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ABSTRACT 

 

 

Outdoor water use by single-family residences in the desert city of Tucson, 

Arizona is investigated as a multi-scaled coupled human-environment system, using 

remotely sensed images, GIS data, household water use records and survey responses.  

Like many desert cities, Tucson’s municipal water system faces stresses at multiple 

spatial and temporal scales:  rising demand, limited supplies, competition for distant 

resources and the likelihood of shortages due to regional climate change.  Though the 

need for demand management is recognized, conflict between the long-term regional 

scale of the ecosystem that sustains Tucson’s water supply and the short-term, local scale 

of the municipal utility results in a ―lack of fit‖, shown here as the inability to reduce 

consumption to sustainable levels. 

 While direct regulation of outdoor water use has not been successful, geographic 

research suggests that modification of the built environment, the focus of the three studies 

comprising this dissertation, holds promise as a demand management strategy.  The first 

study is a spatial analysis of survey responses on outdoor water use practices during a 

drought.  Next, the potential for substituting common amenities (irrigated landscapes and 

swimming pools) for private ones is investigated.  Residential use was found to be 

sensitive to park proximity, greenness (proxied by the Normalized Difference Vegetation 

Index), size and presence of a park pool.  Most small parks were net water savers; large 

parks offered the opportunity to substitute reclaimed water for potable supplies.   
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 The last study correlates long-term Landsat-based vegetation and water use trends 

and integrates these with a spatial analysis of kinetic temperatures.  Findings indicate that 

despite reduced water use, Tucson became greener over the 1995 – 2008 period.  This 

effect is attributed to a pulse of vegetation establishment in response to a shift in the El 

Niño – Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) around 1976 

and to irrigation prior to the study period.  I conclude that although the coupled human-

environment system of Tucson’s municipal water supply and use practices is complex, 

there are scale-dependent competitive advantages to be gained through thoughtful 

modification of the built environment. 
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CHAPTER 1. INTRODUCTION 

 

 

Residential water use as a human-environment system  

 

The concept of scale, both spatial and temporal, plays a vital role in the study of 

human-environment relations (Liu, et al., 2007).  Human and natural systems are often 

coupled, interacting at multiple scales of space and time.  Linkages exist across scales:  

global forces (for instance, climate change) influence local conditions, but fine-scale 

actions (e.g. land cover change) also propagate broadly to shape regional and world-wide 

trends (Wilbanks and Kates, 1999).  Changes at many scales, often exogenous to a 

particular system, can cause disruption.  Resilient systems have the capacity to buffer 

these changes and adapt their functioning to sustain themselves over the long-term 

(Nelson, Adger and Brown, 2007; Yool, 1998).  

Remotely sensed images and geographic information systems (GIS) data are well-

suited to the study of human-natural systems at multiple scales.  Remotely sensed images 

are available at a wide variety of spatial resolutions, and some have a multi-decadal 

history.  These images can be used to document changes on the earth’s surface and can be 

further combined with GIS data to enhance interpretation.  While collection of GIS data 

is often costly, information collected for routine purposes, such as property taxation, 

utility billing and facilities management, can be re-used to support research, as is done in 

this dissertation.  Integrating data sets developed for disparate purposes is usually not 

straightforward, however.  Spatial and temporal resolutions often do not coincide and 
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methods must sometimes be modified to extract valid conclusions, a significant challenge 

faced in the present study.   

This dissertation focuses on the domestic use of water supplied by a municipal 

utility as a coupled human-natural system that influences quality of life and ecosystem 

processes at several scales (Hurd, 2006; Fitzhugh and Richter, 2004).  Precipitation is 

generated by the global-scale hydrologic cycle, producing surface or groundwater within 

a basin, which is extracted, treated and transported to users.  While domestic water 

demand originates at the household level, municipal water systems often draw on 

resources hundreds or even thousands of miles away (Luck et al., 2001).   The temporal 

scales of the water system vary from the hundreds to thousands of years needed for 

groundwater to accumulate in underground aquifers to the diurnal fluctuations of 

domestic demand.  

