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ABSTRACT 

 
The twin city area of Nogales, Arizona and Nogales, Sonora, Mexico, known 

collectively as Ambos (both) Nogales, has experienced a common borderland history of 

urban growth presumably based on changes in policy and economic incentives.  This 

research documents changes through time in an attempt to identify colonia (settlement) 

development and patterns along the U.S.-Mexico Border, combining a community 

participation approach with remote sensing analyses, to create an online mapping service.  

This study outlines a planning approach that is meant to promote sustainable 

development in the future, integrating both sides of the border.   

Urban area classifications for this watershed were created from images for early 

summer 1975, 1983, 1996 and 2002 as part of a research project to monitor colonias 

growth performed under a grant from the U.S. Department of Housing and Urban 

Development.  This dataset was used as input to the Clarke urban growth model, called 

SLEUTH, to predict land use changes to the year 2030.  

Erosion-sedimentation models were applied to generate simulations of potential 

sources and sinks in the watershed.  The Universal Soil Loss Equation (USLE), an 

empirical formula used to predict potential average annual soil loss in tons per acre per 

year (t/a/y), was applied to the study area.  In order to calculate the location specific net 

sediment delivery in the watershed, the Spatially Explicit Delivery Model (SEDMOD) 

was employed, to quantify the amount of sediment that is deposited.  In an effort to 

forecast the effects of urban development in 2030 on downstream water quality, changes 
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predicted in urban growth by the SLEUTH model were retrofit to the erosion-

sedimentation models.   

Using techniques designed to protect the previously identified erosion ‘hot spots’, 

alternate scenarios were generated, depicting better water quality possibilities if these 

guidelines could be adhered to.  In this study, I provide (1) a new methodology for 

assessing future erosion impacts in urbanizing watersheds, (2) a quantification of urban 

sprawl and its implications for water quality, and (3) the generation of alternative future 

scenarios for management of downstream sedimentation. 
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I. INTRODUCTION 

The sister cities of Nogales, Arizona and Sonora, known collectively as Ambos 

Nogales (“ambos” is the Spanish word for “both”) lie astride the Arizona-Sonora section 

of the U.S.-Mexico Border.  The utilization of maquiladoras (twin-plants) in border 

communities has steadily increased in the past couple of decades, causing rapid 

population growth and increased settlement area from migrant-worker housing.  These 

settlements, or colonias, are communities on either side of the international border, 

sometimes unincorporated, with inadequate infrastructure such as roads, drainage, and 

water services that are generally undocumented.  Footpaths and roads in colonias are 

often set in river washes and houses are not equipped with access to running water, 

sewage and other utilities.  Development is usually unplanned and sometimes occurring 

in areas where elevation or vegetation may not be accommodating.     

Ambos Nogales is located within the Sonoran Desert in a dissected-foothills 

setting that contains the headwaters and main reach of Nogales Wash.  It can be 

characterized as being physically situated within a 94-square mile watershed draining to 

the Santa Cruz River (Brady and others, 2001b).  Since residents on both sides of the 

border share ecosystems, watersheds, and airsheds, the pollution generated in border 

colonias may impact a much larger population (Bath, 1986; Mumme and Nalven, 1988; 

Sadalla and others, 1998).  A watershed is a geographic area, where rivers, streams, and 

overland flow (runoff) converge at a specific outlet or discharge point.  An airshed can 

be compared to a watershed in that it is a geographic area, where air pollutants from 

sources "upstream" or within the area are present in the air, yet an airshed maintains no 
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specific boundaries (http://www.pscleanair.org/airq/airshed.shtml).  Airsheds can be 

greatly influenced by urban development, mountains, and the weather.   

Changes in the extent of urban growth result in an increase in impervious surface 

and decrease in natural vegetation that can have severe impacts on ecosystem health and 

integrity, riparian zones and water quality (Forney and others, 2001).  Watershed 

management involves organizing and guiding land and other resources to provide desired 

goods and services without adversely affecting soil and water resources (Brooks and 

others, 1997).     

It is suggested that growing cities practice sustainable development to meet the 

needs of the present without compromising the ability of future generations to meet their 

needs (Bruntland, 1987; Burian and others, 2003).  The amount and degree of water 

pollution in rivers can be predicted on the basis of past and future trends in land use 

change (Acevedo and others, 1999).  Three alternate future scenarios are generated in this 

study for the purpose of identifying, reducing, and ultimately containing nonpoint source 

(NPS) pollution, while promoting sustainable development.  NPS pollution is generated 

from large-land areas when pollutants are delivered to water systems from runoff.  This 

type of pollution can contaminate both surface-water and ground-water resources 

(http://chesapeake.towson.edu/landscape/impervious/all_quality_impacts.asp).  In 

contrast, point sources of water pollution are areas where specific pollutants are 

discharged directly into water systems (i.e., industries, sewage treatment facilities, etc.).  

NPS pollution is the largest contributor of pollution to our surface waters (U.S. 

Environmental Protection Agency, 1994).  Potentially threatening activities involved with 
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agriculture, forestry, construction, urban runoff, resource extraction, land disposal, 

recreation, hydrological/habitat modifications, and other natural occurrences lead to 

erosion, sedimentation, and NPS pollution in surface water.   

A unique approach to documenting historic urban growth along a U.S.-Mexico 

Border watershed, using a combination of satellite imagery, geospatial analyses, textbook 

research, and community knowledge is described.  Historic information acquired is used 

as input to a relatively new urban growth model to simulate likely development patterns 

in the future.  The model is used to predict growth into the year 2030, based on historic 

trends.  Current and future urban extents are fed into erosion and sedimentation models to 

predict the effects of urban development on water quality.  Erosion and sedimentation 

models calculate potential pollutants delivered to the combined watershed outlet.  

Alternative urban development scenarios are synthesized based on model results to 

generate predictions of increased water quality.  Sustainable development management 

suggestions are resultant for the twin city area 

Approach 
Integrated watershed management involves restoring or creating a sustainable and 

productive relationship between the use of water and other natural resources and 

preventing the deteriorization of such a relationship when pre-existing (Brooks and 

others, 1997).  Environmental modeling and assessment have been identified as a cost-

effective option to derive information about the interaction between the urban system and 

the natural environment (Burian and others, 2003).  
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Three major properties within a watershed that govern environmental models are 

soils, land cover, and topography.  Of these, land cover is the only component that lends 

itself to direct anthropogenic manipulation.  Estimates of potential vulnerability or 

susceptibility to development within a watershed can be approximated and high risk areas 

avoided to minimize impact in this sensitive arid-lands environment.   

Sediment is a major NPS pollutant found in surface water.  Its occurrence begins 

with erosion on the uplands that is transported across a slope (or in channels) and is 

eventually deposited in a water system (Hawkins, 2003).  The identification of areas of 

high-erosion potential hereby deemed unsuitable for development, verses those areas 

suitable for development are identified in this research to allow city planners to 

ultimately control (i) the amount of sediments being stirred up at the ground and turned 

over into the air, and (ii) the NPS pollutants in surface waters incurred from rapid 

urbanization.   

Land-use management control of the source is the first opportunity in any NPS 

pollution-prevention effort.  Estimates of 400,000 people inhabit the Nogales watershed; 

all of whom would benefit from a planning model that could provide alternatives to 

water- and air- pollution as the environment is forced to accommodate more urban 

development. 

Objectives 

The objective of this research is to develop tools to assess the environmental 

effects of urbanization in the U.S.-Mexico border watershed.  Historical growth is studied 

to reveal patterns unique to Ambos Nogales.  Predictions of future urban extent are 
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created using trends identified in the past.  Multiple iterations of erosion-potential 

gradients utilizing hypothetical future growth scenarios, remote sensing (RS), geographic 

information systems (GIS), field-based data, and combinations of these methods are 

generated in order to supply decision makers in Ambos Nogales with the most accurate 

representation of forthcoming environmental sensitivity.  In addition, recommendations 

for environmentally conscious urban planning, including sustainable development and 

revegetation, are made.   

Methods 

A robust GIS database was constructed describing the conditions in Ambos 

Nogales.  This database includes existing and newly delineated colonias, a time-series of 

urban extents, and reference map data (i.e.: roads, streams, topography, etc.).  This 

geospatial database was gathered by means of field work, participation from community 

members of Ambos Nogales, and using satellite imagery.  The pixel format of digital RS 

data makes it ideal for merging with GIS data (Engman, 1995). As part of a long-term 

approach to planning for sustainable development, the GIS database is being hosted 

through an online mapping service to help city planners and others in realizing cross-

border implications and also to access colonias set-aside funding.   

This research involves the isolation of the anthropogenic components involved in 

changing the current land use patterns, and estimation of the effects of offering different 

NPS management strategies.  Few models have considered the connection of different 

environmental media (soils, sediment, air, surface water and urban extents).  In this 

dissertation, a unique combination of virtual models is applied to the GIS database for an 
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integrated assessment of water quality in an urban environment and then used to forecast 

implications of continued development.   

An urban extent prediction model (SLEUTH) was implemented to identify areas 

prone to development into the year 2030 based on historical accounting.  The results from 

this prediction model are used as input into erosion-sedimentation models to quantify 

effects of urbanization downstream. There are several models and equations of upland 

erosion, created for soil conservation planning.  In this study, a hillslope-scale erosion 

prediction model (USLE) and a spatially derived sediment delivery model (SEDMOD) 

were applied within a raster GIS to estimate erosion, sediment yield and sediment 

deposition for this binational Watershed.  One of the important obstacles in coupling 

models is interoperability; these models have similar spatial and temporal scales that 

support their combination (McPherson and others, 2003).  Model results provide rough 

estimates of pollutant transport and identify local sources and sinks of NPS pollution. 

Multiple studies were undertaken in this research leading to results described in 

this thesis.  The U.S. Department of Housing and Urban Development (HUD) sponsored 

a land use change analysis using satellite imagery in the twin city area to better 

understand urban development.  Residential settlements (colonias) were identified using 

the satellite images in conjunction with geospatial infrastructure data and local 

knowledge collected in the field.  This information is provided to the public using a web-

mapping service and is described in Chapter 3.  I designed and implemented every phase 

of this research, including writing the proposal, creating a GIS database, downloading 
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and processing remotely sensed data, collecting community knowledge into a geospatial 

dataset, creating and serving an ArcIMS website and delivering the project to the public.   

The USGS Geographic Analysis and Monitoring (GAM) Program sponsored a 

three-pronged modeling approach to understand the rates and consequences of natural 

and human induced erosion processes that are shaping the landscape of Ambos Nogales 

over time.  This project was designed to forecast future trends of landscape change to 

assist decision makers in land-use planning.  The SLEUTH model forecasts urban 

development into the year 2030 and is described in Chapter 4.   The USLE and 

SEDMOD models predict erosion and sedimentation sources and sinks, described in 

Chapter 5.  A combination of these models is described in Chapter 6 that identifies future 

trends in erosion and sedimentation based on current trends urban development as well as 

three alternative scenarios that land-use planners may consider to improve environmental 

quality in the future.  I developed this proposal, created the entire database needed to run 

the models, implemented the models (with the help of Mark Feller in SLEUTH 

modeling), and delivered the results of the combined predictions. 
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II. STUDY AREA 

 

The sister cities of Ambos Nogales are located on the Arizona-Sonora border (fig. 

1), 31.34 degrees north of the equator (Latitude) and 110.94 degrees west of the prime 

meridian (Longitude) (Brady, 2001; Brady, and others, 2001b; Brady, and others, 2002).  

The population estimates vary considerably in the literature, however, one estimate for 

the City of Nogales, Arizona is 20,878 (U.S. Bureau of the Census, 2000) and its much 

larger twin city, Nogales, Sonora is 200,000 (Brown and others, 2003). 

 



 

 

24

 
Figure 1: Location map of Ambos Nogales along the U.S.-Mexico border. 
 

Despite being small in size compared to border sister cities like San 

Diego/Tijuana and El Paso/Juarez, the twin city area of Ambos Nogales leads the Arizona 

and Sonora region in transborder traffic (fig. 2), accounting for 74% of all truck traffic 

through Sonora 
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(http://monsoon.geog.arizona.edu/~sombrhero/subindexes/Nogales.html#water) due to its 

importance as the primary U.S.-Mexico shipping port for winter vegetables.   

 

Figure 2: Aerial photo of Nogales, Ariz. (lower left), the U.S.-Mexico border 
(running diagonal from left to right), and Nogales, Sonora, Mexico (upper right) 
(taken by Pamela L. Nagler, 2004). 

Surface Hydrology 

The twin city area is located in the Ambos Nogales watershed (fig.s 1 and 3) 

around the Nogales Wash and several northeast flowing intermittent tributaries which 

flow directly into the main reach of the Nogales Wash system (fig. 3) (Brady and others 

2002, Brady and others 2001b, and Brady, 2001).  The Nogales Wash originates north of 

Santa Elena, Sonora about 8.6 km (5.4 mi) south of the international boundary between 
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the United States and Mexico. Its widest point is located south of the City of Nogales, 

Sonora where it reaches up to 1.2 km (0.75 mi).   Nogales Wash flows north through 

Nogales, Sonora, and then, Nogales, Arizona. It is encased with concrete at the 

international boundary (7 m (23 ft) X 5 m (16.4 ft)).  Perennial flow in the Nogales Wash 

is fed by springs, however, storm flows and uncontrolled sewage discharges also 

contribute.   
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Figure 3: Nogales Wash watershed delineation portrayed by hill shade relief of a 
DEM (Brady and others, 2002, Brady, 2001, Brady and others, 2001b). 
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Climate 

Temperatures in Ambos Nogales are generally mild.  Freezing temperatures are 

only common at night from December through April and temperatures during the day are 

generally about 50 degrees F. During June and sometimes during July and August, days 

may exceed 100 degrees F.   

Precipitation ranges from 13 - 17 inches yearly. Summer brings the majority of 

rain that falls from July through September (fig. 4), originating in the Gulf of Mexico.  

These rains are convective, short, intense thunderstorms common to the area’s monsoon 

season.  In the winter, moisture originates in the Pacific and Gulf of California and tends 

to be frontal, creating widespread storms with lower intensity and longer duration.  

 

Figure 4: Average precipitation in Nogales, Arizona (http://www.city-
data.com/city/Nogales-Arizona.html)  

Elevation  

Topography in the Ambos Nogales Watershed ranges dramatically from 1,060 -

1,710 m (3,477- 5,610 ft) (fig. 3).  The cities are located on broad, moderately sloping, 
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dissected fans of old alluvial.  These extend from relatively narrow, more recent, alluvial 

flood plains to the base of abruptly rising mountain ranges that form the boundaries of the 

watershed.  The erosion action caused by the Nogales Wash has formed these quaternary 

alluvial deposits (alluvial fans), referred to in the United States literature as the Younger 

Alluvium (http://www.ibwc.state.gov/Files/Nogwashr.htm).  The mountain ranges are 

composed of granite, basalt, schist, andesite, and limestone parent materials.  

Vegetation 

According to the Guide to Native Vegetation of Ambos Nogales (Day, 2002), 

common plants of Ambos Nogales are native to both the Madrean Evergreen Woodland 

and Semi-Desert Grassland, of which the area is divided.  Grasses in these two major 

zones include Cane Beardgrass (Bothriochloa barbinodis), Blue Grama (Bouteloua 

gracilis), and Tanglehead (Heteropogon contortus).  Trees include Emory Oak (Quercus 

emoryi), Catclaw Acacia (Acacia greggii), Alligatorbark Juniper (Juniperus deppeana), 

One-Seed Juniper (Juniperus monosperma), Arizona Cypress (Cupressus arizonica), 

Velvet Mesquite (Prosopis velutina), and Ironwood (Olneya tesota).  Shrubs include 

Trailing Indigo Bush (Dalea greggii), Creosote Bush/Greasewood (Larrea tridentate), 

Velvet Pod Mimosa (Mimosa dysocarpa), Ocotillo (Fouquieria splendens), Kidneywood 

(Eysenhardtia polystachya), Turpentine Bush (Ericameria laricifolia), and Desert 

Honeysuckle (Anisacanthus quadrifidus v. wrightii).  Wildflowers include Lupine 

(Lupinus), Superb Penstemon (Penstemon superbus), Mexican Hat (Ratibida 

columnaris), and Desert Marigold (Baileya multiradiata).  Cacti and other succulents 
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include the Hedgehog Cactus (Echinocereus), Engelmann Prickly Pear (Opuntia 

engelmannii), Mountain Yucca/Spanish Bayonette (Yucca x schottii), Banana Yucca 

(Yucca baccata), and Parry’s Agave (Agave parryi).  Plants that require special attention 

(water) in Ambos Nogales, include Cottonwood (Populus), Mountain Cottonwood, 

Arizona Walnut (Juglans major), Eucalyptus (Eucalyptus), Willow (Phillyraeoides), and 

Common Privet (Ligustrum) (Day, 2002).  

Soils 

The soils in the study area are generally shallow and rocky with unweathered 

clasts of andesite and rhyolite tuffs, granites, and small areas of clay shales. Steeper 

slopes have many rock outcroppings and shallow loamy soils. Five soil associations are 

known to dominate the area: Comoro-Pima, Continental-Sonoita, Caralampi-White 

House - Hathaway, Lampshire-Chiracahua-Graham, and Faraway-Rock Outcrop-

Barkerville (U.S. Natural Resources Conservation Service, 1997). 

