to the Mexican side. This band kept a similar rate of 

change at different pixel sizes for both sides of the border. In DOY 274 both bands 

showed higher STD values in the U.S. side than in the Mexican side. Again, the red band 

on the U.S. side interacted with the different pixel sizes. These results indicated a higher 

response of STD to aggregation than mean values. This effect resulted from the 

smoothing of the total scene by including more of the spatial heterogeneity inside each 

pixel. 

The relative difference (%) of mean reflectance between the U.S. side and the 

Mexican side at the regional area of each TM band and different pixel sizes for DOY 162 

is presented in Fig. 81. As previously explained, positive values indicated the degree of 

relative difference was higher for the Mexican side. Basically, all four pixel sizes 

maintained similar levels of relative difference for all bands. The pixel size of 1,000 m was 

the only one that affected the significantly relative difference value. All bands kept the 

same proportion of relative differences as observed previously in the band comparison 

section. 

The effect of pixel size on Vis for DOY 162 and 274 for both sides of the border 

at the regional scale is presented in Figs. 82a and 826. The first observation in these 

figures is that all indices were stable at all different pixel sizes. DVT was the only index 
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aflfected when changing the index from 30 m to 250 m pixel size. As reported in the 

vegetation index section, higher difference between both sides of the border was observed 

in DOY 162 than 274. 

Albedo was also stable at different levels of pixel size (Fig. 83). It was clear that 

albedo and Vis are controlled by the mean reflectance of the bands included in their 

calculation. As a result, if the band mean value was constant throughout different levels of 

pbcel size, so too will the respective Vis and albedo values. 

Ground Data 

The analysis of vegetation and soil data showed important differences between the 

U.S. and Mexican sides. Some parameters that caused this difference were directly 

responsible as a result of the different brightness characteristics on each side of the border 

as observed in the TM image. 

Soils were the same on both sides of the border except for varying textural classes 

(Table 2). Organic carbon (i.e., organic matter), moisture content, and soil color are three 

parameters which directly influence the reflective characteristics of soils. Soils with high 

organic matter content result in high energy absorption, causing a dark soil response. In 

Table 2, it was reported that the U.S. side had a higher content of organic carbon (1.83%) 

than the Mexican side sample (1.07%). Soil moisture content was higher on the U.S. side 

(0.7 g/g) than the Mexican side (0.4 g/g) (Table 9). On the other hand, of the soil color 
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parameters, value is the one which is positively correlated to reflectance. Value on the 

Mexican side soil was higher (4.0) than the U.S. side (3.6). 

Table 9. Vegetation and soil field data collected during the dry season 

Vegetation Cover (%) Dry Biomass % Soil Moisture % Vegetation 

Location-DOY Bare Soil Vegetation Litter g/m' g/g Water Content 

US-181 39 42 19 74.7 0.7 6.5 

MX-185 42 34 24 32.7 0.4 4.7 

Vegetation data obtained during the dry season also showed a difference. The 

observed difference promoted a darkening on the U.S. side and higher brightness on the 

Mexican side. Vegetation cover was higher on the U.S. side (42%) than the Mexican side 

(34%). In contrast, bare soil and litter cover were higher on the Mexican side. Dry 

biomass was higher on the U.S. side (74.7 g/m^) than the Mexican side, and the % of 

vegetation water content was higher on the U.S. side (6.5%) than the Mexican side 

(4.7%). 

Vegetation data collected during the wet season is presented in Table 10. This 

table shows the difference in biomass production on the U.S. side (137.5 g/m^) compared 

to the Mexican side (50.3 g/m^). The other comparison of interest is the lower bare soil 

cover of the U.S. side (6%) compared to the Mexican side (12%). Combined vegetative 

cover of grasses and forbs was also higher in the U.S. side. 
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Table 10. Vegetation field data collected after the wet season 

% Vegetation Cover Dry Biomass 

Location Grass Weeds Bare soil g/in2 

US-274 52 42 6 137.5 

MX-295 43 45 12 50.3 

Radiometric data obtained with an Exotech radiometer for the dry season showed 

the Mexican side responding with a concave down shape curve characteristic of most soils 

(Fig. 79). This figure also shows that the Mexican side was brighter than the U.S. side. 

However, high values of standard deviation overlapped both curves. On the other hand, 

reflectance data obtained after the wet season showed the U.S. side responding with a 

curve characteristic of an area dominated by vegetation (Fig. 80). Also the red absorption 

contrasted with the non-absorption of the Mexican side, which was still dominated by soil 

response (Fig. 79). Another observation of this graph was the lower value of the standard 

deviation bars which clearly distinguish between both sides of the border. 
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CONCLUSIONS 

After analyzing the results of this study, it is possible to state the conclusions 

derived from the plarmed objectives at the initiation of this dissertation. 

The first conclusion is that remote sensing information is valuable in quantifying 

crossborder differences. Of all the individual bands of the TM sensor, the red band (3) 

was the most sensitive in detecting differences during both the dry and the wet season. 