 

Desert cities: stresses at multiple scales 

Water management institutions in desert cities are subject to a multitude of 

changes at multiple spatial and temporal scales.  While this study focuses on semi-arid 

Tucson, Arizona, the discussion applies broadly to public water utilities in desert cities 

within industrialized countries.   These water management systems adapt more easily to 

certain types of stresses than others:  most have short-term storage to buffer peak 

demands and those relying on surface water usually incorporate reservoirs.  Rising local 

demands have been addressed conventionally by increasing the rate and geographic area 

of resource extraction (Scott and Pineda Pablos, 2011; Gleick, 2000).  Long-term 



12 

 

 

limitations in supply, however, are relatively new sources of stress.   Groundwater can no 

longer be considered a sustainable supply for many cities, as the rate of pumping by 

humans far exceeds its rate of replenishment (Scott, 2010; Loaiciga, 2003; Alley, Riley 

and Franke, 1999; White, 1994).  Reductions in precipitation due to extended natural 

cycles, as well as global climate change, are another source of instability (Jacobs, Garfin 

and Morehouse, 2005; Woodhouse, et al., 2010; Vörösmarty, et al. 2000).  In addition, 

the water needs of other components of human-environment systems, such as agriculture 

and the preservation of ecosystems, have begun to compete with municipal water use 

(Gleick, 2000).  Competing demands hinder acquisition of new supplies, prompting a 

search for alternative adaptation strategies, specifically, demand management (Butler and 

Memon, 2006; Dziegielewski, 1999). 

Demand management is not easily accomplished however in the current 

institutional framework.  An institution charged with providing a fixed volume of 

resources to an expanding group of users could theoretically impose prices high enough 

to bring demand to sustainable levels, or use a quota system.   In the case of Tucson and 

most of the U.S., however, water utilities are public entities (Agthe, Billings and Buras, 

2003), controlled by local elected officials.  There is thus a powerful political incentive to 

keep rates low (Martin et al., 1984).  Mandatory restrictions on water use tend to be 

resisted (Avalos and DeYoung, 1995; Krannich, 1995, Jacobs and Holway, 2004), except 

in times of severe shortage.    

Folke et al. (2007) contend that the ―ecosystem properties that cause the most 

trouble for management are those that are linked across scales‖.  The management of 
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water resources by municipal utilities is a good example of this principle.  City 

governments have no control over the global and regional forces that shape their water 

supply and little influence over demand generated by households (Jacobs and Holway, 

2004).  The short time scale of election cycles is not conducive to confronting the long-

term issues of resource sustainability either.  Folke et al. refer to such situations as  lack 

of ―fit‖, or mismatches, between the scales of ecosystems and the institutions that manage 

them.  Poor fit is characterized by ineffective and inflexible institutions, in this case 

demonstrated by the inability to reconcile growing demands and limited supplies. 

 

Household outdoor water use behavior and institutional responses 

The need to manage municipal demand raises normative questions about how to 

rank uses, especially ones that support ―quality of life‖ through aesthetics and recreation. 

Kaplan (1984) observed that urban settings are stressful, and that a natural environment 

within an urban area can provide a much desired ―restorative experience‖.  Kaplan’s 

observations are supported by findings showing that green vegetation, which often 

requires supplemental irrigation, is especially prized in desert cities.  Studies have 

documented price premiums for residential lots with more vegetation (Des Rosiers, et al. 

2001; Anderson and Cordell, 1988), as well as those close to riparian areas (Bark-

Hodgins, Osgood and Colby, 2006).   Recreational uses of water, such as private 

swimming pools, are also highly valued by homeowners (Sirmans et al., 2006) but 

contribute substantially to residential water consumption.   
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These demands are not insignificant: outdoor residential use is estimated at 

twenty to seventy percent of total demand in the U.S. Southwest, depending on the 

community and the estimation method used (Gleick, 2003; Western Resource Advocates, 

2003).  Tucson’s largest water provider estimates that 45% of water delivered to single-

family homes is used outdoors (City of Tucson and Pima County, 2009).   Water devoted 

to landscape irrigation and swimming pools, is consumed by either evapotranspiration 

(plants) or evaporation (pools), eliminating the opportunity for reuse. 

Outdoor water use by single family residences (SFRs) has thus become a target of 

conservation efforts in many desert cities (Gleick, 2001), including Tucson.  The drivers 

of household outdoor water use, however, are not well understood.  Most attempts to 

model outdoor water consumption have done so indirectly, for instance by comparing 

summer and winter use or incorporating weather- related variables.  These analyses are 

generally able to account for less than half of the variance found in their sample 

(Nieswiadomy and Molina, 1989; Renwick and Archibald, 1998; Kenney et al., 2008).  