The first three are typically deep soils and sandy loams with varying amounts of 

gravel and clay, generally appearing in or along floodplains and streambeds, while the 

latter two are typically shallow cobbled clay or sandy loams occurring in the upper 

elevations on foothills and mountains (US EPA, 1999).  A binational soils map was 

created for this study to portray the locality of soil types in the Ambos Nogales watershed 

(fig. 5, Table 1) (Norman and others, 2004b). 
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Figure 5: Soil Types of Ambos Nogales (Norman and others, 2004b). 
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Table 1: Soil Type Descriptions of Ambos Nogales (Norman and others, 2004b) 
 
Cg: Caralampi gravelly sandy loam  
Co: Chiricahua Series: Chiricahua cobbly sandy loam 
Cr: Chiricahau-Lampshire 
Ct: Comoro Series: Comoro soils  
Gb: Grabe Series: Grabe-Comoro complex  
Ge: Grape Series: Grabe soils  
Gu: Guest Series: Guest soils 
La: Lampshire Series: Lampshire very gravelly sandy loam  
Lc: Lampshire-Chiricahua association  
Lg: Lampshire-Graham-Rock outcrop association  
Pm: Pima Series: Pima soils  
Po: Pinaleno Series: Pinaleno gravelly sandy loam  
Rn: Rock outcrop-Lithic Haplustolls association  
So: Sonoita Series: Sonoita gravelly sandy loam  
Th: Torrifluvents and Haplustolls  
Wo: White House-Caralampi complex  
Wt: White House Hathaway association 
FAO-S27: Lithosol, Eutric Regosol, Calcaric Regosol, Luvic Xerosol, Eutric Cambisol, 
Calcic Cambisol, Haplic Phaeozem, Chromic Vertisol, Haplic Xerosol, and Luvic 
Yermosol.  
FAO-S179: Eutric Regosol, Haplic Phaeozem, Luvic Xerosol, Haplic Xerosol, Haplic 
Yermosol, and Lithosol.  
FAO-S183: Eutric Regosol, Haplic Phaeozem, (Calcic Castanozem?), Eutric Cambisol, 
Calcic Cambisol, Luvic Xerosol, Eutric Fluvisol, Orthic Luvisol, and Chromic Luvisol. 
 

Land Use 

The land in the Ambos Nogales Watershed is used for a variety of purposes.  

High-density residential areas predominate in Nogales, Sonora, while low and medium 

density residential areas are more prevalent in Nogales, Arizona.  Land uses include 

industry, commerce, transportation, recreation, and agriculture. Agricultural use of land 

has declined over the past 20 years, while residential-use and industrial use has increased.  
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Land needed for transportation and recreation has also increased with the population and 

industry growth (http://www.scerp.org/scerp/docs/berr4.html).  

Most of the surrounding area is rangeland, which is grazed year round by cattle 

(U.S. Natural Resources Conservation Service, 1997).  Nearly all ranches utilize some 

form of grazing rotation to maintain animal numbers and range condition.  Hunting is an 

important recreational activity around Ambos Nogales.  Big game includes javelina, 

desert mule deer, pronghorn antelope, Coues whitetail deer, and desert bighorn sheep. 

Small game includes Gambel's and scaled quail, mourning dove, cottontail, and 

jackrabbits.  

Mining, especially for copper, is an important land use around Ambos Nogales. 

Other minerals include gold, silver, molybdenum, turquoise, and opal.  Natural mining 

products include sand, gravel, rock, clay, limestone, marble, gypsum, decomposed 

bedrock, cinders and boulders (U.S. Natural Resources Conservation Service, 1997).  
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II. STATEMENT OF THE PROBLEM 

According to Presidential Executive Order 12898, “Federal Actions to Address 

Environmental Justice in Minority Populations and Low-Income Populations (February 

11, 1994),” and the accompanying presidential memorandum, federal agencies are 

advised to identify and address, whenever feasible, disproportionately high and adverse 

human health or environmental effects on minority communities and/or low-income 

communities.   

Erosion susceptibility increases with soil compaction, devegetation, and land-use 

changes associated with development.  Surface activities and discharges to the Nogales 

Wash are shown to result in the deteriorization of water quality in the city of Nogales 

groundwater supply (Castaneda, 1998).   

According to the La Paz agreement of 1983, signed by both the United States of 

America and the United Mexican States, the countries agreed to adopt the appropriate 

measures to prevent, reduce, and eliminate sources of pollution in their country which 

affects the border area of the other (http://www.epa.gov/usmexicoborder/efpaz.htm).  

This research addresses the Clean Water Act, Section 104(b)(3) and the Clean Air Act, 

Section 103(b)(3).  In addition, Section 303(d) of the Clean Water Act specifies that Total 

Maximum Daily Load (TMDL) accounting on non-attaining streams should serve as a 

basis for pollutant-source management and that sediment and siltation are the primary 

impairment reported on current listings (U.S. Environmental Protection Agency, 2002a; 

Hawkins, 2003).   
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The United States and Mexico have agreed to act jointly to address environmental 

and public health problems prevalent in border communities, consistent with principles of 

environmental protection, resource conservation, and sustainable development 

(http://www.epa.gov/r6border/index.htm).  It has been proven that the health of human 

populations and ecological systems is increasingly tied to the quality of the urban 

environment (McPherson and others, 2003).  Environmental problems in Ambos Nogales 

have been attributed to decades of unbalanced growth, created by rapid economic and 

population booms, gaps in the supply of public services, a low priority given to the 

protection of the environment by the federal government, and the lack of economic, 

technical, and human resources to enforce the protection of the environment (Sanchez, 

1995).  As a result of regional environmental degradation, some border residents suffer 

disproportionately from many environmental health problems, including waterborne and 

respiratory diseases (U.S. Environmental Protection Agency, 2002b).   

Rapid Urbanization 

Ambos Nogales is site to one of the largest maquiladora programs along the U.S.-

Mexico Border and the rapid population growth has resulted in a high demand for land 

and unplanned development.  The improvement of quality of living and environment, 

along with a promise of better jobs and incomes has generated a considerable flow of 

migrants to Ambos Nogales from southern areas, particularly in the last three decades.  It 

is estimated that approximately 80% of Nogales, Sonora’s residents consist of recent 

immigrants who find work in the low-wage, foreign-owned assembly plants crowded 

along the border.  Some settle for a longer time, building homes out of wood, cardboard, 
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and corrugated tin.  Others stay only long enough to save a little money to take back 

home or to get to the United States, where a worker can make much more than the 

average wage in Mexico.  Some of these traveling workers are considered “squatters”, 

who by definition take possession of unoccupied land without authorization for building a 

house.  Like typical “squatter settlements”, colonias (neighborhoods) sprout up on both 

sides of the border having nonexistent or below adequate levels of services and 

infrastructure, including: water supply, sanitation, electricity, roads, drainage, and 

housing conditions (Norman and others, 2003; Norman and others, 2004a; Norman and 

others, 2004c; Norman and others, 2005a).   Paths to colonias in Nogales, Sonora 

typically follow arroyos (river washes that are usually dry) due to the ease with which 

new residents pass through them (Poplin, 2002).  Colonias crowding around industrial 

border centers like Nogales comprise the extent of the north-south polarization of 

Mexico's economy, and the desperation of Mexico's rural poor 

(http://journalism.berkeley.edu/projects/border/nogales.html).   

The hydrologic impacts of rapid population and urbanization include an increase 

in infrastructure demands (wastewater and potable water) and impervious areas, as well 

as changes in natural drainage and climate (fig. 6) (Hall, 1984; Hurd and Civco, 2004).  

These changes sometimes culminate in pollution problems downstream.   
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Figure 6: Hydrologic impact of urbanization. Gray boxes identify impacts directly 
related to impervious surfaces (adapted from Hall, 1984; Hurd and Civco, 2004).  

 

Infrastructure 

The cities of Ambos Nogales share a wastewater treatment system, built in 1951, and 

operated under the supervision of the International Boundary and Water Commission 

(IBWC).  This International Wastewater Treatment Plant (IWWTP) is located just north 

of the City of Nogales, Arizona and just south of its confluence with the Santa Cruz River 

(http://www.ibwc.state.gov/html/nogales.html). 

 Preliminary analyses of the twin cities gathered in a Southwest Center for 

Environmental Research and Policy (SCERP) survey performed by Sadalla and others 
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(1998), confirm that infrastructure inadequacies have led to residential behaviors 

considered hazardous to the health of colonia residents and that result in environmental 

pollution.  Results of a study by Sanchez (1995) in Nogales, Sonora, showed that water 

quality problems are associated with gaps in the supply of public sewerage and drinking 

water services.  An outbreak of cholera and other water-related diseases, such as 

gastrointestinal disorders, has been documented and corroborated by health officials in 

Nogales, Sonora (Sanchez, 1995).  Deficiencies in the maintenance and operation of 

these services and industrial growth have aggravated this situation (U.S. Environmental 

Protection Agency, 1999).   

Erosion  

In Nogales, Sonora, colonias with unpaved streets have replaced some of the 

area's native plants and tree stands. The unprotected slopes on both sides of the border 

become deep, rushing gullies riddled with refuse-laden sediment during rainstorms 

(Poplin, 2002).  Bare hill slopes have higher rates of surface runoff and lower rates of 

water infiltration into the soil than those covered with natural grasses (Brooks and others, 

1997).  Urbanization, construction, and devegetation in Ambos Nogales instigate erosion 

of the land (fig. 7).   



 

 

39

 

Figure 7: Bravo Lane Site in Nogales, Ariz, depicts Gabions under construction 
(http://www.azfma.org/newsletters/10_01/news_6.htm). 

Flooding 

During the late-summer monsoon season, a typical one-hour afternoon storm can 

drop an average of 45.72 mm of precipitation (NOAA Precipitation Frequency Atlas 2, 

1973), after which, paved and compacted dirt roads are covered with loose sediment and 

mud (Poplin, 2002).  Flooding affects low-lying areas throughout Ambos Nogales, where 

many major streets follow the course of natural arroyos; and in the hills, landslides 

caused by rushing waters damages homes and streets (fig. 8). 
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Figure 8: Floodwater flows down Calle Reforma toward downtown Nogales, Sonora, 
near the Mariposa port of entry (Ibarra, 2003). 

According to a report in the Arizona Daily Star newspaper (Ibarra, 2003), 

residents in Nogales, Sonora spent time removing tons of mud and debris from streets 

and homes, after a single monsoon flooded downtown.  Storms frequently cause 

extensive erosion damage to roads along the Nogales Wash, with entire sections being 

completely washed away on both sides of the border.  Damage is caused by the 

accumulation of debris, which forces flow towards channel banks, and erodes them away. 

Crews in Nogales, Ariz. work hard to repair the roads, place riprap in the areas of 

restoration, dump rock, and avert the loss of the road (fig.s 9- 10) 

(http://www.azfma.org/newsletters/10_01/news_6.htm). 
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Figure 9: Old Tucson Road washout site: Looking north along the east bank of the 
Nogales Wash, adjacent to Old Tucson Road. The washout was originally 12-15 feet 
from edge of road (http://www.azfma.org/newsletters/10_01/news_6.htm) 
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Figure 10: Pickrell Bridge Site: Looking west along the south side of the bridge.The 
Pesquiera Wash enters on west bank along the bridge into the Nogales Wash 
(http://www.azfma.org/newsletters/10_01/news_6.htm). 

Airshed 

Most of the pollution in the border air sheds can be attributed to anthropogenic 

activities common to congested urban areas and their environs (Mukerjee, 2001).  The 

Clean Air Act and Amendments of 1990 define a "nonattainment area" as a locality 

where air pollution levels persistently exceed National Ambient Air Quality Standards.  

The EPA Office of Air Quality Planning and Standards (OAQPS) has set National 

Ambient Air Quality Standards for six principal pollutants, which are called "criteria" 

pollutants.  Nogales, Arizona was designated as a nonattainment area because the criteria 

pollutant standards have been exceeded for several years.   

Particulate Matter 10 (PM10) are coarse particles with diameters of 10 

micrometers or less that come from sources such as windblown dust from the desert or 
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agricultural fields and dust kicked up on unpaved roads by vehicle traffic.  Sources of 

particulate matter include areas of high-erosion potential.  

The Arizona Department of Environmental Quality (ADEQ) completed a study in 

1995 in Ambos Nogales, on the air quality, due to a number of cancer cases that had been 

reported.  This study identified high PM10 concentrations 

(http://www.adeq.state.az.us/environ/air/monitoring/border.html), like dust, dirt, soot, 

smoke and liquid droplets, that can get deep into the lungs and reach the thoracic or lower 

regions of the respiratory tract.  Health problems related to this include difficulty 

breathing, aggravation of existing respiratory and cardiovascular disease, shortness of 

breath, irritated eyes, alterations in the body's defense systems against foreign materials, 

damage to lung tissue, carcinogenesis and premature death (Callimanis 2001; 

http://www.epa.gov/oar/oaqps/greenbk/o3co.html#Particulate%20Matter). PM10 consists 

of small, discrete solid or aerosol particles in the air with a diameter of less than or equal 

to 10 micrometers. Particulate matter in the respiratory tract may produce injury by itself, 

or it may act with gases to increase the effect on the body. The elderly, those suffering 

from respiratory illness, and young children are especially prone to the harmful effects of 

particulates. Particulate matter also makes our long-distance views appear hazy 

(http://www.pscleanair.org/airq/pollution.shtml#pm).   

Some sources of particulate matter that require attention include soil erosion 

dispersed from poorly paved streets, unpaved roads, and unpaved parking areas 

(http://www.epa.gov/ocem/gneb/pdf/2002_10_boardmeetingsummary_nogales.pdf).  

Once the sediment dries, automobile tires, foot traffic and wind generate dust.  It is in 
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these erosion and sediment deposition areas that the highest concentrations of atmosphere 

PM10 are observed (Heisler and others, 1999). 

Watershed 

Advocacy of a watershed approach is based on the assumption that sustainable 

development is more readily achieved when a full accounting of the ecological and 

social-economic relationships are made within a watershed (Mumme and Barajas, 2003).  

It is essential that the U.S. and Mexico coordinate their efforts in addressing water 

problems within the framework of binational watersheds (Brown and others, 2003).  The 

Ambos Nogales watershed is a sub-watershed of the larger Santa Cruz River watershed.  

The water from Ambos Nogales flows north, joining up with the Santa Cruz River, which 

flows into Tucson, Ariz. (fig. 11). 
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Figure 11: Landsat satellite image from 10/2/96 depicting the Ambos Nogales 
watershed, the Santa Cruz River, and Tucson, Ariz. 
 

The United States and Mexico allocate the use of surface water through treaties 

and their minutes, administered by the IBWC.   However, very few of the existing 

binational programs deal with non-point source pollution control (Mumme and Barajas, 

2003).  EPA identifies sediment as the number one pollutant in streams and water 

channels. Excessive sediments upset balanced ecology within streams by smothering the 

bottom- dwelling organisms, and further interfere by reducing light penetration, which 

affects photosynthesis.  Turbidity is the optical property of water that causes light to be 

scattered, absorbed, and diffracted rather being transmitted directly through water. It is a 

very obvious form of water impairment and is strongly associated with suspended 

mineral sediment (Hawkins, 2003).  Sediments also act as carriers of nutrients and toxins, 

inhibit fish reproduction and alter natural stream flow (Stringer and others, 1997).   

Water is the most limited resource in this primarily arid region.  Population 

growth, urbanization and development, aquifer depletion, surface water usage, pollution 

and climate change all threaten the availability of water resources along the US-Mexico 

border (Nitze, 2003).  Surface and groundwater resources are threatened by 

contamination, including agricultural runoff, industrial discharge, and untreated sewage 

(http://www.epa.gov/r6border/index.htm). 

The buffering area of the riparian zone plays a huge role in conservation 

management. Riparian areas act as a natural treatment for the watershed water flow 
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regime that filters out sediment and other materials from reaching the stream channels 

and act as sinks for contaminates (DeBano and Schmidt, 1989).  

Research in Ambos Nogales  
An increase in urban land cover in Ambos Nogales between 1996 and 2001 was 

identified by the University of Arizona’s “SOMBRHERO” project.  According to this 

study, the urbanization parallels the uneven population growth between the US and 

Mexican side of the twin city area 

(http://monsoon.geog.arizona.edu/~sombrhero/subindexes/Nogales.html#water).  Most 

change in urban cover identified in Nogales, Sonora is related to urban expansion west 

and south of the border center, where industrial parks with maquiladoras are located.  

Urban expansion has been reported as a result of colonia expansion central and east of 

the border. The City of Nogales, Arizona has made few changes to allow for industrial 

growth west and northwest of the border center, while minimal infill has occurred. 

The Ambos Nogales Revegetation Project is a binational, multidisciplinary effort 

to increase the planting of native vegetation along the U.S.-Mexico border in Ambos 

Nogales.  The effort began in May 2001 and involves faculty and students from the 

University of Arizona’s Bureau of Applied Research in Anthropology (BARA) and other 

departments as well as from Centro de Estudios Technologicas industrials y de servicios 

No. 128 (CETis 128), a technical high school in Nogales, Sonora.  The schools work 

together to assess the nature and extent of devegetation and erosion problems in Ambos 

Nogales.  This is part of a larger effort of the Social and Economic Development 

Subgroup of the US-Mexico Border Liaison Mechanism (BLM) to address air quality 
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issues with the Arizona Department of Environmental Quality (ADEQ) in Ambos 

Nogales (http://nogales.bara.arizona.edu/page2.html).  The group has studied sources and 

sinks of dust and other air quality contaminants in Nogales, Arizona and Nogales, 

Sonora.   

Four colonias in Nogales, Sonora were selected for a sub-study done by BARA.  

Each colonia has shared common problems of soil erosion and atmospheric dust.  Water-

induced soil erosion was studied to understand how to slow this process and, in turn, 

decrease the volume of sediment deposited on the heavily trafficked roads (Poplin, 2002).  

In order to quantify the current rates of soil erosion occurring in each colonia, and to 

estimate how revegetation might change the rates, the Hillslope Erosion Model was 

applied, a model developed by Dr. Leonard J. Lane and other scientists at the U.S. 

Department of Agriculture Arizona Research Service’s Southwest Watershed Research 

Center in Tucson, Arizona.  This model is a mathematical, internet-based model that uses 

physical parameters as input (Lane and others, 1995).  The model simulates erosion 

process along a hillslope and returns runoff volume, sediment yield, interrill detachment, 

rill detachment, rill deposition, and the mean concentration of sediment in the flow for 

each hillslope segment (http://eisnr.tucson.ars.ag.gov/hillslopeerosionmodel/).  