The blue band (1), which is most of the time associated with atmospheric noise, 

successfully resulted in separating vegetation and soil during the wet season, probably 

because of its absorption by chlorophyll. The green (2) and MIR (7) were also important 

in showing differences during the wet season. Albedo was more important in detecting 

differences during the dry season. Vegetation indices were sensitive during both the dry 

and the wet season, and the application of the linear mixing models resulted in sensitivity 

to respond to vegetation dynamics. 

The second conclusion is that the results obtained from the application of the 

different remote sensing techniques are spatial scale dependent, and in some cases time 

dependent. In this study, the results obtained from the Parker Canyon analysis indicated a 

significant level of disturbance in the Mexican side resulting in a statistical difference; the 
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results from the regional scale, however, indicated no evidence of the presence of events 

such as desertification as indicators of global change caused because of overgrazing or 

other human activities along the U.S.-Mexico border. 

The third conclusion is that remote sensing techniques can be applied successfully 

to detect seasonal changes in semi-arid vegetation. The results obtained showed that 

vegetation indices and the scaled vegetation fraction of the linear mixing models 

responded to change of vegetation state and conditions. However, these two techniques 

have to be ground calibrated to understand what biophysical parameters they respond to 

the most. 

The fourth objective was related to the evaluation of the different remote sensing 

techniques for characterization of biophysical parameters in spatial and temporal 

perspectives. This objective can only be achieved with indirect estimations of the 

biophysical parameters from the respective applied technique. The best way to 

characterize biophysical parameters with remote sensing data is to obtain field data at the 

time of image acquisition. In this study, the interpretation of the 1992 images was based 

on climatic information combined with the experience of response of semi-arid vegetation 

to those climatic conditions. The other option for deriving biophysical parameters is 

through the application of models that relate remote sensing information to biophysical 

parameters such as leaf area index. 
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The fifth conclusion is that sensors with lower nominal spatial resolution will 

achieve similar results as the ones obtained in this study. The key factor to reach this 

conclusion was based on the effectiveness of the aggregation method used to convolute 

the TM image which resulted in consistent mean reflectance values and low changes of 

standard deviation values. 
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Table A1 
Observed Optical Depth Data 

Landsat 1992 TM band 2 (0.57 nm) 
(After Washbume, 1994) 

DOY P V 6a ^03 "^eff Wo m 

162 847.1 2.3232 0.1126 0.0699 0.0345 0.9958 0.8015 1.40 1.14 
178 Use 162 
194 848.0 2.3853 0.1112 0.0700 0.0328 0.9941 0.8026 2.02 1.16 
274 850 2.5021 0.0916 0.0701 0.0254 0.9968 0.8267 0.94 1.41 
306 847.8 2.4555 0.0978 0.0700 0.0290 0.9962 0.8182 1.01 1.67 
322 845.4 2.4105 0.0797 0.0698 0.0255 0.9971 0.8371 0.72 1.85 

P atmospheric pressure (mb) 
V = junge parameter 
6a = aereosol optical depth 
6r = Rayleigh optical depth 
6o3 = ozone optical depth 

gaseous transmittance 

"^eff — effective band-average atmospheric transmittance 
Wo columnar precipitable water (g cm'^) 
m = airmass (sec of 0^, 
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Table A2. RADIANCE VERSUS GROUND REFLECTANCE: 
GAUSS-SEIDEL CODE RESULTS FOR 

LANDS AT-5 TM AT WALNUT GULCH WATERSHED, KENDALL SITE 
JUNE 10.1992 (DOY 162) 

************* CHARACTERISTICS OF THE SITE, SENSOR AND DAY ********************** 
Overpass Time (UT): 17:15:00 
Solar Zenith Angle (degrees): 28.8 Latitude (degrees): 31.725 
Solar Azimuth Angle (degrees): 99.7 Longitude (degrees): 110.033 
Solar distance (au): 1.015416 Elevation (m): 1372 
Nadir View Zenith Angle (degrees); 0.1 Presstire (mb): 847.11 
View Azimuth Angle (degrees): 100.4 Temperature (C): 25.8 
Junge Size Parameter 2.323259 Columnar Water (cm): 1.396 
Aereosol Size Range: Ozone Cone, (cm-atm): 0.274 

min radius (miaons) 0.01 
max radius (microns) 10 

Refractive Index: 1.44 - 0.05i 
m****************m**************************************tt******tt******************m** 

^f*m*************** ATMOSPHERIC CONDITION AND SOLAR CONSTANT 
Landsat Band TMl TM2 TM3 TM4 TM5 TM7 
Central Wavelength (microns) 0.4863 0.5706 0.6607 0.8382 1.6770 2.2230 
Optical Depths 