Lack of a clear understanding of the factors that motivate (or inhibit) outdoor water use 

hinders formulation of effective demand management policies (Michelsen, McGuckin, 

and Stumpf, 1999; Syme, Nancarrow and Seligman, 2004) 

Like many desert cities, the primary strategy for reducing Tucson’s SFR outdoor 

water use consists of public education.  While only a few evaluations of voluntary water 

conservation programs have been performed, they suggest that these programs often do 

not achieve their intended effect (Michelsen, McGuckin, and Stumpf, 1999; Halich and 

Stephenson, 2009).  The support for a link between environmental attitudes and actual 



15 

 

 

reductions in water use has also been found to be weak.  Many analyses have shown a 

lack of correlation, or even an inverse correlation, between environmental attitudes and 

behavior (Harlan et al., 2009; Endter-Wada et al., 2008).  These findings suggest a need 

to find alternative means to reduce outdoor water demand. 

 

Household outdoor water use and the built environment 

Engineering and economics based studies, performed at pre-defined levels of 

spatial aggregation (water provider boundaries, census units, household, etc.), have 

identified important determinants of residential water use.  These include home assessed 

value, size and age, lot size and the number of residents (Danielson, 1979; Jones and 

Morris, 1984).  Studies focusing on outdoor water use have found the presence of pools, 

the size of the lawn or yard and the types of vegetation and irrigation to significantly 

affect consumption (Agthe and Billings, 1987; Aitken, 1991; Nieswiadomy and Molina, 

1989).   These studies analyzed geographic units individually, without investigating the 

possibility of spatial interaction.   

In contrast geographers have long investigated the impact of spatial structure on 

behavior (Roy and Thill, 2003).  Recently these studies have extended to coupled human-

natural systems, for instance, showing that characteristics of neighboring homes influence 

residential landscape choices (Zmyslony and Gagnon, 1998).  Geographic studies have 

shown the strong influence of housing density on domestic water consumption (De 

Oliver, 1999; House‐Peters, Pratt and Chang, 2010; Kenney et al., 2008).  Wentz and 
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Gober’s (2007) investigation of spatial autocorrelation at the census tract level provides 

further support for interaction between the neighborhood and household scales.  

Despite evidence that modification of the built environment may be a promising 

avenue of demand management, there is little detailed understanding of the dynamics and 

causal effects.  To continue this line of inquiry, this dissertation investigates the impact of 

specific attributes of the built environment on SFR outdoor water use.   I use the 

definition of the built environment given by Handy, et al. (2002) that encompasses urban 

design (the design of the physical elements within a city), land use (the distribution of 

activities across space, including their location and density), a city’s transportation 

systems (infrastructure of roads, sidewalks, etc.), as well as spatial patterns of human 

activity.   

 One of Cash and Moser’s (2000) guidelines for management of multi-scale 

environmental problems is the exploitation of ―scale-dependent comparative advantages‖.  

If the built environment can be manipulated to reduce outdoor water use while 

maintaining the general quality of life, this can be considered both a spatial and temporal 

comparative advantage.  For example, the provision of common open space has been 

shown to act as a substitute for multiple private yards (Kopits, McConnell, and Walls, 

2007; Cho, et al., 2009), raising the possibility of a similar effect for irrigated landscapes.  

Though the impact of park proximity on the outdoor water use of an individual household 

may be small, the multiplication of the park’s impact over many homes provides the 

competitive advantage.   
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System modifications, such as the replacement of potable water with reclaimed 

water, are also more easily implemented for a few parks than for all homes.  In addition 

the current practice of constructing homes as part of large, master-planned developments 

also offers an opportunity to put conservation measures into practice in an economically 

efficient manner.  The long life of housing means that the effects of changes in the built 

environment can persist for decades with notable residual lag effects.  Given the 

difficulties of controlling outdoor water use through prices or quotas, the manipulation of 

the built environment may offer an effective method of adaptation to long-term demand 

restrictions.    

 

Climate Influences on Vegetation in the Built Environment 

A common objection to the regulation of outdoor water uses is that the thermal 

comfort and vegetation that supports urban quality of life will be impaired, which will in 

turn undermine public support for such policies.  Residential landscape irrigation has 

been shown to cool micro-climates (Bonan, 2000), but few analyses of its effects have 

been performed at larger scales, leaving this concern unaddressed.  It is therefore 

important to develop a more nuanced understanding of the spatial and temporal scales at 

which residential outdoor water use modifies a city’s climate and vegetation.  