According to the model results derived by BARA, increasing vegetative cover in 

one flow path of Colonia Municipal from 3.3% to 10%—assuming this would increase 

ground cover from 58% to 63%—would decrease sediment yield from 7.7 T/ha to 1.4 

T/ha, an 80% reduction.  Given comparable revegetation efforts in the other three 

colonias, similar reductions in erosion can be achieved.  A graph (fig. 12) shows potential 
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reductions in erosion in the colonias along selected flow paths and tributaries, given 

increases in vegetation that could realistically be sustained. While these numbers are only 

estimates, they do indicate that significant reductions in soil erosion and atmospheric dust 

could be achieved through revegetation.   
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Figure 12:  Predicted Reduction in Sediment Yield with Increase in Vegetation 
(Poplin, 2002). 

In another study, Stefanov and others (2003) demonstrated the application of 

remotely sensed data for identification and mapping of land-cover types associated with 

fugitive dust generation, transport, and deposition in Nogales, Arizona. The associations 
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found in this study between land-cover types and dust processes provide a useful 

framework for identification of potential "hot spots" to aid in focusing further field 

investigation, sampling efforts, and dust control measures. 
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III. COLONIA DEVELOPMENT AND LAND USE CHANGE 

 

Introduction  
A cooperative agreement was developed among the U.S. Department of Housing 

and Urban Development (HUD), the U.S. Geological Survey (USGS), the U.S. Census 

Bureau, the Mexican Secretariat of Social Development (SEDESOL), and the Mexican 

National Institute of Statistics, Geography, and Informatics (INEGI) to facilitate the 

exchange of information in the United States and Mexico to manage cross border 

planning issues and to improve housing and living conditions in the colonias along the 

International border (Norman and others, 2004a; Norman and others, 2004c).  In the 

United States, colonias are defined by HUD as rural communities and neighborhoods 

located within 150 miles of the border (fig. 13) that lack adequate infrastructure or 

housing and, possibly other basic services; in Mexico, these types of communities or 

neighborhoods are referred to as colonias marginales (Norman and Austin, 2004; Parvi 

and others, 2004).   

Internet map servers have been developed under this initiative to help 

communities visualize infrastructure and housing conditions binationally for sustainable 

development planning purposes (Norman and others, 2004a; Norman and others 2004c).  

The goal is to monitor colonia development and to provide accessible and affordable 

technological tools in a GIS database on-line free of charge.  Access to public records 

through Internet-accessible software was selected as an approach to overcome the 

problems and expense associated with obtaining GIS software and developing associate 

data.  
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This chapter discusses the changes in Ambos Nogales that have led to the 

development of colonias and colonias marginales and how these changes are now being 

monitored using an on-line GIS database though the Colonias Monitoring Program.  The 

objective is to enhance binational planning and to provide tools that may assist in the 

acquisition of funds set aside for these borderland communities.  The GIS and satellite 

image database can be accessed at any time online; a user needs only a computer, Internet 

access, and a Web browser.  
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Figure 13: US-Mexico Border Region (150-mile buffer zone on either side)
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Colonias 

In the 1980’s, inadequate living conditions and especially the high rates of 

diseases such as cholera and hepatitis A in border communities lacking infrastructure 

(water and sewage) caused the Federal government to take action (Parvi and others, 

2004).  As a result, the La Paz Agreement of 1983, on Cooperation for the Protection 

and Improvement of the Environment in the Border Area was established, in which the 

federal governments of both the U.S. and Mexico defined the border region 

In the 1990’s, U.S. Congress began to require states bordering Mexico to set 

aside a portion of their HUD-allocated Community Development Block Grant (CDBG) 

funds to begin to lessen the poverty and distressed living conditions found in the 

colonias (Parvi and others, 2004).  Many colonias have emerged in rural areas without 

local governance and the services that government customarily provides.  Some 

colonias may be entire border communities, while others are neighborhoods within 

incorporated communities (http://www.hud.gov/groups/frmwrkcoln/whatcol.cfm). 

The number of colonias has grown throughout the 1990s and into the 21st 

century (Parvi and others, 2004).   By 2001, over 1,400 colonias were identified in 

Texas (Ward, 1999), approximately 120 were identified in New Mexico, and 80 in 

Arizona (Donelson and Holguin, 2001).  

Since the early 1990s, Federal and quasi-Federal agencies have granted 

hundreds of millions of dollars in Federal loans and grants for projects in colonias 

including HUD’s Community Development Block Grant and Rural Housing and 

Economic Development Program and the USDA’s Rural Utilities Program and Rural 
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Housing Service.  Programs such as the U.S. Environmental Protection Agency’s 

(EPA) Border XXI program (1996-2001) and Border 2012 program (2003-2012), as 

well as the North American Development Bank (NADBank), also provide funds to 

border communities (Parvi and others, 2004) to address the growing problems 

associated with colonias. 

Colonias Monitoring Program 

The Colonias Monitoring Program began along the Texas border in El 

Paso/Juarez in December 2002, and has expanded to include Eagle Pass/Piedras 

Negras, Brownsville/Matamoros and the Arizona-Sonora sister cities of Douglas/Agua 

Prieta (Norman and others, 2004a), Nogales/ Nogales and most recently Bisbee and 

Naco/Naco. 

The Colonias Monitoring Program provides the framework for developing a 

sustainable approach to monitoring colonia development along the border.  It was 

designed to enable more inclusive participation of local entities through the provision 

of affordable technology made accessible via an internet-based GIS service and 

database.  The service facilitates access to information necessary for assessing 

problems, prioritizing needs, and planning to meet the housing and infrastructure needs 

of colonias and colonias marginales (Parvi and others, 2004).  It also provides 

demographic and planning information in relevant geospatial formats that can be used 

by government entities and nongovernmental organizations in preparing grant and loan 

applications for community-improvement projects (Norman and others, 2004a; Norman 

and others, 2004c; Lam and others, 2004).  Any areas fitting the legal description of a 

colonia can take advantage of earmarked funding.  Therefore, in the development of 
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this program in Arizona and Sonora, smaller, colonia-like neighborhoods within 

incorporated communities of selected borderlands have been delineated as colonias, 

thereby allowing them the potential to compete for some of those funds.  

At this time, the databases for Arizona and Sonora are managed at the 

Advanced Resource Technology laboratory in the School of Natural Resources at the 

University of Arizona (http://crossborder.arizona.edu/colonias/).  Layers, with 

information about sewer lines, water lines, colonias boundaries, and changing urban 

extents have been developed for this program.  

Land Use Change in Ambos Nogales 
 

Urbanization of the southwestern semi-arid regions of the U.S. is a 

comparatively recent phenomenon, occurring largely in the past 50 years; this growth 

has pushed the urban fringe into areas formerly occupied by agricultural land or pristine 

deserts (Ramsey, 2003).  Historic accounting in Ambos Nogales paints a picture of the 

twin city area’s ebbs and flows in population density over time.  The background of 

policy implementation and financial booms over the last century, describes the rapid 

and sporadic settlement patterns.  A land use change analysis, focused on urbanization 

in the twin cities, examines population change and densification of colonias.  The 

following section describes how historical factors have contributed to rapid and 

sporadic settlement patterns.  Image processing and temporal RS analysis, based around 

the timeframe 1975-2002, has been completed to show how the Nogales area has 

grown.  Using the same procedures described in Norman and others (2004a), Landsat 

satellite data was utilized to make estimates of urban extent change.  Suitability- 

capability analysis (SCA) was implemented based on the housing and infrastructure of 
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given areas to support colonias.  Overlay analysis helped to identify colonias 

development and access to infrastructure.   

History of Land Use and Policy Change 

The histories of Ambos Nogales are woven together because of their proximity. 

The name Nogales comes from the Spanish word “walnut trees” which used to thrive 

around the twin cities. The history of the region dates back to the cultures of the 

Apache, Yaqui, and Hohokam peoples who built their communities along the Santa 

Cruz River, when water flowed year round and provided for agriculture and ranching 

sites.  Families have been raising livestock in the region of Ambos Nogales since at 

least the 1500’s.   

 It is recorded in the history of Santa Cruz County that a Franciscan missionary, 

Father Marcos de Niza, the first European to cross the border, came to the area as early 

as 1539 in search of Cibola (the Seven Cities of Gold).  His report on the district 

promoted a Spanish expedition led by Francisco Vazquez de Coronado in 1540 to lay 

claim to the cities.  Jesuit priest and Austrian missionary, Padre Eusebio Francisco 

Kino, established several missions around Nogales, notably: Tumacacori, Huevavi, and 

Cibuta in the late 1600’s (http://www.co.santa-cruz.az.us/history.html).  

 By 1853, the Gadsden Purchase formed the southeastern corner of Arizona, 

making it part of the U.S.  In 1880, a Russian immigrant, Jacob Isaacson, built a trading 

post, in his namesake, which later became Nogales, Ariz.  Two years later, Nogales was 

the site of the first rail connection between Mexico and the U.S. (fig. 14). The city of 

Nogales, Ariz. was officially founded in 1882 along this north-south rail line to 
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promote trade between the U.S. and Mexico 

(http://www.sonoranborderlands.com/nogales_mx.html) and was incorporated in 1893.   

 

Figure 14: Current and Abandoned Railroads in Southern Arizona (Myrick, 
1967). 

By 1886, settlers began to expand cattle ranching and irrigation-based farming 

projects (Goodman, 1969).  At that time, the Mexican government created a zona libre 

(free trade zone) to allow Mexican border communities to import foreign products, duty 

free, in an effort to promote commercial development and reduce out-migration to the 

U.S.  However, because of economic rivalry with American merchants and criticism 

from Mexico City officials that the border region had an unfair advantage, the Porfirio 

Diaz government abolished the zone in 1905 (Martinez, 1988). The twin cities of 

Ambos Nogales grew quickly, from a population of 2,700 in 1890, to 4,500 in 1898, 

and to 8,000 by 1909, due to the railroad stop and commerce that grew up with the 

establishment of the Mexican free trade zone (Kearney, 1995).   
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Farming was a productive enterprise in the region, largely because many 

workers in both the agriculture and copper industries were affordable low-wage 

Mexican employees.  The Mexican Revolution of 1910 led more than one-half million 

Mexicans to cross the U.S.-Mexico border between 1910 and 1920, with the Arizona-

Sonora border community of Nogales attracting many of them (Norman and others, 

2005a). At the time of the 1900 Census, only 11 percent of the Arizona was Mexican, 

but by 1910, 14.4 percent of the population was Mexican (Meyer, 1987).  Skirmishes 

occurring in Nogales against General Francisco "Pancho Villa" were reported in 1916, 

who was rumored to have regularly crossed the Nogales border to hide out. 

 During WWI, additional labor demands accelerated more migration, with one 

and one-half million Mexicans coming to the U.S. during the 1920’s (Kearney, 1995).  

However, at the same time, Sonora’s agricultural industry rapidly expanded. 

Government support of agriculture from 1926 through the 1960s represented one-

quarter of Mexico’s budget, making Sonora the nation’s breadbasket (Weaver, 2001). 

By the 1940’s, agricultural interests prospered, largely due to the Bracero 

program (which operated from 1942 to 1964). The termination of the Bracero program 

left many Mexican farm workers unemployed including an estimated 50 percent in 

Nogales, Sonora (Baerrensen, 1971). While agriculture is still very important to the 

border county economies, its importance has slightly declined since the late 1950’s and 

early 1960’s (Norman and others, 2005a). 

In an effort to offset some of the massive unemployment, the Mexican 

government launched the Programa Nacional Fronterizo (or PRONAF, the National 

Border Program) in 1961 to promote tourism.  Soon after, the Border Industrialization 
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Program (BIP) in 1965 helped spur large-scale development on the Mexican side of the 

border through incentives for establishing maquiladoras. The ability to send raw 

materials to Mexico, and obtain finished goods duty-free, prompted maquiladora 

operators to set up small-scale U.S. operations on the Arizona side of the border, with 

larger Mexican assembly operations on the Sonoran side (Norman and others, 2005a).  

From 1939 to 1958, Nogales, Arizona’s retail sales increased by 677 percent, 

and its wholesale trade increased 2,708 percent, due to population growth on the 

Sonoran side of the border and Mexicans’ ability to import duty-free products 

(McCleneghan and Gildersleeve, 1964).  The program was important in stimulating fast 

population growth in Nogales, Sonora by the mid 1960’s (Kearney, 1995). Nogales’ 

sister city in Arizona has since reaped significant benefit in terms of trade. It is 

estimated that maquiladora workers spend an estimated 65 to 95 percent of their wages 

in U.S. border towns (Weaver, 2001).  

Today, approximately 54 percent of all Santa Cruz County, Arizona employees 

and 56 percent of all business establishments are engaged in wholesale and retail trade 

(U.S. Bureau of the Census, 1997).  Santa Cruz County gained considerable 

manufacturing employment due to increased maquiladora employment (Norman and 

others, 2005a).   

Boosted by the 1986 passage of the Immigration Reform and Control Act, 

which granted amnesty to undocumented residents as a means of encouraging migrant 

families to settle in the United States, and the North American Free Trade Agreement 

(NAFTA), which went into effect on January 1, 1994, border industrial growth has 

resulted in massive population growth. The rate of industrial development increased 
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further after the implementation of the NAFTA, with about 1,700 plants operating in 

Mexico in 1990, but by 2001 that figure had more than doubled to nearly 3,800 

maquiladora plants, 2,700 of which were in the border states (U.S. Environmental 

Protection Agency, 2000).  

In 1990, Nogales, Sonora was the main site of Sonora’s maquila industry.  From 

1980-1989, Nogales Municipio contained 70% of Sonora's maquiladoras and 75% of 

that work force.  Since then, the maquila industry in Hermosillo (the state capital) has 

gained momentum as a maquila hub, but Nogales Municipio continued to expand in 

number of plants and employed through the year 2000 

(http://monsoon.geog.arizona.edu/~sombrhero/subindexes/Nogales.html#water). 

Although the number of maquiladoras operating in Ambos Nogales began to 

decline in 2000-2001 (see Table 2), the problems associated with a lack of 

infrastructure remain (Parvi and others, 2004). 

Table 2: Number of Maquiladoras in Nogales, Sonora (Twin Plant News, June 
issue of each year; Parvi and others, 2004). 

1999 2000 2001 2002 2003 2004 
104 109 109 73 79 81 

 

Population estimates vary greatly in Ambos Nogales, but one thing all 

researchers can agree upon is the rapid increase over the years (fig. 15). 
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Figure 15:  Population growth in Ambos Nogales 
(http://monsoon.geog.arizona.edu/~sombrhero/charts/population.jpg). 
Approximately 90 percent of the population along the U.S.-Mexico border resides in 14 

paired sister cities, with the rest living in small towns or rural communities (Parvi and 

others, 2004).  

Monitoring Land Use Change 

Monitoring growth and land-use change can be a great source of information for 

physical and social scientists that study patterns of expansion, impacts on the local 

environment, and the demands this places on the populations; a popular method to 

supplement this research is the use of repeat coverage RS (Ramsey, 2003).   
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Studies have demonstrated the utility of temporal and historical mapping, 

geographic analysis, and growth modeling in relationship to urbanization (Acevedo and 

others, 1996; Acevedo and others, 1999; Bell and others, 1995; Clark and others, 1996; 

Clarke and others, 1997; Clarke and Gaydos, 1998; Crawford-Tilley and others, 1996; 

Forney and others, 2001; Kirtland and others, 1994).  Work has only recently been 

undertaken to develop methods to measure impervious surfaces at a watershed scale (Ji 

and Jensen, 1999; Bird and others, 2000; Wang and others, 2000; Ward and others, 

2000; Bird and others, 2002; Justice and Rubin, 2003; Yang and others, 2003).  A need 

has been identified for a consistent technique to calculate watershed imperviousness 

from readily available and cost effective RS information that achieves an acceptable 

level of accuracy (Hurd and Civco, 2004).  Studies by Jackson and others (1977) 

estimated the cost benefits of using a Landsat approach for planning purposes are on 

the order to 2.5 to 1 and can be as high as 6 to 1 over a field approach. 

Using procedures described in Norman and others (2004a), Landsat satellite 

data collected for four time periods beginning in 1975 from the University of Arizona’s 

Arizona Regional Image Archive (ARIA) (http://aria.arizona.edu/) and processed to 

make estimates of urban extent change through time (fig. 16).  Datasets captured 

between April and June were downloaded in an effort to simulate similar climatic and 

vegetative conditions. The acquisition dates for the imagery were 06/23/1975, 

04/14/1983, 05/11/1996, and 06/21/2002.   

Although the satellite data were all acquired from Landsat systems, different 

sensors were utilized through the years, which may result in some discrepancy in 

analysis. The Landsat-1 satellite acquired the MSS imagery for 1975 at a 79-m 
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resolution. Landsat-5 TM sensor acquired TM data in 1983 and 1996 at a 30-m 

resolution.  And the Landsat-7 Enhanced Thematic Mapper Plus (ETM+) sensor 

acquired data at 30-m resolution in 2002.    Despite the discrepancy in resolution and 

other changes in sensors, urban extents of the twin city area have been determined.   

Results from this change analysis are used as input at a 90-m. resolution for the 

modeling efforts, making sensors’ resolution variance irrelevant since all the imagery 

was aggregated to a 90-m resolution. Aggregation was preformed using the majority 

method.  In addition, small pockets of non-urbanized areas may have existed within 

these boundaries and small areas of urban development may have existed outside as 

well, but for comparing growth through time, the extents were approximated.
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Figure 16: Landsat imagery portraying Ambos Nogales Watershed through time (1975-2002).  
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Image interpretation and analysis required acquisition and processing of the 

images, their georectification, and classification of urban and residential land use.  These 

data were then used to produce maps of the past and current urban extent in the region. 

Because the classification value of urban extent is subject to the analyst’s decision rules 

during the urban mapping process, the numbers listed in this study are approximations of 

urban extent.   

Identification of features using remotely sensed data involves use of computer 

software with the ability to identify pixels based upon their spectral reflection properties 

and statistical estimates. ERDAS Imagine 6.1 was used in this study.  The spectral 

reflectance value of an urban surface was used to identify urban extent.  In these color 

infrared images, urban surfaces are characteristically bluish to white in color, vegetation 

appears light to dark red, and soil appears yellow to light brown (Bell and others, 1995).   