Aereosols 0.1185 0.1126 0.1073 0.0994 0.0794 0.0725 
Rayleigh 0.1343 0.0699 0.0385 0.0147 0.0009 0.0003 
Ozone 0.0060 0.0345 0.0153 0.0000 0.0000 0.0000 

Total 0.2588 0.2170 0.1612 0.1141 0.0803 0.0728 

5S Water Vapor 
Gaseous Transmittance 1.0000 0.9958 0.9949 0.9713 0.9586 0.9743 

Single Scatter Albedo 
Exoatmospheric Solar Hux 1955.50 1826.90 1545.00 1042.80 220.19 74.48 

@ 1 au (W/m'^m*') 
Exoatmospheric Solar Hux 1896.57 1771.85 1498.44 1011.38 213.55 72.24 

daily value 
*ir^>tt************innr:¥*********^nnmm***********************mm'>t*m***>if******>if************ 
*************** RADIATIVE TRANSFER RESULTS IN RADIANCE (Wm Vm 'sr ') 

Radiance for Indicated Band 
TMl TM2 TM3 TM4 TM5 TM7 

Reflectance: 0.00 20.57 14.69 8.07 2.93 0.27 0.11 
0.05 43.00 35.09 26.67 15.97 3.05 1.04 
0.10 65.50 55.63 45.37 29.06 5.84 2.00 
0.20 110.40 97.25 83.12 55.39 11.44 3.94 
0.30 155.40 139.56 121.33 81.93 17.07 5.88 
0.40 200.30 182.58 159.99 108.70 22.72 7.83 
0.50 245.20 226.34 199.13 135.68 28.41 9.78 
0.60 290.20 270.84 238.74 162.88 34.12 11.75 

******************^m********************************************m******************** 
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Table A3. RADIANCE VERSUS GROUND REFLECTANCE: 
GAUSS-SEIDEL CODE RESULTS FOR 

LANDS AT-5 TM AT WALNUT GULCH WATERSHED, KENDALL SITE 
SEPTEMBER 30. 1992 (DOY 274) 

************* CHARACTERISTICS OF THE SITE. SENSOR AND DAY 
Overpass Time (UT): 17:15:00 
Solar Zenith Angle (degrees): 45 Latitude (degrees): 31.725 
Solar Azimuth Angle (degrees): 174.5 Longitude (degrees): 110.033 
Solar distance (au): 1.001083 Elevation (m): 1372 
Nadir View Zenith Angle (degrees); 0.1 Pressure (mb): assumed 850.02 
View Azimuth Angle (degrees): 100.4 Temperature (C): assumed 25.0 
Junge Size Parameter 2.5021 Columnar Water (cm): 0.94 
Aereosol Size Range; Ozone Cone, (cm-atm); 0.296 

min radius (microns) 0.01 
max radius (microns) 10 

Refractive Index: 1.44 - 0.05i 

*:tf******m************ ATMOSPHERIC CONDITION AND SOLAR CONSTANT 
Landsat Band TMl TM2 TM3 TM4 TM5 TM7 
Central Wavelength (miaons) 0.4863 0.5706 0.6607 0.8382 1.6770 2.2230 
Optical Depths 

Aereosols 0.0992 0.0916 0.0851 0.0755 0.0533 0.0463 
Rayleigh 0.1348 0.0701 0.0387 0.0148 0.0009 0.0003 
Ozone 0.0044 0.0254 0.0113 0.0000 0.0000 0.0000 

Total 0.2383 0.1871 0.1350 0.0903 0.0542 0.0465 

5S Water Vapor 
Gaseous Transmittance LOOOO 

Single Scatter Albedo 0.91142 
Exoatmospheric Solar Hux 1955.50 

@ 1 au (W/m'Vm'') 
Exoatmospheric Solar Flux 1951.27 

daily value (Wm 'nm*') 

0.9988 
0.91397 
1826.90 

0.9960 
0.91642 
1545.00 

0.9764 
0.92056 
1042.80 

0.9642 
0.93321 
220.19 

0.9796 
0.9383 
74.48 

1822.95 1541.66 1040.55 219.71 74.32 

RADIATIVE TRANSFER RESULTS IN RADL\NCE (Wm-'um 'sr ') :4t:te:(e:4c:(e:t(:4c:tc9fe:4e# 

Reflectance: 

Radiance for Indicated Band 
TMl TM2 TM3 TM4 TM5 TM7 

0.00 25.58 12.56 6.56 2.14 0.13 0.04 
0.05 43.43 29.61 22.07 13.03 2.47 0.84 
0.10 61.51 46.79 37.67 23.97 4.80 1.65 
0.20 98.37 81.58 69.13 45.95 9.49 3.26 
0.30 136.18 116.94 100.95 68.10 14.20 4.89 
0.40 175.00 152.88 133.15 90.41 18.92 6.51 
0.50 214.85 189.43 165.71 112.88 23.66 8.15 
0.60 255.77 226.59 198.66 135.51 28.42 9.78 
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