The urban climate, itself a coupled human-natural system, is embedded within the 

scale of the region, but also absorbs the finer scale effects of households (Arnfield, 2003).  

Human actions alter natural land cover as a city grows, sometimes creating warmer 

materials like pavement, but often developing ―cool islands‖ of irrigated vegetation as 
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well (Xian and Crane, 2006; Peña, 2009).  Local-scale topography and wind patterns play 

an important role in shaping urban climate, as do regional factors (Comrie, 2000).   To 

this end, the present study analyzes a time series of Landsat images at a spatial resolution 

(30 m) which combines the impacts of irrigated landscapes and natural vegetation.    At 

this scale, it is possible to evaluate the effects of urbanization on the land surface and 

assess the potential city-wide impact of reducing outdoor water use.  A spatial analysis of 

Landsat TM thermal data (120 m resolution) also provided a broad-scale view of the 

forces shaping urban temperatures. 

   

Summary 

The geographic focus on human-environment interaction, in particular the concept 

of coupled human-natural systems, provides insight into the relationships between natural 

resource management institutions and the ecosystems they regulate.  The desert city 

municipal water system, for example, operates at spatial scales from the household to the 

region, and temporal scales from the geologic time frames of groundwater accumulation 

to daily fluctuation in domestic demand.   While these systems historically adapted to 

increased demand by intensifying and widening the spatial domain of resource extraction, 

new trends, both human and physical, have made this strategy impractical.   

Although the need for water demand management is widely recognized, the 

public municipal utility is not an institution well-suited to achieving this goal.  

Specifically, utilities have had limited success in motivating reductions in outdoor water 

use (Jacobs and Holway, 2004).  This mismatch in scale between natural systems and 
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human institutions has proven difficult to overcome, but  ―scale-dependent comparative 

advantages‖ within the built environment may be capable of implementing this 

adaptation.  Many geographic studies of water use point to the strong influence of the 

built environment, but important aspects of this relationship, for example, between 

outdoor water use practices and planning and zoning regulations, have not been well 

investigated.  Little is also known about the spatial scale of common aesthetic and 

recreation resources in relation to private ones, leading to the need for the present study. 

The relationship between outdoor water use, thermal comfort and urban quality of 

life is another problem well-suited to the coupled human-natural system approach.  Series 

of remotely sensed images enable the analysis of long-term changes in a city’s land 

cover, which can be combined with climate data, to evaluate the scale at which outdoor 

residential use influences urban environments.  While humans have a tendency to focus 

on the results of their activity (the ―human agency‖ phenomenon), the impact of natural 

forces in shaping the urban climate should not be underestimated.  The next chapter 

explores the above questions in more detail, as an introduction to the three appendices 

that form the core of this dissertation.   
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CHAPTER 2. PRESENT STUDY 

Overview 

The three appendices that comprise this dissertation were conceived separately 

but have a common focus: residential outdoor water use in the desert city of Tucson, 

Arizona.  Tucson’s water policies are considered to be fairly progressive among 

southwest U.S. cities: it has a long history of water conservation and a relatively low per-

capita water use rate (Western Resource Advocates, 2003).  Although Tucson does not 

represent an average Southwest city in terms of water use, its case is instructive because 

it has already implemented the ―low-hanging fruit‖ of basic water conservation.  Its major 

utility, Tucson Water, has implemented a steep, inclining block rate structure (City of 

Tucson and Pima County, 2009), and most areas have converted lawns to desert 

landscaping (McPherson and Haip, 1989) 

As mentioned in Chapter 1, Tucson’s municipal water system encompasses 

multiple spatial and temporal scales.  Until the early 1990s, the city derived its water 

supplies from local aquifers.  However, it has been long recognized that Tucson could not 

sustain its growth without renewable water supplies, and the now relies partly on the 

Central Arizona Project, a 330 mile long aqueduct that transports water from the 246,000 

square mile Colorado River Basin (Jacobs and Holway, 2004; Kammerer, 1987).  Despite 

the access to new supplies, stresses impinge on the municipal water system at many 

levels.   Population-driven demand will eventually exceed legally available supplies 

(Tucson Water, 2008), the availability of additional resources is uncertain, and regional 
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climate change may eventually lead to cutbacks in Central Arizona Project deliveries 

(Woodhouse, et al., 2010; Bureau of Reclamation, 2011).   Tucson Water has identified 

demand management as a key strategy in extending existing resources.  There is concern, 

however, regarding the impact of declining outdoor water use on the city’s quality of life, 

especially with regard to thermal comfort.   