Clustering methods, called unsupervised classification procedures, were applied 

to determine the location of the spectral classes into which the pixels of urban definition 

are assigned.  Datasets were run through the ERDAS Imagine isodata algorithm, using 6 

iterations each, creating signature sets and imagery categorized into 20 classes.  The 

isodata-clustering algorithm uses the minimum spectral distance formula to form clusters, 

beginning with arbitrary cluster means. Classes correspond to spectral signatures of 

dominant land use and land cover types; signatures that appeared to be urban areas were 

isolated for future analysis.  Using the isodata classifications, and registered original true-

color Landsat imagery, the urban areas were identified and manually digitized at a 

1:25,000 scale for each year of interest (fig. 17). 
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Figure 17: Digitized 2002 urban extent polygon overlain on 2002 Landsat image. 

 
The urban boundaries from 1995 and 2002 that were digitized in Nogales, Ariz. were 

compared with urban boundaries identified by the US Census in 2000.  From this visual 
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analysis, it is apparent that the boundaries are at a higher resolution and more accurate 

than the Census data (fig. 18).   

 
Figure 18: Comparison of digitized urban extents from 1996 and 2002 vs. urban 
areas identified by US Census in 2000 of Nogales, Ariz. 
 
These datasets were the combined in a GIS to display polygonal features of urban extent 

at the different time periods (fig. 19).   
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Figure 19: Urban Growth in Ambos Nogales over 27 years.  
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Change Detection and Discussion 

Polygons were rasterized and using ArcINFO’s GRID module, calculations of 

area were summarized and compared in Microsoft Excel software (Table 3).  According 

to the Urban Watershed Forestry Manual (Cappiella and others, 2005), after 1975 the 

Ambos Nogales Watershed can be defined as an “urban watershed or sub-watershed” 

because it has more than 10% total impervious cover.  

Table 3: Urban extent areas calculated from 1975, 1983, 1996, and 2002 satellite 
imagery. 

Year Acres Hectares % of Watershed
1975 6,026 2,438 9.6 
1983 7,756 3,139 12.4 
1996 10,877 4,402 17.4 
2002 13,715 5,550 21.9 

 

The Ambos Nogales urban area is growing rapidly (fig. 20) and in a linear trend.  If the 

urban area continues to grow at this rate, it is predicted that in the year 2012, urban area 

will reach 16,000 acres.  
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Figure 20: Urban Growth of Ambos Nogales in Acres per Year. 

 It has been stated that the implementation of the NAFTA, January 1994, altered 

the growth rate in Nogales, Sonora by creating new employment opportunities luring 

many Mexicans to move to this border town (Varady and Mack, 1995).  In dividing urban 

extent measurements at the U.S.-Mexico border, an analysis of these two cities was 

independently scrutinized.  It is apparent that growth from 1996-2002 in Nogales, 

Arizona was very small (3% to comprise its total area), while in Nogales, Sonora, it was 

very large (34% to comprise its total urban extent); this supports the theory that the 

NAFTA may have influenced settlement in Nogales, Sonora since its implementation 

(fig. 21).  
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Figure 21: Pie charts of total urban area in both Nogales, Ariz. and Nogales, Sonora 
depicted over time. 
While the area in Nogales, Ariz. has more than doubled in size, the area in Nogales, 

Sonora has almost tripled (fig. 22). Both cities are growing; however, Nogales, Sonora 

has expanded much more rapidly which could be attributed to industrialization.   

 
Figure 22: Bar chart depicting comparison of urban growth rate in Nogales Ariz., 
vs. Nogales, Sonora. 
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Colonias of Ambos Nogales 
An introduction to this research to the community took place at a meeting on 

September 15, 2003 at the offices of the City of Nogales, Ariz.  Arizonan participants 

included city and county officials, representatives of local non-governmental 

organizations, and Arizona State University and University of Arizona faculty and 

students.  Sonoran participants included city officials, and professors from the University 

of Sonora in Hermosillo.  HUD and USGS personnel introduced the Colonias Monitoring 

Program and the GIS database followed by additional participants who shared experience 

with and interest in the use of GIS as a research and monitoring tool in Ambos Nogales 

(fig.s 23- 24). 

 

Figure 23: Participants of initial meeting for Ambos Nogales Colonias Monitoring 
Program, students and faculty from the University of Arizona and the University of 
Sonora interact with historian from Nogales, Sonora. 
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Figure 24: Participants of initial meeting for Ambos Nogales Colonias Monitoring 
Program, Juan Mendoza, architect in Nogales, Sonora and Michelle Kimbel-
Guzman, Arizona Department of Environmental Quality, in foreground. 

In addition, a series of telephone interviews, e-mail exchanges, and personal 

meetings were held to collect personal knowledge about conditions of local housing and 

infrastructure, as well as existing GIS data.  This information was used to delineate new 

colonia-like boundaries in Ambos Nogales.  

Nogales, Arizona 

Using their knowledge of the area, as well as sewer and waterline localities, 

community members, especially Eduardo Delgado and Gerardo Calza (City of Nogales, 

Ariz. Department of Public Works) (fig. 25), Mike Alcala  (Environmental Health 

Coordinator, Santa Cruz County Health Department and liaison to U.S. Department of 

Health), Cynthia Shoemaker (Teacher, Nogales, Ariz. Elementary School) and Hector 
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Bajorquez (City of Nogales, Ariz. Housing Authority) examined hard-copy maps and 

helped to identify colonia-like neighborhoods in Nogales, Ariz. 

 

Figure 25: Eduardo Delgado and Gerardo Calza, from the City of Nogales, Ariz. 
Department of Public Works identify neighborhoods in lacking adequate 
infrastructure from the city to be delineated as colonias. 

 

Colonias previously recognized by the USDA in Arizona located inside the 

watershed limits, including the City of Nogales and the Chula Vista (fig. 26), Firestone 

Gardens, and Pete’s Kitchen (fig. 27) colonias were also included in this study.   
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Figure 26: Photograph of home in Chula Vista colonia, Nogales, Ariz. 
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Figure 27: Photograph of the Potrero Creek running through Pete’s Kitchen 
colonia, Nogales, Ariz.  

Colonia-like developments were identified in this study to be designated as 

colonias.  The Valle Verde area was designated because it does not receive water from 

the City of Nogales.  Beautus Estates, while containing high quality houses, has no access 

to the city sewer and water supplies and so most houses remain on septic tanks, not 

maintained by the City.  Las Lomas colonia is an expansion of the older City of Nogales 

colonia.  The colonia called Preston is gathered around an industrial zone and the houses 

are of poor quality having been built quickly.  Those colonia-like neighborhoods that are 

clustered around the border line with Mexico, including Las Alisos, Casas de Anza, and 

the Southwest and Southeast colonia were designated due to the age at which the houses 

were constructed.  This is the historic district and the houses are deemed inadequate to 

live in.  All the colonias in Nogales, Arizona were delineated on the map (fig. 28).   
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Figure 28: Colonias of Nogales, Ariz.  
 

Nogales, Sonora 

In Sonora, this project identified poor neighborhoods lacking basic services as 

“colonias marginales”.  Previous studies in Nogales, Sonora have described housing as 

composed primarily of wood, brick block or cement, and paper carton with considerable 

numbers of dwellings having dirt floors.  Residents also reported that dwellings are 

infested with insects and rodents (Sadalla and others, 1998).  Varady and Mack (1995), in 
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a study at the Udall Center at the University of Arizona, describe Mexican colonias as 

small informal, unstructured settlements that were created to accommodate the high 

influx of workers who relocated after policy implementation.  In 1999, only 50% of 

residents in Nogales, Sonora had piped water or connections to sanitary sewers.  

However, governments are now receiving assistance to provide potable water (Brown and 

others, 2003). 

With the help of community members from the city of Nogales, Sonora, and in 

particular, Alberto Suàrez Barnett (Historian of the Municipality Nogales, Sonora) and 

Cesar Espinoza Rodriguez, Hector Rocha (La Comisión de Agua Potable y Alcantarillado 

del Estado de Sonora (COAPAES)) (fig. 29) and Teresa Leal (Coordinator, Border Links 

in Nogales, Sonora), areas lacking in adequate housing or infrastructure were identified 

as “colonias marginales” (fig. 30).   
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Figure 29: Hector Rocha & Cesar Espinoza Rodriguez, from La Comisión de Agua 
Potable y Alcantarillado del Estado de Sonora (COAPAES) and Alberto Suárez 
Barnett, a Historian of the Municipality Nogales, Sonora identify colonias 
marginales lacking infrastructure and adequate housing conditions in Nogales, 
Sonora. 

 

These colonias marginales were previously recognized by the Urban Office of the 

Secretary of Infrastructure and Ecology of the Government of the State of Sonora 

(Secretaría de Infraestructura Urbana y Ecología (SIUE)), as homogeneous areas in the 

city containing houses that are either “Popular Dwellings” or homes of “Precarious 

Construction”.   

“Popular Dwelling” homes were built by their owners, some of them long ago and 

some more recently, and consequently there is great variability in their construction 

quality.  “Precarious Construction” homes were built mainly with discarded materials, 
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although the quality of construction varies considerably.  For instance, there are some 

homes built by their owners in a very low quality area, which are of very good 

construction, and vice versa.  Therefore, this classification would be considered an 

average of the quality of the homes of each particular zone.    

According to these definitions and local knowledge, the following sectors were 

labeled as colonias marginales in terms of this project scope: Rosario, Buenos Aires, 

Benito Juarez, Croc, Esperanza, Valle El, Cinco de Mayo, Vercruz, Los Tapiros, Buena 

Vista, Lomas de Nogales, Solidaridad, Flores Magon, Las Torres, Del Rastro, Maza de 

Juarez- Margarita, San Carlos, and one unlabeled by SIUE, Obrera (fig. 29).   

Colonia Buenos Aires, built on the steep hills just east of the downtown area and 

abutting the U.S. border, is one of the most susceptible to flooding; mud and debris clogs 

drainage channels and sends water roiling down the street, lifting chunks of pavement 

(Ibarra, 2003).  Community members fear that because streets within this colonia are 

built over the Nogales wash, they might collapse.  Locals are forced to dig out silty mud 

that is carried into their homes by floodwaters (Ibarra, 2003).   

According to Teresa Leal (2003), Coordinator for Borderlinks and local activist in 

Nogales, Sonora, the Colonia Croc is thought to be a high-crime neighborhood with poor 

housing.  Colinas del Sol colonia is an extension located southeast of the CTS/CROC.  Its 

residents are very poor and often squatters.  The neighborhood is located in the smugglers 

corridor next to Kino Springs, with homes built on steep slopes and lacking potable 

water.  Colonia Cinco de Mayo contains an Infonavit cluster (public housing) that is very 

poor as well as the Colonia Pueblo Nuevo, which was the first squatter community in 

1970’s. 
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 Leal (2003) says that Colonia Veracruz hosts the neighborhood Bella Vista, 

which contains the city dump.  Most of the people living there scavenge house materials 

from the dump.  Colonia Los Tapiros is almost in the center of town, next to the Colonia 

Granja, and east of Colonia Encinos.  It is a 20-year old settlement and very vulnerable 

and poor.  Colonia Bueno Vista contains a neighborhood called El Pozo (well).  This 

neighborhood contained a well that is now leaky and dry, and which is also said to be 

situated on contaminated land. 

 Colonia Lomas de Nogales is home to the railroad tracks, which extend to 

Guatemala.  It is rumored that the burnt motor oil is changed and dumped here to abate 

the dust, despite the large number of squatters who live there.  Unfortunately, the Nogales 

Wash also flows through this area, making it a potential carrier of toxins downstream and 

across the border.  In the northern area, there has been some research demonstrating high 

rate of death incurred from brain cancer in young children (Leal, 2003).  

According to Leal (2003), Colonia Solidaridad lies on an underground methane 

gas source, where a fire burns continuously underground and underneath a landfill and 

holding tanks.  Colonia Flores Magón is just north of Colonia Las Torres and also very 

poor.  Colonia Las Torres, home to new squatters, is a very dusty area (Leal, 2003). 

 According to Leal (2003), Colonia Margarita Maza de Juarez and that area south 

(Colonia Luis Donaldo Colosio) are crucial because they are just East and downstream 

from a dam; this is one of the most recently developed colonia areas. Colonia Represo is 

also one of the most recent and can be considered an extension of the Colonia Colosio 

(west of it and up the steep hills).  It lies almost on top of the dam site and is therefore 



 

 

83

very vulnerable to flooding in regular rains.  Colonia Obrero is next to the “red light” 

district, known to be very high-crime and full of sex industry workers. 

Those federally subsidized areas identified by community members and also as 

“Social Interest Developments” by SIUE are also considered Colonias Marginales in this 

project.  They receive support in regards to housing and infrastructure.  These include the 

sectors of Modulo Social "Periferico Norte", Pima I, Heroes, Canoas, Encinos, Jardines 

del Bosque, Olivos Los, Los Virreyes, Villa Sonora, and Nuevo Nogales.  

Colonia Pima I is multifamily public housing for teachers and bureaucrats.  

Colonia Heroes contains very old housing, based around a cemetery.  Colonia Encinos 

has intense squatter movements.  Colonia Nuevo Nogales and Colonia Villa Sonora are 

government subsidized homes that locals call, “los hoyos de la paloma” (pigeon holes) 

due the fact that they were built quickly on a hill.  These high density homes lack water 

or garbage facilities (Leal, 2003). 
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Figure 30: Colonias Marginales of Nogales, Sonora.  

Colonias Development 

Overlaying the vector datasets on top of the satellite imagery helped to define the 

colonias development through time (fig. 31). 
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Figure 31: Colonias and colonias marginales development mapped over 27 year time 
period.  
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The development of colonias in Nogales, Arizona began prior to 1975.  The 

majority of these inner city colonias are deemed so because their housing is thought to be 

inadequate, most likely due to the year of construction. Colonias identified since 1983 

include that area known as Beutus Estates, which was developed on hillsides without city 

sewer or water provisions.  The Firestone and Chula Vista colonias were introduced in 

1996 and no new colonias were introduced by 2002. 

The development of colonias marginales in Nogales, Sonora has been steadily 

increasing with urban growth through the years.  Colonias marginales appear to follow 

the city limits in a regular pattern.  It is derived from this study that people in Nogales, 

Sonora generally develop housing, as close to city center as possible, pending if the 

conditions are acceptable for development.  

Web-Based Interface 
Through a collaborative effort with the University of Arizona's School of Natural 

Resources, Advanced Resource Technology Group, a web portal was opened to support 

the Ambos Nogales research, http://crossborder.arizona.edu/colonias/n_project.htm, and 

the geospatial database has been uploaded to a map service for the purpose of web-based 

distribution (fig. 32). 
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Figure 32: ArcIMS colonias mapping website portraying datasets in Ambos Nogales 
(http://crossborder.arizona.edu/colonias/nogales_e). 

Delivery of Product/Training 

Development of this database was accomplished in cooperation with many 

different people within the communities of Ambos Nogales.  Hard-copy maps, describing 

the sewer, water, colonia boundaries, and aerial photos were supplied on request to those 

interested parties.  Fact sheets describing the project were developed and distributed to 

multiple community groups and non-profit organizations (Norman and others, 2004c).  
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Associates were contacted via e-mail and telephone.  Regular e-mail and newsletters, 

describing the status of the project were sent to the people on the contact list.  The project 

was also presented at the Arizona Geographic Information Council (AGIC) 2004 GIS 

Education and Training Symposium at the Prescott Resort and Conference Center, in 

Arizona on October 27-29, 2004 (Norman and Austin, 2004).  

Findings indicate that providing at least a minimal amount of training in GIS is 

essential if the Colonias Monitoring Program’s border databases are to be widely and 

successfully used by community members (Parvi and others, 2005). One of the simplest 

and most effective forms of such training is introduction to the databases themselves. 

This type of training involves interactive, hands-on sessions during which community 

members learn how to use the website viewers to seek and overlay information.  

On March 15th, 2005, an “Ambos Nogales Urban Planning GIS Workshop” was 

held at the Santa Cruz County Complex, 2150 North Congress Drive, Room #110, in 

Nogales, Ariz. from 2:30- 5PM to demonstrate utility and access to the newly digitized 

geospatial dataset.  This was a hands-on workshop to introduce the dataset to the 

community.  No previous GIS experience was necessary, and the first 20 people to 

register held available seats.  A tutorial was designed and presented to describe access to 

the datasets through the Internet (Appendix A).  Registered participants included City of 

Nogales (Ariz.) Planning Department, Cronista Municipal de Nogales (Sonora), Urban 

Development Planning Department of Nogales (Sonora), Friends of the Santa Cruz River, 

Santa Cruz County GIS and Grant Writing, Noteworthy Services, U.S. Public Health 

Service, Santa Cruz County Health Dept., and A.J. Mitchell Elementary School of 

Nogales (Ariz.) (fig. 33). 
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Figure 33: Interested parties from the U.S. Health Service, Santa Cruz County, 
Nogales, Sonora and Nogales, Ariz. worked through the Ambos Nogales self-paced 
GIS tutorial. 

Conclusions 
A suitability map was generated based on an areas ability to support colonias that 

identifies areas more suitable to develop based on access to, or potential proximity to, 

pre-existing infrastructure (fig. 34).  This is a useful guideline for development in 

planning the most advantageous sites for new infrastructure or housing developments 

across the International border.  All the layers portrayed in the suitability map and other 

reference data created and served through this effort are meant to assist colonia-like 

neighborhoods to identify themselves for earmarked colonias grants.   By making this 

dataset accessible over the Internet, public information is readily available for the 
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residents of this community, who according to a study by Parvi and others (2005), have 

good access to Internet connections. 

 

Figure 34:  Suitability map of Ambos Nogales demonstrating colonias proximity to 
pre-existing infrastructure. 
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 IV. FORECASTING URBAN GROWTH TO 2030 

Introduction 
This chapter describes a predictive tool that would help forecast development for 

both countries to assist in planning for sustainable development.  Decisions made about 

land use, urban development, transportation, and resource conservation affect the water 

quality and downstream beneficiaries of this sub-watershed in the Santa Cruz River.  The 

tool will assist in water quality planning by identifying areas of development for future 

erosion and sediment prediction. 

In 2002, the twin city urban area of Ambos Nogales covered about 24% of the 

58,070-acre Ambos Nogales watershed.  It is thought that the area has limited available 

land for expansion and development and that the mountainous topography makes the cost 

of site preparation expensive.  However, development in this region, despite its arid land 

sensitivity and rugged terrain, is inevitable.  The population for Arizona-Sonora is 

predicted to grow and possibly double by 2030 (fig. 35).     
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Figure 35: Projected Population Growth Graph of Arizona Counties and Sonora 
Municipio (Peach and Williams, 2003). 

A growth scenario for Ambos Nogales was modeled focusing on a fifty-five year 

time period.  The SLEUTH Model for urban growth was used in this study. The 

SLEUTH model forecasts how the spread of urbanization can shape future land cover 

patterns (Candau and other, 2000).  The model run was calibrated using the temporal 

urban extent data between 1975 and 2002, using a time series of Landsat imagery, and 

projecting urban growth from 2003 through 2030.  The SLEUTH model has been applied 

in developing regions in the United States (NASA, 2004; U.S. Geological Survey, 2003; 

Carlson, 2004; Candau and others, 2000; Clark and others, 1996; Clarke and others, 

1997; Clarke and Gaydos, 1998), but never before documented binationally.   Previously, 

it was possible to make estimates of urban change through time using linear regression 

models, but SLEUTH predicts not only the urban area extent, but the actual location of 

potential future development.   
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SLEUTH 

A cellular automaton model was created in which urban growth can be predicted 

on the basis of a variety of growth rules, the pattern of urban cells, and the interaction of 

urban cells and their surroundings (Clarke and Gaydos, 1998).  The SLEUTH (Slope, 

Landuse, Excluded, Urban, Transportation, Hillshade) urban growth model was written 

by Dr. Keith Clarke (U.S. Geological Survey, 2002; U.S. Geological Survey, 2003) (fig. 

36).   

 

Figure 36: The basic simulation of urban growth predictions 
(http://www.ncgia.ucsb.edu/projects/gig/v2/About/bkStrSimulation.htm) 

Urban growth is predicted on the basis of a variety of growth rules, the pattern of 

urban cells, and the interaction of urban cells and their surroundings (Clarke and Gaydos, 

1998).  Whether or not a cell will become urbanized is determined by four growth rules, 

each of which attempts to simulate a particular aspect of the development process. 

SLEUTH simulates four types of growth, applied sequentially during each growth cycle: 

spontaneous new growth simulates the random urbanization of land; new spreading 
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centers simulates the development of new urban areas; edge growth stems from existing 

urban centers; and road influenced growth simulates the influence of the transportation 

network on development patterns. 

These growth types are defined through a set of five growth coefficients:  

1) “Slope” is the resistance of an area to development due to terrain 

2) “Diffusion” is the random urbanization of a pixel 

3) “Breed” is the likelihood that spontaneous growth will spawn new urban centers 

4) “Spread” is old or new urban centers spawning growth, and 

5) “Road gravity” is the ability of roads to attract new growth. 

The model is applicable to land use studies and has both small and large-scale 

potential.   

Application of the model 
SLEUTH is implemented in two general phases: a calibration phase, where the 

model replicates historic development trends and patterns and a prediction phase, where 

historic trends are projected into the future 

(http://www.whrc.org/midatlantic/modeling_change/SLEUTH/SLEUTH_overview.htm).  

The set of coefficients derived from the test calibration are what is used to predict future 

patterns of urbanization (http://www.geog.umd.edu/resac/urban-modeling.htm). This 

allows the model to parallel known historical conditions and also to aid in understanding 

the importance and intensity of the different scores in a probabilistic way (Clarke, 2003). 

The model captures patterns of urbanization through the application of 4 types of land-

use change: spontaneous growth, new spreading center growth, edge growth, and road-

influenced growth.  These growth types are applied sequentially during each growth year, 
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and controlled through the interactions of five coefficients of growth: diffusion, breed, 

spread, road gravity, and slope (Clarke, 2003).   

Using data refined through Project Gigalopolis from the Clarke UGM, urban area 

predictions of Ambos Nogales were made 

(http://www.ncgia.ucsb.edu/projects/gig/project_gig.htm).  The UGM is a C program 

running under UNIX that uses the standard gnu C compiler (gcc).  In order to implement 

the model a good understanding of C programming is expected and some minor changes 

in the code were necessary for execution in a new environment; these were implemented 

by Nick Lopez, USGS.  The land cover deltatron model (LCD) is included within the 

code and is called and driven by the UGM; together, these coupled models are referred to 

as SLEUTH (http://www.ncgia.ucsb.edu/projects/gig/v2/About/bkOverview.htm).  Mark 

Feller, USGS Rocky Mountain Mapping Center in Denver, Colo., implemented the final 

iterations of the model used in this research. 

Chapter 3 described the methodology for treating the remotely sensed data to 

quantify historical urban area development and growth in the study area.  This chapter 

describes the application of SLEUTH, the input required to the model and how it was 

used in this study to predict the future.  

Model Input  
C language libraries are used in the downloaded code to manipulate GIF images 

that are required as input to the SLEUTH model.  The input GIFS are described below.  

These were developed in ArcGRID, resampled to 90-m resolution, converted to GeoTiffs 

and then GIFs in Adobe Photoshop for input to the model.   
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Slope 

The slope was derived from a digital elevation model (DEM), in percent (fig. 37).   
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Figure 37: Slope of the Ambos Nogales watershed. 

Land use 

In the Ambos Nogales watershed, the optional input of land use was not included 

in the modeling procedures. 

Excluded 

The excluded image defines all locations that are resistant to urbanization. Areas 

where urban development is considered impossible: including water bodies or national 

parks for example, are given a value of 100. Locations that are available for urban 

development have a value of zero (0); pixels may contain any value between (0-100) if 

the representation of partial exclusion of an area is desired.  In Ambos Nogales, that area 

that is located outside of the watershed boundary was excluded from this predictive 

model (fig. 38).  
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Figure 38: Excluded area of the Ambos Nogales watershed. 

Urban 

Landsat satellite data collected in 1975, 1983, 1996, and 2002 were acquired to 

make estimates of urban extent change through time.  This is described at length in 

Chapter 3.  The urban extent for the start year, or seed, is used to initialize the model and 

is the basis for the cellular automation driven urban growth.  For calibration, the earliest 

urban year is used as the seed (1975), and subsequent urban layers, or control years 

(1983, 1996, 2002), are used to measure several statistical best-fit values.  For this 

reason, at least four urban layers are needed for calibration (and each one separated by a 

decade or so in time): one for initialization and three additional for a least-squares 

calculation.  The definition of "urban extent" is up to the creators of the data set, 

portrayed here as GIFs with a binary classification of urban/nonurban (fig. 39- 42).   
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The original data were at a resolution of 30 or 80 m depending on the satellite’s 

sensor, which produced an array that exceeded the original computational resources.  The 

data were therefore re-sampled to a resolution of 90 m to decrease the size of the array 

while maintaining the spatial extent of the study area 

(http://www.geog.umd.edu/resac/urban-modeling.htm).
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Figure 39: Urban area of Ambos 
Nogales in 1975. 

 

Figure 40: Urban area of Ambos 
Nogales in 1996. 

 
 

 

Figure 41: Urban area of Ambos 
Nogales in 1983. 

 

Figure 42: Urban area of Ambos 
Nogales in 2002.
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Transportation 

The road-influenced growth-dynamic included in SLEUTH simulates the 

tendency of urban development to be attracted to accessible areas.  A transportation 

network can have a major influence upon how a region develops. To include this effect in 

calibration, several road layers through time, which change with the city’s growth, are 

desirable.  SLEUTH can be initialized with the earliest road layer and as growth cycles, 

or "time" passes, the new layer will be read in and development will proceed.  

In the case of Ambos Nogales, road networks were not available for subsequent 

years from 1975-2002, and so, one network of roads from 1995 was used as input and 

copied (renamed) to a later year in order to run the model.  The road network image used 

for Ambos Nogales was binary (road/non-road) (fig. 43), but could have been weighted 

based on density to have values (0-100) in the model. 
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Figure 43: Transportation GIF of the Ambos Nogales Watershed. 

Hill shade 

In order to give spatial context to the urban extent data results, a background 

image is incorporated in the image output. This must be a grayscale image, and a hill-

shaded DEM (fig. 44) is commonly used.  
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Figure 44: Hill shade of the Ambos Nogales Watershed. 

SLEUTH Model “Calibrate” 
The first calibration run was initiated based on the earliest dataset describing 

urban extent (1975).  The goal of this calibration iteration is to derive a set of values for 

the growth parameters that can effectively simulate growth during the historic time 

period, in this case 1975-2002.  This is achieved in the SLEUTH modeling environment 

through a brute force Monte Carlo method, where the user indicates a certain range of 

values and the model iterates using every possible combination of parameters.  For each 

set of parameters, simulated growth is compared to actual growth by several least squares 

regression statistics, such as the number of urban pixels, urban cluster edge pixels, the 

number and size of urban clusters, and spatial match 

(http://www.geog.umd.edu/resac/urban-modeling.htm). 
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  The model was run on this data to predict urban extent in 2002, which was 

already known. Weights for the growth processes used in the future prediction are set by 

the user and determined during the calibration phase.  The data collected in 2002 did not 

match up to test-generated predictions perfectly, yet the results were very close (fig. 45).   

 

Figure 45: Overlay of the actual urban area collected (control) in 2002 on top of the 
urban area that was calculated through the model for 2002, based on 1975 starting 
date. The transparent white area is the control; the beige is the computed. 
 

As described in Chapter 3, Nogales, Arizona has not grown as much as Nogales, Sonora.  

Therefore, the model predictions north of the border were slightly larger than actual 

known urban extent (control); and the model predictions south of the border were slightly 

smaller than control.  In addition, the watershed boundary was not a limiting factor for 

the growth of the control dataset.  We assume that given a set of 4 images, as is the case 

for Ambos Nogales, to be used as input to the model for predicting beyond our known 

control verses the test that relies on only 1 image to grow, that the predictions will be 
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more accurate.  In this scenario, the time step was one year and weighting values used for 

the predictive portion of the model were Diffusion = 1, Breed = 51, Spread = 19, Slope 

= 22, and Road = 17.  It should be noted that the Breed weight is significantly higher then 

the other growth types.  This supports previous observations that most of the new growth 

in the Nogales area is the result of new growth centers, or colonias marginales.  Growth 

from the new centers is then modified by slope and the existing road network. There is 

also general expansion (i.e. Spread) of the urbanized areas.  Random growth (i.e. 

Diffusion) is not very important.    

Model Output 
Simulations were made from 2002- 2030.  SLEUTH predicts the likelihood or probability 

of each pixel being converted from non-urban to urban (fig. 46).  In this study, if 

probability was less than 50%, it was not considered.  These maps provide a valuable tool 

to describe predicted land cover change and its uncertainty, especially because a spatial 

context can be given to forecasts and the associated level of confidence assessed (Candau 

and others, 2000). 
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Figure 46: Cumulative urban growth predictions from SLEUTH for 2030 in the 
Ambos Nogales Watershed. 
Cumulative (un)certainty maps show new information about the spatial and temporal 

relations of land transitions (Candau and others, 2000).  The urban area of Ambos 

Nogales grew 9, 532 acres (3,811 ha) in 2030 (Table 4) to cover 40% of the Ambos 

Nogales watershed (from the 24% in 2002).  

Table 4: Urban area estimates of 2002 v. 2030. 

Dataset Acres Hectares 
2002 Urban Area 13,646 5,522 

2030 Predicted Urban Growth 23,178 9,333 
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Results 
The results of the SLEUTH model can be compared to trends in urban 

development with a linear regression model that forecasts growth area based on areas 

summarized from the known control years (fig. 47 and eq.s 3-4).  Although the predicted 

spatial pattern of development may not be exact, the magnitude of urbanization is 

comparable to the changes that have occurred in the recent past.   

 

Figure 47: Comparison of Linear Regression Model based on Area vs. SLEUTH 
model predictions of urban extent in 2030. 
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Equation 1: Linear Equation (Area Forecast) 
y = 279.91x - 547087 

R2 = 0.9851 

Equation 2: Linear Equation (SLEUTH Forecast) 
y = 315.19x - 617145 

R2 = 0.9931 

The SLEUTH model predictions are greater in the year 2030 than the simple linear 

regression predictions, by about 2,000 acres.  The results for this study are particularly 

poignant since they demonstrate where change would occur if the observed rates of urban 

growth were to continue into the future.   
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V. EROSION AND SEDIMENT DEPOSITION ESTIMATES  
 

Introduction 
Erosion on upland source areas occurs by the process of detachment and 

subsequent incorporation into moving water, which can occur from water moving over 

the surface of land or by the impact of raindrops.  Erosion expected from small upland 

areas such as fields and hill slopes can be estimated by established methodology and 

extrapolated to a basin-wide application (Hawkins, 2003).  The ratio of the actual 

sediment yield to the calculated upland erosion is called the sediment delivery ratio 

(SDR).  SDR has been found to decrease with watershed area, and is commonly applied 

to erosion estimates to calculate overall sediment yield (Fraser, 1999).   

Brady (2000), Brady and others (2000), Brady and others (2001), and Norman 

and others (2005b) demonstrated a two-step modeling approach using GIS and RS to 

quantify influences and characteristics of erosion and sedimentation in watersheds in 

southeast Arizona.  The two steps include using the Universal Soil Loss Equation (USLE) 

to estimate the amount of soil being eroded and the Spatially Explicit Delivery Model 

(SEDMOD) to determine how much was being yielded from the site and where it was 

being deposited downstream.  Based on results of background research in Ambos Nogales 

and the need for similar results at a larger scale across the border and throughout this 

watershed as expressed by the BLM and endorsed by the Ambos Nogales Air Quality 

Border 2012 Task Force in a proposal to the Environmental Protection Agency in 2004, 

the USLE and SEDMOD models were applied in Ambos Nogales.   
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Universal Soil Loss Equation (USLE) 

A widely utilized upland erosion model is the Universal Soil Loss Equation, or 

USLE (Wischmeier and Smith, 1960; 1965; 1978) which predicts the average annual soil 

loss caused by sheet and rill erosion.  The model was originally created “… for cropland 

from more than 10,000 plot-years of soil-loss data, assembled from plot studies over 

…40 years” (Wischmeier, 1975), but is now applied worldwide.  The method is specific 

to the published handbook for selection of the factors (Wischmeier and Smith 1978) that 

must be derived and multiplied together (eq. 3).  These factors and their selection for 

properties genuine to Ambos Nogales are described below.  

Equation 3: Universal Soil Loss Equation 

A=RKLSCP 

Where: 

A= average annual soil loss (tons /acre /year) 

R= Rainfall/runoff erositivity 

K= Soil erodibility (derived from nomograph) 

L= Length of hillslope factor 

S= Steepness of slope (% factor) 

C= Cover management 

P= support Practices 
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Rainfall-Runoff Erosivity (R Factor) 

The Rainfall-Runoff Erosivity factor is a measure of the effect of raindrop impact 

(rainfall intensity) and total storm energy in contributing to soil erosion.  The value for 

erosivity is calculated on a storm-by-storm basis for individual rainfall gage stations and 

averaged over many years of data.  For use in the USLE, the USDA has calculated these 

values for many stations in the U.S. and published isoerodent maps (U.S. Soil 

Conservation Service, 1976), which depict the R factor as contours of constant erosivity 

(fig. 48).  The value for the Ambos Nogales region was determined from this map and 

applied uniformly for the entire watershed.  The value of the contour line near Ambos 

Nogales is 70 hundred (ft*tonf*in/ac*h*yr). 
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Figure 48: Isoerodent map of the Arizona portraying R Factors (U.S. Soil 

Conservation Service, 1976). 

Soil Erodibility (K Factor) 

The K Factor is a measure of erodibility for a standard erosion plot, 72.6 ft (22.1 

meters) long and on a 9 percent slope; this standard plot is maintained in continuous 

fallow, tilled up and down hill periodically.  The factor is based on these conditions but 

can be estimated in comparable scenarios.  The USLE reference manuals contain tables 

describing the ratio of soil erodibility under field conditions to erodibility of the standard 

plot, all else being equal (Wischmeier and Smith, 1978).  The soil erodibility factor 

Nogales, Arizona 
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represents susceptibility of soil to erosion and the rate of runoff, as measured against this 

standard unit plot condition.   

A digital soils map was created for the Ambos Nogales Watershed (Norman and 

others, 2004b) as part of this research, in which soils types were identified across the 

border (fig. 49). The scale of the map is variable as the data for Nogales, Arizona was 

created at a scale of 1:20,000 and for Nogales, Sonora at 1:1,000,000. Despite the 

variation in these scales, this map is the best available product of its kind for the area. 
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Figure 49: Soils types of the Ambos Nogales Watershed (Norman and others, 2004b). 

According to the soils types, the K factor ranges between 0-0.37 (Tables 5 and 6, 

fig. 50).  Although a K factor was selected to represent a soil in its natural condition, 

management actions may have altered the soil's erodibility.  Lower K Factors represent 

soils that are either clay-content that don’t detach, or sandy-content that absorbs rather 

then creates runoff.  Organic matter reduces erodibility because it reduces the 
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susceptibility of the soil to detachment, and it increases infiltration, which reduce runoff 

and thus erosion.  Soils in Ambos Nogales may have higher concentrations of organic 

matter than estimated in this study.   

Table 5: K factors for soil types in Nogales, Ariz. (Norman and others, 2004b) 

Soil Type K Factor

Cg: Caralampi gravelly sandy loam 0.17 

Co: Chiricahua Series: Chiricahua cobbly sandy loam 0.37 

Cr: Chiricahau-Lampshire 0.34 

Ct: Comoro Series: Comoro soils 0.2 

Gb: Grabe Series: Grabe-Comoro complex 0.22 

Ge: Grabe Series: Grabe soils 0.24 

Gu : Guest Series : Guest soils 0.37 

La: Lampshire Series: Lampshire very gravelly sandy loam 0.32 

Lc: Lampshire-Chiricahua association 0.34 

Lg: Lampshire-Graham-Rock outcrop association 0.21 

Pm: Pima Series: Pima soils 0.37 

Po: Pinaleno Series: Pinaleno gravelly sandy loam 0.32 

Rn: Rock outcrop-Lithic Haplustolls association 0 

So: Sonoita Series: Sonoita gravelly sandy loam 0.2 

Th: Torrifluvents and Haplustolls 0 

Wo: White House-Caralampi complex 0.27 

Wt: White House Hathaway association 0.35 
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Table 6: K factors for soil types in Nogales, Sonora, Mexico (Norman and others, 
2004b). 

Soil Type K Factor 
S27: Generally very thin, average soils of 
texture, commonly rocky.  0.270 
S179: Thin soils of gross texture, limited by 
coherent rock.   0.200 
S183: Deep average soils of texture, commonly 
with gravel and (or) stones in the surface.  0.140 

 
 

 

Figure 50: K Factor in Ambos Nogales Watershed (Norman and others 2004b). 
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Slope Length and Steepness (LS Factor) 

S is the slope gradient factor and L is the length of that slope. The slope length 

and steepness factors are sometimes represented as a combined topographic factor.   The 

90-meter DEM of Nogales, Sonora was mosaicked with a 30-m DEM of Nogales, 

Arizona and resampled down to 90-m to retrieve proportionate slope data for the area 

(fig. 51).   

 

Figure 51: Map of slope percent in the Ambos Nogales Watershed basin. 
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The topographic factor in the original formulation of the USLE is based on LS 

equal to 1 for the conditions of the standard soil plot (Wischmeier and Smith, 1978).  

These are based on the gradient and length of the field plot and are not suited to values 

determined solely from DEM data.   

S is the ratio of soil loss from the study area slope to that from a 9-percent slope 

under otherwise identical conditions.  This percentrise was calculated from the DEM and 

became the S value in Equation 4.  The USLE was originally created to predict soil 

erosion delivered to the base of a 22-meter (~72.6 feet) agricultural plot (Wischmeier, 

1976).  However, the flow length of each grid cell in this study was 90-m based on the 

raster resolution and therefore was the L value in the following calculation.  These S and 

L values are combined to form the LS factor (fig. 52) in a GIS using Equation 4  

(Morgan, 1986).  

Equation 4: LS Factor calculation for use in a GIS (Morgan, 1986). 
 

LS = SQRT(L(0.065 + 0.045 * S + 0.0065 * S2)) 
22.13 

where, L is slope length in m and S is slope steepness in percent. 
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Figure 52: Map of the LS factor for the Ambos Nogales watershed. 

Crop or Vegetation Management (C Factor) 

The crop or vegetation management factor, C factor, is the ratio of soil loss from 

land use under specific conditions to that from continuously fallow and tilled land.  

Erosion can be minimized by manipulating the conditions that calculate this factor.   

In trying to decide the most pragmatic way to assign C Factor numbers to the 

Ambos Nogales area, the USGS GAP Analysis (http://www.gap.uidaho.edu/) vegetation 

digital map was considered, but it does not extend south of the border.  The GAP data 

were analyzed in combination with topography to identify patterns of vegetation in the 

area due to the close correlation of vegetation with changing elevation (fig. 53). 



 

 

120

120

 

Figure 53: USGS GAP Analysis vegetation for Nogales, Arizona with 100-meter 
contours overlain in the Ambos Nogales Watershed (http://www.gap.uidaho.edu/). 

As an alternate approach, RS techniques were employed to identify the amount of 

vegetative cover is visible at the surface of the watershed.  The Normalized Difference 
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Vegetation Index (NDVI) values were derived from 2002 Landsat ETM+ satellite 

imagery.  Results were scaled from 0-255 in order to store the data as unsigned 8-bit data, 

and then grouped into 4 classes based on equal intervals: classes 1-64 = Bare, 65-128 = 

Low, 129-192 = Medium, and 193-256 = High (fig. 54).   
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Figure 54: Normalized Difference Vegetation Index (NDVI) values assigned to the 
Ambos Nogales Watershed from Landsat data in 2002.  
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Despite the fact that the USLE was developed for use on agricultural fields, it has 

been adapted for use in nonagricultural conditions by appropriate selection of the C 

factor, which is accomplished by relating the land use conditions to an agricultural 

situation.  A combination of the GAP vegetation map and the derived NDVI map was 

used to assign C factors to Ambos Nogales. The NDVI map was used to identify locations 

of vegetation and percent cover.  This research project obtained values by referencing a C 

Factor chart provided by Engel and Sullivan (2004) specifically designed for non-

agricultural situations.  The GAP vegetation types were assigned C factors according to 

their descriptions (Table 8) and these values were extrapolated to fit the percent cover at 

these areas based on the results of the NDVI (fig. 55).  Virtually no erosion would be 

expected to occur where bare rock or urban development comprises the area, because 

pavement or hardened surfaces protects soil from erosion and so the areas identified in 

the previous chapter as urban areas in 2002 and all those identified as bare spots through 

the NDVI analysis were assigned a value of 1.0.   
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Table 7: C Factors assigned to GAP vegetation types for Nogales, Arizona.  

Vegetation TYPE CFACT 
Agriculture 0.3  
Nearctic Upland, Cold Temperate Grassland, Cold 
Temperate Great Basin Scrub, Sacaton Series 

0.05 

Nearctic Upland, Grassland, Warm Temperate Scrub-
Grassland (Semidesert), Mixed Grass Series 

0.05 

Nearctic Upland, Warm Temperate Madrean Evergreen 
Forest and Woodland, Encinal (Oak) Series 

0.009 

Nearctic Wetland, Warm Temperate Interior Southwestern 
Riparian Deciduous Forest and Woodland, Mixed 
Broadleaf Series 

0.009 

Nearctic Wetland, Warm Temperate Riparian Deciduous 
Forest and Woodland, Interior Southwestern, Cottonwood-
Willow Series 

0.009 

Urban 1.0 
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Figure 55: C Factor values for the Ambos Nogales watershed. 

Support Practice (P Factor) 

      The support practice factor, P, represents the ratio of soil loss by a support practice to 

that of straight row farming up and down the slope (Martinez-Casasnovas and Sanchez-

Bosch, 2000).  It is used to account for positive impacts of such agricultural management 

practices as planting on the contour, strip cropping, and use of terraces.  Since the 

Nogales watershed area is not generally managed for agriculture, for this research study, 

the P factor is taken to be 1.0 across the watershed, which does not influence the output 

of the model, because no support practice is in place.      
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USLE Results 

Average Annual Soil Loss (A Factor) 

The average annual soil loss (t/a/y) is reported as the A Factor, calculated using 

Equation 3.  Once all of the input factors are available in GIS-based environments, the 

grids could be multiplied together incorporating for the changing values of the K, LS, and 

C factors through space at a 90-meter resolution pixel (fig. 56)  

 

A = 70 X  X  X  X 1.0 

Figure 56: Graphic of USLE equation as applied in the Ambos Nogales Watershed. 
The product of this calculation is displayed in Figure 57.  
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Figure 57: Annual Soil Loss Map for the Ambos Nogales watershed (t/a/y). 

The watershed comprises 244,333,792 m2 (244 km2) or 62,518 acres (25,300 hectares) 

and the estimated potential soil lose due to erosion is 64,149 t/y.   

Discussion 

In watersheds this large in size, most sediment is deposited within the watershed 

and only a fraction of soil that is eroded will reach the stream system or watershed outlet. 

The results derived from the USLE are used by planners to predict the impact of land use 

on soil erosion and to identify sensitive areas.  The determination of areas with 

potentially low erosion rates is useful if the mitigation strategy is to physically move 

materials to sites of low potential harm.  It also identifies the critical source areas of 
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pollutants. Areas that are more prone to erosion can be separated for analysis and those 

areas that appear to be high-risk urban areas can be identified (fig. 58).  Areas of high 

erosion potential pose a threat not only to downstream water quality but to the airshed as 

well.  These potential sediment sources are called “hot spots”.  
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Figure 58: Erosion Potential map of the Ambos Nogales watershed.
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In areas where accelerated erosion is occurring, remedial soil conservation techniques 

could help to slow down the process.  These techniques are designed to reduce the impact 

of the erosion processes and be applied first to those areas that have the highest 

production potential (Brooks and others, 1997).  The predicted soil losses from east-

central downtown Nogales, Sonora are larger than other areas and the proximity to urban 

resources poses a greater risk to environmental health (fig. 59).   
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Figure 59: Urban Colonias in Nogales, Sonora overlain on erosion potential gradient 
portrays “hot spots” in the Northeast (source of map reference data: Norman and 
others 2005a). 
If high-risk or “hot spot” areas within the watershed are located in close proximity to 

stream networks, there is even further risk of sending eroded materials downstream.  

Based on the elevation changes in the watershed, a chart of arrows, describing potential 

erosion and flow direction paths can be visualized (fig. 60).  
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Figure 60: Flow direction displayed by arrows summarizing every 25 cells, in the 
Ambos Nogales watershed. 

When overlain on the erosion gradient grid developed by the USLE, these arrows 

indicate that certain “hot spot” areas (represented by assorted colors) would flow directly 

towards the urban center, suggesting higher risk than areas further away (fig. 61). 
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Figure 61: Flow direction arrows, summarized every 50 cells, overlain on erosion 
gradient with streams in the Ambos Nogales watershed. 

 

A sensitivity analysis was performed to evaluate the impact of data quality on 

USLE results.  One major source of potential uncertainty is the 90-m DEM used in this 
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analysis.  The estimated slope from a 90m, compared to a 10m DEM could be as much as 

a 30% increase in value (Syed, 1999).  Therefore, in order to test the models sensitivity to 

potential errors in the low resolution DEM, the slope GRID was increased by a factor of 

1.15 and 1.3 to identify the potential variance of hot spots (fig. 62).  If a small change in 

an input parameter results in relatively large change in the outcome, the outcome is said 

to be sensitive to that parameter. In this case, the outcome is definitely contingent on the 

slope input (Table 8).  The results remain accurate for the locations identified as hot spots 

in the initial result; however, the size of the hot spots may vary depending on resolution 

of the DEM. 
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Figure 62: Results of increasing slope input to the USLE by a factor of 1.15 and 1.3, 
to demonstrate potential errors and their effects on erosion. 
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Table 8: Number of pixels in “Hot Spot” areas and their percent of total pixels 
(29,948), given sensitivity analysis of slope errors. 

 Hot Spot % 
A Factor 4,724 16 
A Factor (slope X 1.15) 5,448 18 
A Factor (slope X 1.3) 6,151 21 

 
 

The C Factor used for the urban areas is another source of uncertainty.  In this 

study the C Factor for the urban areas was assigned a value of 1.0 due to the high level of 

disturbance and lack of vegetation., but sometimes it is assigned values ranging from 0.01 

to 1.0 depending on the type of urbanization and the amount of disturbance and bare soil..  

In order to assess the models sensitivity to this researcher’s preference, the C Factor of 

urban area in 2002 was reassigned a value of 0.8 to identify the potential variance of hot 

spots.  The amount of pixels identified as “hot spots” decreased about 3% given the lower 

value (Table 9).   

Table 9: Number of pixels in “Hot Spot” areas and their percent of total pixels 
(29,948), given sensitivity analysis of C Factor variation. 

 Hot Spot % 
A Factor with C Factor of Urban Areas assigned 1.0 4,724 16 
A Factor with C Factor Changed to 0.8 at Urban Areas 4,022 13 

 
Results of these sensitivity analyses demonstrate the vulnerability of these model results 

to their input, which is highly dependant on user preference, resolution of data, and 

accuracy.  Data constraints may result in uncertainty of number of pixels and potentially 

amounts of erosion predicted but trends in the results are generally consistent.  However, 

it should be pointed out that the location of the hot spots did not change, just their extents 
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based on our classification criteria.  The classification criteria can be changed based on 

data quality or parameter values and should be investigated in the future.     

While the USLE in combination with GIS data can give some idea of the fate of 

eroded materials, another approach has recently been adopted to predict the 

sedimentation downstream that is meant to save management resources including both 

time and money in guessing where revegetation or erosion control practices would be 

most effective.   

SEDIMENT YIELD 
Typically, actual measured sediment yield is much less than the USLE estimates 

of potential erosion at a watershed scale because of hillslope and channel deposition.  

Upland erosion rates calculated with the USLE seldom match measured downstream 

watershed-wide sediment yields or discharges, which tend to be substantially less (Fraser, 

1999).  In order to identify these areas of NPS pollution loading potential, a sediment 

delivery ratio (SDR) can be multiplied to values of predicted potential erosion from the 

USLE to create estimates of downstream sediment rates (Renfro, 1975; Piest and others, 

1975). 

Equation 5: Sediment Delivery Ratio 

SDR = Total Basin Sediment Yield / Upland Sediment Erosion 

This allows downstream yield to be estimated by multiplying upland erosion by 

an estimation of the sediment delivery ratio. A SDR is not homogenous across a 

watershed; instead it varies with changes in watershed area and slope (Osterkamp and 
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Toy, 1997).  SDR has been found to be a declining function with increasing drainage area 

(Hawkins, 2003). 

Spatially Explicit Delivery MODel (SEDMOD) 

The Spatially Explicit Delivery MODel (SEDMOD) calculates a SDR to be used 

in calculating that amount of eroded material that would be available for transport and 

deposited along hillslopes and streams (Fraser, 1999). SEDMOD allows for the 

calculation of this spatial variation utilizing a GIS. The SDR is multiplied with the 

predicted amount of erodable soil, derived from the USLE, to calculate NPS sources and 

sinks within a watershed.  The SDR predicts deposition that occurs in overland flow 

before reaching the stream channels (Haan and others, 1981). The SEDMOD SDR map 

depends on field slope and what land cover types are between the eroded site and stream 

that would slow down the flow and trap eroded sediment before it reaches the stream.  

SEDMOD was employed to calculate the SDR in Ambos Nogales, to quantify the 

amount of sediment that is transported from each cell, and to calculate the location 

specific net sediment delivery in the watershed and the amount of sediment predicted to 

be deposited into stream channels.  Annual soil loss is used as input, along with 

vegetation roughness, soil texture, slope-gradient, slope-shape and proximity to streams 

(fig. 63). SEDMOD incorporates these parameters in a cell-by-cell calculation of 

uniquely specific derivations for changes over space.  
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Figure 63: GIS overlay steps required to estimate net sediment delivery; each 
parallelogram represents a raster GIS layer (Fraser, 1999). 

Grids representing terrain, soil type, land classification, and soil loss were created 

at a 90-meter resolution for input into SEDMOD according to specifications (Fraser, 

1999). These grids were named according to input requirements: DEM (fig. 64), 

SOIL_TEXTURE, ROUGHNESS, and SOIL_LOSS.  SEDMOD also calls for the 

optional input of SOIL_TRANS (saturated soil transmissitivity) and STREAM (stream 

network) grids, which were not included in this project.  As it was done for calculating 

the USLE, input grids were clipped to the watershed area leaving the surrounding non-

watershed cells with a value of NODATA.  
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Figure 64: Digital Elevation Model of the Ambos Nogales watershed 

The SOIL_TEXTURE grid was taken from Norman and others (2004b) (fig. 65, 

Tables 9 and 10). 
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Figure 65:  Soil texture (Percent Clay) assigned to soil types in Ambos Nogales 
watershed (Norman and others, 2004b). 
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Table 10: Clay content derived from soil horizon A descriptions and the soil-texture 
triangle (Norman and others, 2004b).  

Soil Series Soil Surface Description 

Clay 
Content 
(vol pct)

Cg: Caralampi gravelly sandy 
loam 

A1: (0-2 in.) dark brown gravelly sandy 
loam 10

Co: Chiricahua Series: Chiricahua 
cobbly sandy loam  A1: (0-3 in.) dark brown cobbly sandy loam 10
Cr: Chiricahau-Lampshire A1: (0-3 in.) dark brown cobbly sandy loam 10
Ct: Comoro Series: Comoro soils  Ap: (0-14 in.) grayish-brown sandy loam 10
Gb: Grabe Series: Grabe-Comoro 
complex 

A1: (0-3 in.) dark grayish-brown loam-
gravelly sandy loam 10

Ge: Grape Series: Grabe soils 
A1: (0-3 in.) dark grayish-brown loam-
gravelly sandy loam 10

Gu: Guest Series: Guest Soils A11: (0-3 in.) very dark grayish-brown clay 70
La: Lampshire Series: Lampshire 
very gravelly sandy loam 

A1: (0-8 in.) grayish-brown very cobbly 
loam 20

Lc: Lampshire-Chiricahua 
association 

A1: (0-8 in.) grayish-brown very cobbly 
sandy loam-cobbly sandy loam 10

Lg: Lampshire-Graham-Rock 
outcrop association 

A1: (0-8 in.) grayish-brown very cobbly 
sandy loam-cobbly sandy loam 10

Pm: Pima Series: Pima soils  Ap: (0-15 in.) dark grayish-brown clay loam 35
Po: Pinaleno Series: Pinaleno 
gravelly sandy loam A1: (0-4 in.) brown gravelly sandy loam 10

Rn: Rock outcrop-Lithic 
Haplustolls association 

Hills and mountains consisting of rhyolite, 
andesite, granite, dacite, limestone, 
quartzite, tuff and bedded tuff conglomerate 0

So: Sonoita Series: Sonoita 
gravelly sandy loam A11: (0-2 in.) brown gravelly sandy loam 10

Th: Torrifluvents and Haplustolls 
Surface layer of sandy loam, loam, or clay 
loam with rock fragments 35

Wo: White House-Caralampi 
complex 

A1: (0-3 in.) brown cobbly-very gravelly 
clay loam 35

Wt: White House Hathaway 
association A1: (0-3 in.) brown gravelly loam 20
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Table 11: Clay content assigned-soil types in Nogales, Sonora, Mexico (Norman and 
others, 2004b). 

Soil Type and Description 
Clay Content 
(vol pct) 

S27: Generally very thin, average soils of texture, commonly rocky  15
S179: Thins soils of gross texture, limited by coherent rock  10
S183: Deep average soils of texture, commonly with gravel and (or) 
stones in the surface  5

 

Ground vegetation causes attenuation of sediment delivery since it reduces the 

momentum of overland flow and filters out soil particles.  Engman (1986) derived 

hydraulic roughness coefficients (Manning’s coefficients) for a variety of agricultural and 

natural surfaces (Table 11).  The roughness coefficients represent the combined effect of 

raindrop impact, channelization of flow, obstacles such as litter and rocks, and surface 

frictional drag on the erosion and transport of sediment.   
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Table 12: Manning’s Surface Roughness Coefficients for Overland Flow (Engman 
1986; Novotny and Olem 1994; and modified by Fraser, 1999). 

 
Cover or Treatment Residue Rate 

(ton/acre) 
Value 

Recommended 
Range 

Concrete or asphalt  0.011 0.01-0.013 
Bare sand  0.01 0.010-0.016 
Graveled surface  0.02 0.012-0.03 
Bare clay-loam (eroded)  0.02 0.012-0.033 
Fallow (no residue)  0.05 0.006-0.16 
Chisel plow < 0.25 0.07 0.006-0.17 
 0.25-1 0.18 0.07-0.34 
 1-3 0.30 0.19-0.47 
 >3 0.40 0.34-0.46 
Disk/harrow < 0.25 0.08 0.008-0.41 
 0.25-1 0.16 0.10-0.25 
 1-3 0.25 0.14-0.53 
 >3 0.30 -- 
No till <0.25 0.04 0.03-0.07 
 0.25-1 0.07 0.01-0.13 
 1-3 0.30 0.16-0.47 
Moldboard plow (Fall)  0.06 0.02-0.10 
Coulter  0.10 0.05-0.13 
Range (natural)  0.13 0.01-0.32 
Range (clipped)  0.10 0.02-0.24 
Grass (bluegrass sod)  0.45 0.39-0.63 
Short grass prairie  0.15 0.10-0.20 
Dense grass  0.24 0.17-0.30 
Bermuda grass  0.41 0.30-0.48 
Woods (light underbrush) b  0.4 -- 
Woods (dense underbrush) b  0.8 -- 

 

The ROUGHNESS grid was developed from of the previously derived NDVI 

vegetation and land use data.  Roughness parameters were calculated from Engman’s 

roughness coefficients (Fraser, 1999) (fig. 66). 
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Figure 66: Manning’s surface ROUGHNESS for the Ambos Nogales watershed. 

These input grids were run through a series of Arc Macro Language (AML) 

scripts running in ArcINFO, in SEDMOD. Secondary grids were derived from the DEM, 

very similar to the hydrologic modeling (flow accumulation, direction, and channel 

networks).  Six grids described as transport parameters, directly used for calculation of 

SDR, were then created (fig. 67) and weighted equally in calculations. 



 

 

146

 

Figure 67: GRIDS created in SEDMOD and used to calculate SDR. 

SEDMOD Application Results 

The sediment delivery ratio (SDR) was calculated and ranges between 0 and 88%, 

with a mean of 18.90% (Stdv. 20.2) (fig. 68).  The higher SDRs occur within the stream 

networks as expected, because they act as obvious transportation to the sediment that 

reaches them.  Lower SDRs occur in areas of low relief that have no moving water. 
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Figure 68: Sediment Delivery Ratio (SDR) calculated for the Ambos Nogales 

Watershed (%). 

Frequency distribution of the SDR depicts a linear scale representing different 

intervals, and their heights are proportional to the frequencies of the values within each of 

the intervals (fig. 69). 
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Figure 69: Histogram of sediment delivery ratio grid. 

The SDR raster was multiplied by the raster results derived from the USLE analysis to 

estimate net sediment or NPS pollution delivery to the watershed (fig. 70), quantifying 

the total net sediment yielded by the watershed on a cell-by-cell basis. 
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Figure 70: Net Sediment calculated to be delivered by each 90-meter cell (t/a/y). 

SEDMOD calculated the amount of sediment delivered across the watershed (not 

in the stream channels themselves) to each 90-m cell within the riparian zone (fig. 71).  

Using the results from combining the USLE and SEDMOD models in a GIS, nonpoint 

sources and sinks can be identified in the watershed (Brady, 2000; Brady and others, 

2001; Norman and others, 2005b).  The sources are high values on the sediment yield 

raster (fig. 70) and the sinks are high values on the riparian delivery raster (fig. 71). 

These areas can be carefully monitored, especially in future development, to maintain the 

highest water quality affordable and to keep sediment out of the streams. 
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Figure 71: Net sediment delivered to riparian zones (t/y). 

Total watershed gross erosion was calculated as 16,289.9 t/y and estimated 

delivery to the streams as 2,954.5 t/y.  A first-order stream decay equation can also be 

applied before calculating total stream delivery in order to represent transport of non-

conservative substances, such as bacteria, that may settle out or die in the stream.  To 

estimate the exponential decay coefficient, a stream distance of 5,000 m was entered, 

over which 50% pollutant attenuation is expected. Estimated proportion of pollutant 

expected to actually reach the watershed outlet is 609.2 t/y.  
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VI. PREDICTING FUTURE NPS POLLUTION  
 

Introduction 
Watershed management requires knowledge of how land use and urban growth 

affect runoff and water quality. This chapter describes an approach for using the urban 

growth model results, combined with environmental themes in a GIS to estimate present 

and future erosion and sedimentation in the Ambos Nogales binational watershed. The 

process of urbanization has a considerable impact in terms of influencing hydrological 

characteristics, delivering pollutants to rivers, and controlling rates of erosion (Goudie, 

1990).  With the advent of urban sprawl, impervious surfaces have become a key issue in 

growth management and watershed planning (Arnold and Gibbons, 1996).   

A change in surface balance, or increase in impervious area, can cause significant 

changes to both the quality and quantity of runoff, leading to degraded stream and 

watershed systems.  An increased quantity of storm water for systems to absorb, 

sedimentation, and an increased pollutant load affect watersheds (Arnold and others, 

1982; Bannerman and others, 1993; Brabec and others, 2002).  Very little work has been 

undertaken to see how land cover of watersheds have changed over time and how these 

changes have affected the surface and subsurface watershed systems (Richards and Host, 

1994; Osborne and Wiley, 1988; Brabec and others, 2002). 

This research provides a methodology for predicting the impact on surface 

erosion and sediment yield, from a watershed, such as Ambos Nogales, as the result of an 

increase in urban development.  In addition, this chapter explores the purposeful planning 

strategy to avoid urban development in erosion “hot spots” identified in Chapter 5 in 
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order to manipulate a reduction in sediment load in the future, thereby increasing water 

quality.  Local planning departments do not normally perform impervious surface 

projections, nor land use analyses, to plan for water quality protection on a watershed 

basis (Brabec and others, 2002), however, it can help decision-makers assess the 

landscape configuration in forests and urban areas and understand sources of runoff 

related to water quality in streams (NASA, 2004).  

Water Quality and Impervious Surfaces 
Mapping of impervious area is important in understanding the transport of 

pollutants into water (Prisloe and others, 2001; Brun and Band, 1999; Civco and Hurd, 

1997; Forney and others, 2001).  Urban development often increases impervious areas 

and when this is coupled with wet weather conditions, greater pollutant loading can occur 

(McPherson and others, 2003).  Urban runoff has been found to contribute a significant 

amount of NPS pollutants to water resources (Beach, 2002; Boyer and others, 2002; U.S. 

Environmental Protection Agency, 2002a). Impervious surfaces inhibit the infiltration of 

water into the soil underneath and act as conductors of runoff.  Most impervious surfaces 

are either transportation (i.e. parking lots) or rooftops (Sleavin and others, 2000) and may 

vary dependant on land use and stage of development (Cablk and Minor, 2001).  

Urbanization has been linked to the degradation of urban waterways, making them net 

exporters of contaminants (McPherson and others, 2003).  Major sources of NPS 

pollutants are found in runoff from urban areas include sediment, nutrients, oxygen-

demanding substances, road salts, heavy metals, petroleum hydrocarbons, pathogenic 

bacteria, and viruses; suspended sediments constitute the largest mass of pollutant 
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loadings to receiving waters from urban areas 

(http://www.epa.gov/owow/nps/MMGI/urban.html).  These effects modify the 

environment in wetlands, lakes, streams and rivers that receive runoff from urban areas, 

as well as have consequences on aquatic life. 

Hurd and Civco (2004) confirmed the link between water quality parameters and 

upstream impervious surfaces with a temporal set of impervious surface estimations 

(http://nemo.uconn.edu/impervious_surfaces/literature.htm).  In a study of the Etowah 

River watershed in North Central Georgia measurements of water quality were found to 

be correlated with percent urban land cover (Roy and others, 2003; Clausen and others, 

2003).  A summary done by Shueler (1994) reviewed 11 studies citing evidence that 

stream quality declines at 10-15% imperviousness.   

Carlson (2004) demonstrated how satellite image data, in conjunction with the 

Clarke urban growth model (SLEUTH) and hydrological models, are used to estimate 

future surface runoff and water quality within the Spring Creek Watershed, a medium-

sized urbanizing watershed in central Pennsylvania.  Land cover classifications were 

created from Landsat imagery and used as input to SLEUTH, to predict land use changes 

to the year 2025.  Given that both urban and woodland areas were predicted to increase in 

size, surface runoff into Spring Creek was predicted to remain only slightly above present 

level. 

A study funded by NASA projected the greater Washington-Baltimore 

metropolitan area to increase 80 percent by 2030. Scientists used the SLEUTH model to 

simulate three policies affecting land use.  The scenarios were based on current trends, 
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managed growth, and ecologically sustainable growth in a 23,700 square kilometer 

(9,151 sq. mile) area.  The project was designed to study declining water quality in the 

Chesapeake Bay estuary due in part to disruptions in the hydrological system caused by 

urban and suburban development (NASA, 2004). 

Methods 

In order to predict future consequences of urban development in Ambos Nogales, 

SLEUTH model projection forecasts of urban extent and increasing impervious area of 

2030 were retro-fit into erosion and sediment prediction models described in Chapter 5.  

To simulate the increase in imperviousness of land surfaces from urbanization, the C 

factor that was originally calculated for vegetation type and used to run the USLE and 

SEDMOD described in Chapter 5 was updated to reflect the predicted urban area growth 

(fig. 72).  
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Figure 72: C Factor displayed for 2002 with predicted urban area extents imposed 
for 2030. 

These were merged together to account for new calculations of impervious 

(bare/urban) surfaces (fig. 73) in 2030.   

 

 



 

 

156

 

Figure 73: New C Factor representing urban extents in 2030. 

Predictions 

The USLE and SEDMOD models were then run using these cover predictions to 

estimate changing conditions downstream based on urban development.  When the USLE 

was run using the futuristic data, with all other input remaining constant, the effect is a 
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higher erodibility prediction in the Ambos Nogales watershed.  Urban development as 

predicted to 2030 will increase erosion potential dramatically from 2002 (fig. 74). 
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Figure 74: Comparison of predicted annual erosion in t/a/y in the Ambos Nogales 
Watershed from 2002 to 2030, given urban development predicted by SLEUTH. 
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Given the predicted urban area growth, the total predicted annual erosion is 75,871  

t/y in 2030. This is a large increase (11,722 t/y) from the 2002 prediction of 64,149 t/y 

(fig. 75). 
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Figure 75: Bar chart demonstrating change expected in total erosion estimates, 
based on the USLE, given urban development predictions for 2030 (t/y).  
SEDMOD was then re-run using the newly derived soil loss estimates to predict sediment 

delivery in the watershed in 2030.  Total watershed gross erosion is predicted to be 

18,897.8 t/y and estimated delivery to the streams is 3,534.2 t/y.  These differences can 

be visualized when plotted out with the results estimated from 2002 (fig.s 76-77).   
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Figure 76: Bar chart demonstrating change expected in net sediment delivered 
estimates, based on the USLE in conjunction with SEDMOD, given urban 
development predictions for 2030 (t/y). 
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Figure 77: Bar chart demonstrating change expected in sediment delivered to 
stream estimates, based on the USLE in conjunction with SEDMOD, given urban 
development predictions for 2030 (t/y). 

A first-order stream decay equation can also be applied before calculating total 

stream delivery in order to represent transport of non-conservative substances, such as 

bacteria, that may settle out or die in the stream.  To estimate the exponential decay 

coefficient, a stream distance of 5,000 m was entered, over which 50% pollutant 

attenuation is expected, as was the case when the model was run on the data from 2002. 

Estimated proportion of pollutant expected to reach the watershed outlet is 791.6 t/ y. 

This amount is 182.4 t/ y more than that expected 27 years prior.  The results contained 

herein suggest that decreases in water quality will be the direct result of expected urban 

development, based on current trends, in the Ambos Nogales watershed.  
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Alternate Scenarios in the Ambos Nogales Watershed 
The role of watershed management in developing solutions to problems of 

flooding or erosion and sedimentation from denuded landscapes can be complimentary.  

Guidelines instruct managers to minimize sediment delivery to downstream channels, 

maintain a vegetative cover, and zone lands to minimize human activities in prone areas.  

Erosion of materials from upland connected areas is one of the major sources of pollutant 

in urban runoff (Pitt, 1987).  The establishment, protection, and management of 

vegetative cover, especially in high source areas and in buffer strips around stream 

channels (sinks) can serve to protect water quality (Brooks and others, 1997). 

Brabec and others (2002) identified the most comprehensive issue in defining the 

impacts and potential mitigation of imperviousness as the location of these surfaces in a 

watershed as having significant impacts on water quality.  Easley (1992) showed how 

growth boundaries can concentrate new development within mapped areas to ensure 

efficient delivery of urban services and prevent the costly and detrimental effects of 

urban sprawl.  A detailed case study of an alternative futures project in the Upper San 

Pedro River Basin in Arizona and Sonora, Mexico (Steinitz and others, 2003) simulated 

an array of possible patterns of land uses, assessing the resultant impacts on hydrology, 

and other factors.   

In Ambos Nogales, three alternative urban growth scenarios were modeled using 

SLEUTH and excluding development of areas identified as erosion “hot spots”.  

(1) Basic Approach: using the same coefficient values to predict future growth,  
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(2) Equal Area Approach: demonstrating a similar urban growth rate as was 

predicted from both the linear regression and the original SLEUTH predictions 

(fig. 47) but in less hazardous zones  

(3) Conservation Practice Approach: using the results from the equal area 

approach and in addition, allowing for the development of native grasses to 

reinvent themselves in identified “hot spots”.   

Results of these three growth scenarios were retrofit into the erosion and 

sedimentation models to identify if curbing urban development in potentially high-risk 

erosion areas would reduce NPS pollutants arriving at the watershed outlet in the future.  

If changes in land management and urban development patterns could potentially 

decrease erosion and sedimentation in the future, based on this modeling, the twin city 

area could enjoy increased water quality in the near future with no cost in treatment 

strategies.   

Methods 

Soil loss is a natural process that counteracts natural soil formation.  In order to 

achieve a natural balance, it is assumed that 5 t/a/y is a tolerable soil loss amount 

(http://jan.ucc.nau.edu/~doetqp-p/courses/env320/lec23/Lec23.html).  Because some 

soils form slower than others and in arid lands it is more likely to be a slower rate, an 

acceptable soil loss tolerance in Ambos Nogales was estimated to be 4 t/a/y (fig. 78). 

 



 

 

164

 

Figure 78: Erosion Results of the USLE in Ambos Nogales. 
All values outside of the current urban extent in the Soils Loss prediction GRID greater 

than 4 t/a/y were identified as high-erosion potential “hot spots” and stricken from 

potential urban development in the future (fig. 79).  
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Figure 79: Maps depicting urban growth in 2002, and predicted in 2030 with “hot 
spot” areas excluded. Blacked-out pixels are either outside the watershed boundary 
or have been identified as “hot spots” of erosion.   

Using the SLEUTH model to facilitate this, the “Excluded” GIF, which 

previously excluded only that area outside of the watershed boundary, was modified to 

incorporate all cells containing these “hot spot” erosion potentials. 
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Basic Approach 
In the first iteration of modeling this alternative urban development, the predictive 

phase was rerun using the parameters from the first predictive output.  The parameters 

used in both the predictive runs were identical (Table 12).  The resulting predicted 

growth is similar to that of the first run, yet portrays less growth or pixel development or 

maybe more concentrated in certain areas (fig. 80). With the diffusion value still set so 

low, the deterministic model only allows for a limited number of pixels to be switched to 

urban from the random growth aspect.   
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Figure 80: Yellow area depicts results of running the model using the exact same 
parameters as the initial prediction scenario with the higher exclusion.  
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Equal Area Approach 
 
 The model was then rerun using various combinations of coefficients.  By 

increasing the spread, breed, and the diffusion coefficients, the model allowed for the 

urban area to spread out and identify where alternative growth might occur in (Table 12). 

Table 13: Coefficients used to generate predictive scenarios. 

 Current Trends Basic Approach Equal Area Approach 
Diffusion 1 1 19 

Breed   51 51 54 
Spread 19 19 23 
Slope 22 22 22 

Road Gravity 17 17 17 
 
 
The results of this approach identified new areas of potential urban growth, outside of the 

excluded erosion “hot spots” previously identified; however, new growth is predicted to 

be occurring in some stream channels (fig. 81).   
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Figure 81:  SLEUTH model results of equal area approach with streams overlain.  
This scenario yielded a prediction with less probability of likelihood, as the more likely 

areas were already identified and in some cases excluded from this iteration.  It was the 

aim of this approach to match the total number of pixels as was first generated in our 

“current trends” prediction scenario (Table 13).  Noted are the reduction in 95-100% 

likelihood of change and increase in 50-60% likelihood pixels necessary to achieve 

(almost) equal total pixel counts.  Total urban area measurements were also calculated to 

compare to the urban growth identified from the 2002 satellite image (Table 14). 
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Table 14:  Number of pixels per probability calculated for the three urban growth 
scenarios. 

PIXELS 
2030 

Current Trends 
2030 

Basic Approach 
2030 Equal  

Area Approach 
Initial Urban footprint  6854 6854 6854 
50 – 60 % probability 

transition  378 295 777 
61 -  70 % probability 

transition  473 343 612 
71 -  80% probability 

transition  516 398 595 
81 -  90 % probability 

transition  763 567 608 
91 – 95 % probability 

transition  716 493 461 
96 – 100% 

probability transition  1822 1131 1729 
TOTAL 11,522 10,081 11,636

 

Table 15: Area measurements for the three urban growth future scenarios vs.  
urban extent in 2002. 

Dataset Square meters Acres Hectares % of 2002 
2002 55,225,800 13,646 5,522 100 

2030 Current Trends 93,328,200 23,178 9,333 169 
2030 Basic Approach 81,656,096 20,279 8,166 148 

2030 Equal Area Approach 94,251,600 23,290 9,425 171 
 

These growth scenarios demonstrate predictions based on current trends, a basic 

restrictive approach and an equal area restricted approach (fig. 82). 
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Figure 82: Map displaying three potential growth scenarios. 
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 Conservation Practice Approach 
Best Management Practices (BMPs) are frequently used in controlling erosion 

factors.  These range from better utilization of the natural environment to the construction 

of artificial devices.  The Erosion and Sediment Control Handbook (Goldman and others, 

1990) describes how to prevent and reduce erosion, including a method for how to use 

the USLE to estimate sediment loads from construction. This is useful in evaluating the 

erosion potential from a site and the effectiveness of proposed control plans, such as 

revegetation techniques, or the construction of sediment control measures such as 

sediment basins and traps.  A complete sediment and erosion control plan for this 

watershed might also include some land forming or smoothing before planting, or 

installation of grassed waterways to carry the runoff at velocities that would not destroy 

vegetation.  Terraces could also be included to reduce slope lengths and manage flow of 

runoff from the site (Engel and Sullivan, 2004).  These active BMP’s may incur expense. 

As a cost-effective alternative, the effects of encouraging growth of and planting 

native grasses in areas identified as high-risk “hot spots” on the previously described 

equal area approach results, were investigated to identify impacts of changing land cover 

on future water quality (fig. 83).    
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Figure 83: Map displaying excluded “hot spots” to be planted with grasses. 

It is recommended that municipal management strategies for the Nogales wash’s 

health include ways to encourage native growth, perhaps even to the point of planting and 

maintaining native flora in selected places along the river 
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(http://www.scerp.org/docs/berr4.html).  The Asociacion de Reforestacion en Ambos 

Nogales (ARAN: Ambos Nogales Revegetation Partnership) aims to increase the planting 

and maintenance of native vegetation in order to reduce erosion, increase habitat, and 

reestablish communities of native vegetation within the communities of Ambos Nogales.  

Improving air and environmental quality are important goals of the partnership, amongst 

others.  

If these “hot spot” areas are planted with native grasses, such as Cane Beardgrass, 

Blue Grama, and/or Tanglehead (Day, 2002), the cover would change to predominantly 

grass, grass like plants, decaying compacted duff, or litter.  In applying the USLE to the 

futuristic alternative scenario, the C Factor would change from 1.0 (Urban area) or its 

previous designation to 0.01, assuming a density of 80% is maintained (Engel and 

Sullivan, 2004).  Using this lower value for the C factor in calculating erosion potential, 

the average soil loss was predicted to dramatically decrease.   

Water Quality Results 

The USLE model was applied to each dataset to identify the implications of alternate 

scenarios (fig. 84).  If the development in Ambos Nogales continues at its current rate, 

with no outside influences, the erosion is predicted to be 74,871 t/y in 2030.  If areas of 

high-erosion are excluded from development and the rate of growth is not factored in, the 

erosion prediction is expected to decrease 3,230 t/y.  If alternate areas are developed 

based on the current growth rate, the erosion will increase by 501 t/y from the current 

trend prediction.  However, if those areas that are excluded from growth are planted with 
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native grasses and reach at least an 80% cover of the surface, the erosion will decrease by 

21,845 t/y, which is 11,123 t/y less than is predicted in 2002 (fig. 84). 
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Figure 84: Erosion potential maps for all scenarios (t/a/y). 
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Each product from the USLE modeling was used as input to run SEDMOD.  Similar 

relationships for each scenario can be drawn from this model (Table 15).   

Table 16: Erosion and sediment deposition estimates (t/y) based on the 2002 data, 
the current trends, basic approach, equal area approach, and conservation practice 
approach scenario datasets. 

 

Total 
Potential 
Erosion 

Net 
Sediment 
Delivery 

Delivery to 
Streams 

Delivered to 
Watershed 

Outlet 
2,002 33,955 9,405 1,706 352 

2030 Current 
Trends 39,543 10,911 2,040 457 

2030 Basic 
Approach 37,804 10,468 1,954 432 

2030 Equal Area 
Approach 39,712 11,011 2,094 477 

2030 Conservation 
Practice Approach 27,410 7,691 1,586 378 

 
Each subsequent output is a fraction of  the original erosion potential or predicted soil 

loss of the scenario, depending on whether it’s the amount of sediment predicted to be 

delivered from that area, or the amount thought to be deposited into the stream channels, 

or ultimately to the watershed outlet.  Products of the model(s) rise and fall with changes 

to inputs, reflecting current trend development, a basic restricted approach, an equal area 

approach and a conservation practice approach.   

 
The basic approach scenario generally has less impact on water quality in the future, but a 

decrease in urban growth rate is unlikely in this region.  The equal area approach has 

about the same (slightly greater) impacts on future water quality as the current trends 

approach, although the actual area in the alternative scenario is actually slightly greater as 

well.  Blocking off erosion “hot spots” is not enough to curb erosion and sedimentation 
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when the area of urban extent is quasi-equal.  The best approach identified in this study 

for water quality is to encourage future development to occur outside of identified “hot 

spots” and replace developed “hot spots” with native grasses.  The Conservation Practice 

Approach reduces a lot the negative water quality impacts otherwise predicted for the 

future of Ambos Nogales.  
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VII. CONCLUSIONS 
This study presents a powerful new tool to be used in borderland studies that may 

be large-scale or remotely accessed.  The application within a GIS can save time in 

fieldwork collection, avoid transboundary political complications, and derive results for 

transborder watersheds, in response to many environmental impacts these border regions 

might suffer from. 

Through the identification of new colonias in the United States or colonias 

marginales in Mexico, it is the intention of this research to promote the financing of 

sustainable development planning in these needy areas.  By calling attention to these 

neighborhoods and providing tools to accurately map infrastructure that may support 

them, local entities and interested parties can investigate needs and create potential cost 

analysis of implementing change over the Internet, free of charge and at their own 

schedule.  

The GIS database that was constructed describing Ambos Nogales is useful for 

many applications.  Despite the area’s split nationality, much of the activity within this 

watershed directly affect people on both sides of the border and the combination of public 

service and other geospatial information describing the twin cities, is helpful for residents 

who may not have had access to the other country’s city information.  Binational datasets 

are often difficult to piece together and usually contain variance in projection and 

resolutions that makes visualization difficult for the layperson.  In addition, the database 

pulled together GIS data from many organizations and automated new data, that it is a 

first of its kind to Ambos Nogales.   
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The HUD-USGS Colonias Monitoring Program has been designed to help U.S.-

Mexico border communities reach their goals of improving housing and infrastructure 

and enhancing the quality of life for all their residents.  Community leaders from the 

government, business, academic, and non-government sectors of Ambos Nogales embrace 

the notion of community development and are engaged in numerous activities to achieve 

it.  The Colonias Monitoring Program can become an important tool in their efforts.   

The SLEUTH model is applicable to any geographical region (Candau and others, 

2000) as demonstrated here by stretching the model across the U.S.-Mexico border in its 

first binational application.  The knowledge of where and when urban areas are 

forecasted to grow is vital to community planning in a sustainable environment.  Given 

the predictions offered in this study, planners can foresee necessary infrastructure 

requirements, prevent negative side effects from having growth occur in unplanned areas 

and even curb growth away from those areas that may not be conducive. 

This research addresses the question whether and how much the surface erosion 

and sediment yield will change in an urbanizing watershed, such as Ambos Nogales, as 

the result of an increase in urban development. 

 Surface erosion, sediment yield, and subsequent sediment deposition (NPS 

pollution) will increase as a result of current trends urban development in the Ambos 

Nogales watershed (fig. 85). 
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Figure 85: Predicted surface erosion and sediment yield change in the Ambos 
Nogales watershed.  
 

A goal of this project is to provide the public and decision-makers with the data 

and information resources needed to make informed decisions regarding future 

development and environmentally conscious urban growth.  Results of this research offer 

useful techniques in visualizing alternate future scenarios and their downstream 

consequences (fig. 86).     
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Figure 86: Column chart depicting predictions of all scenarios estimated proportion 
of pollutant expected to reach the watershed outlet. 
 
The conservation practice approach scenario for urban development that is outlined in 

this dissertation has the least minimum impact on the water resources nearby and will be 

delivered to city planners on both sides of the border.  In addition to delineating areas of 

sustainable development, these results directly benefit the local reforestation project by 

identifying the sites to advocate revegetation efforts (fig. 87).   
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Figure 87:  Area identified for future sustainable development and revegetation 
efforts. 

Colonias to recommend the most advantageous sites to plant native grasses and 

other vegetation can be identified using this dataset in both Nogales, Ariz. (fig. 88) and 
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Nogales, Sonora (fig. 89).  In Nogales, Arizona, Valle Verde, City of Nogales, Las 

Lomas, Preston, Southeast and Southwest colonias all have areas that would benefit the 

city if grasses were planted.  In Nogales, Sonora, Colonias Marginales to plant include 

Buenos Aires,Benito Juarez, "Modulo Social ""Periferico Norte""", Croc, Esperanza, 

Canoas, Obrera,Encinos, Lomas de Nogales, Solidaridad, Flores Magon, Las Torres, 

Los Virreyes, "Maza de Juarez, Margarita", Zona Indusrial, San Carlos, Villa Sonora, 

and Nuevo Nogales. 

Revegetation in high source areas could keep the soil in place and trap passing 

runoff.  In addition, the supplementation of riparian vegetation at known sink areas would 

help to trap and filter sediments in buffer zones.  These efforts could affect both the water 

and air quality of this binational watershed, positively influencing the environmental 

health and environmental justice to those residents within.  
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Figure 88:  Sustainable development and revegetation areas identified in colonias of 
Nogales, Ariz.  
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Figure 89: Sustainable development and revegetation areas identified in colonias of 
Nogales, Sonora. 
 

The overall objective of this project was to create a framework for using RS in 

conjunction with available digital geospatial data as a non-intrusive means to simulate 
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environmental impacts of future urban development and to create predictive and dynamic 

mapping system that demonstrates the vulnerability ratings within Ambos Nogales 

watershed in relation to land use change.  This research uses a coupled-model approach 

by integrating an urban growth model, an erosion model, and a sedimentation model, to 

estimate predictions of urban development, erosion, and sediment delivery in the Ambos 

Nogales Watershed to estimate future NPS pollution and water quality.   

Potential ideas to further this research in the future include identifying potential 

sources of pollution (i.e.: gas stations, laundromats, industrial sites, etc.) and using the 

deposition modeling techniques to track the fate of their runoff or discharge.  Other 

complimentary research would be to create a sensitivity analysis on the combination of 

USLE and SEDMOD and also of SLEUTH to generate a better understanding of the 

combined approach and the levels of uncertainty..   

Recommendations based on this initial  combination of models are made to 

support environmentally conscious urban planning and development.  These suggestions 

for future land use management target the reduction or elimination of the introduction of 

pollutants to a land area, the prevention of pollutants from leaving the site during land-

disturbing activities and the protection of riparian habitat and other hydrological sensitive 

areas.  In addressing these objectives, risk potential mapping is demonstrated.   
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APPENDIX A: AMBOS NOGALES URBAN PLANNING GIS WORKSHOP 
TUTORIAL 

This tutorial was designed for an “Ambos Nogales Urban Planning GIS Workshop”, on 
March 15th, 2005 at the Santa Cruz County Complex in Nogales, Ariz. to demonstrate 
utility and access to the newly digitized geospatial dataset.  This was a hands-on 
workshop to introduce the dataset to the community.  No previous GIS experience was 
necessary, and the first 20 people to register held available seats.  
 
There are two ways to open the Ambos Nogales ArcIMS Viewer:  

1.) Open main web page (http://codd.art.srnr.arizona.edu/colonias/index.htm), note 
option to click on “En español”, which was translated by Alberto Suàrez Barnett, 
Cronista Municipal de Nogales, Sonora 

 
2.) Open the Viewer for Nogales/Nogales by clicking on the star in the map of 

Ambos Nogales 
 

3.) Close the viewer.  
 

4.) Open Ambos Nogales website from the main web page by clicking on project 
called Ambos Nogales on left menu 

 
5.) Click the subtitles in this project to quickly display "data", then "metadata" and 

pause here to examine the information describing the creation and projection of 
each dataset in the viewer 

 
6.) Open the metadata page for Nogales, Ariz. Colonias, by clicking on the hyperlink 

and scroll down.  This is a standardized format for FGDC compliant geospatial 
data... close popup window and open the Viewer   

 
7.)  Resize the Viewer to fill screen-- the blue line is the Ambos Nogales Watershed 

boundary. 
 

---------------------------------- 
EXERCISE #1 

---------------------------------- 
This exercise demonstrates a technique to visualize infrastructure in Ambos Nogales and 
its proximity to existing colonias.  

1.) Using the “Expand Category” button located in the “Layers” List , open up 
the category for “Colonias” and turn off the “Visible” layers by clicking on the 
check marked boxes.   

2.) Open up the category for “Sewerlines”. 
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Make sewerlines in Nogales, Sonora the active theme:  

3.) Using the select rectangle, located in the toolbar to the left,   select all the 
visible sewerlines in Nogales, Sonora by drawing a box around them.  The green 
lines running through the city represent Sewerlines.  

 
Make the box bigger than the visible data to ensure that all sewerlines in Nogales, Sonora 
have been selected.  The select tool will only select the active theme data, so anything 
inside the box, that is not Nogales, Sonora sewerlines will not be included in this 
function.  
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After the features are selected, they will turn bright yellow and a table will open up below 
describing those lines and their lengths, etc.  

 

4.) Use the buffer tool  to highlight the features from “Homogenous Areas”, or 
inhabited areas, within a distance of .05 miles around the selected features (Create 
Buffer).  This may take a little while… 

 
These homogenous areas are less than .05 miles from the current sewer system and 
construction costs would be less to connect them than other areas.  

5.) Use eraser to clear query results  
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---------------------------------- 
EXERCISE #2 

---------------------------------- 
This exercise demonstrates access to the US Census data and population estimates, along 
with other valuable information can be acquired very quickly using this methodology for 
grant writing or city planning.  

 
1.) Turn on themes: “Roads Nogales, Ariz.”, “Colonias Nogales, Arizona” and 

“Density of Households (US Census 2000)” --make “Density of Households (US 
Census 2000)” the active theme 

2.) Zoom into the colonia called "Preston": 

 
 

3.) Use select –by-polygon tool  to draw a small rectangle within the 
boundaries of this colonia:   
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And then press the “Complete Polygon & Select” Button  

 
 

4.) Notice that this will select Census Blocks over the edge of the boundary defined, 
which is undesirable, but due to lack of Census Designated Places in the area, the 
best we can get for the time being...).   
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Scroll through the table that appears below the viewer, pointing out that 9 Census Blocks 
are identified within this colonia--then scroll back up to see attribute name and scroll to 
the right, to see all the different data available.  
 

5.) Identify population estimates, along with other valuable census information can 
be acquired very quickly using this methodology for grant writing or city 
planning. 491 people were counted in these clocks for Census 2000. 

 
6.) Use the eraser tool to clear query results and the Zoom to full extent of the project 

using that tool:  
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---------------------------------- 
EXERCISE #3 

---------------------------------- 
This exercise demonstrates how to access neighborhoods in Nogales, Sonora that may be 
in need of subsidies to help bring the quality of homes up. 

 
1.) Zoom into Nogales, Sonora 

 
2.) Turn off all themes sewer and water 

 
3.) Turn on theme under colonias called "Homogenous areas", make active and 

“Refresh Map” 

 
 

4.) Toggle the legend tool  to display the meanings of these colors, which were 
identified by the City of Nogales, Sonora: 
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5.) Select Find tool  
 
6.) Type in "Precarious Construction" string to find in theme (spelling counts!), press 

"Find String" button.  
 

7.) Note the color blue when selected turned olive green.  These neighborhoods may 
be in need of subsidies to help bring the quality of homes up. These seem to be 
generally located on the outskirts of the city indicating new growth.  
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Also notice that the table below the viewer lists the names of these areas. 
 

8.) Toggle legend back.  Turn off “Homogenous Areas” theme, along with the 
“Density of Households (US Census 2000)” theme, clear selected data using 
eraser and zoom to full extent 

 
---------------------------------- 

EXERCISE #4 
---------------------------------- 

This exercise demonstrates how to visualize floodplains, measure colonias limits and also 
create and print maps. 

 
1.) Zoom into Nogales, Arizona. 
 
2.) Turn on "Streams in Ambos Nogales" under hydrography 
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3.) Turn on floodplains (Local) from Santa Cruz County 
 

4.) Zoom into Nogales Arizona Colonia, "Casa de Anza": 
 

 
 
Notice the large majority of floodplain within this colonia. 
 

5.) Turn on the third DOQQ (INEGI aerial 1994 (h12b31d) from INEGI and 
“Refresh Map”: 

 
 

6.) Turn floodplains off and then back on again to show how many houses this 
affects: 

 



 

 

198

  
 

7.) Pick up “Set Units” Tool  (notice “Display Units” is set to miles) and then 

using the “Measure” Tool  measure diagonally across the colonia (SW--> 
NE), should come out about a 1.78 miles segment:  

 

 
 

8.) Clear with eraser.  
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9.) This information can be mapped out and printed from your computer.  Turn the 

Santa Cruz floodplains back on.  Using the “Print” tool , change title to 
"Colonia Casa de Anza Floodplain Map" and push the “Create Print Page” button.   

 

 
 

10.) Then hit Print preview and you can send to printer from there. 
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Notice the scale bar and North Arrow, along with legend, map inset, and date of creation. 
 

11.) Close window, close project, close website.  
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