Tucson’s climate is subject to the substantial spatial and temporal variability that 

characterizes the U.S. Southwest, including the El Niño-Southern Oscillation (ENSO) 

and the Pacific Decadal Oscillation (PDO).  These are global, multi-decadal forces that 

also appear to be undergoing changes in their patterns of recurrence.  The post- 1976 

period is of particular interest, as it was characterized by a negative ENSO phase and a 

positive PDO, and featured a series of cool, wet winters (Sheppard et al., 2002).  As the 

wet period followed the unprecedented 1950s drought, the result was ―an unprecedented 

ramp of tree growth‖ (Swetnam and Betancourt, 1998).  Due to the 15 – 50 year lifetime 

of woody perennial vegetation (Ibid.) it is likely that the consequences of this period are 

still being felt.   

I examine within the Tucson metropolitan area three aspects of the coupled 

human-environment system: 1) the residential use of water outdoors in support of 

aesthetic and recreational values; 2) the built environment; and 3) the vegetation and 

climate patterns that all contribute to urban ―quality of life‖.  While it is necessary to 

limit the use of municipal water outdoors, an improved understanding of the dynamics 

and scales at which these three aspects interact may lead to policies that can maintain or 

even enhance the urban environment.  Appendix A examines the correlations between 
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―planning regions‖, outdoor water use practices and responses to drought conditions.  

Appendix B investigates whether public parks and swimming facilities can act as 

substitutes for domestic irrigated landscapes and pools.   Appendix C evaluates the 

influence of residential irrigation on Tucson’s long-term vegetation trends and spatial 

temperature patterns at multiple scales.  Together they provide a uniquely geographical 

view of some of the complex interactions within the modern desert city. 

Appendix A – 

“Geographies of residential water conservation: intra-urban variation in drought 

response” 

E.B. Halper, C.A. Scott and S.R. Yool, for submission to The Professional Geographer 

 

Hotter, drier urban climates typically increase residential water demand, although 

the magnitude of the response can vary dramatically.  Sensitivity of residential water use 

to high temperatures and low rainfall has been shown to correlate with housing attributes 

such as lot size, property value, pools and ―mesic‖ (high water use) landscaping (Balling, 

Gober and Jones, 2008; House-Peters, Pratt and Chang, 2010).  Other studies have shown 

geographic variation in household responses to drought-related shortages; by lot size in 

particular (Renwick and Archibald, 1998; Kenney et al., 2008, DeOliver, 1999). 

Investigations of the practices that control outdoor water use, such as a home’s 

type of vegetation and irrigation system, typically rely on labor-intensive site visits and 

in-person interviews (Lyman, 1992; Syme et al., 2004).  The high costs of these data 

collection methods have restricted sample sizes and made it difficult to perform spatial 

analyses, leaving the geographic variation of outdoor water use practices mainly 
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unexplored.  This study is the product of a uniquely large (n=1840), geo-located data set 

with detailed survey responses on outdoor water use habits.  It was distributed to ten 

percent of the single-family residences served by Tucson Water in early May of 2006, 

when the city had been experiencing severe drought conditions for several years (Arizona 

Department of Water Resources, 2006).   

The geo-located nature of the dataset enabled an intra-urban spatial analysis.  As 

land use within the Tucson Water service area is controlled by multiple government 

entities (principally the City of Tucson, Pima County and Town of Marana), each with 

their own zoning systems, consolidated categories were developed to represent areas with 

fundamentally different residential development standards.  The City of Tucson had 

already developed its own set of ―planning regions‖ according to the age of urban 

development:  Central Core, Mid-City and Evolving Edge.  To these were added Pima 

County Low Intensity and Medium-High Intensity land use and a separate category for 

two master planned communities in the Town of Marana, Continental Ranch and Dove 

Mountain.  Statistical analysis showed that the homes in these areas were distinct from 

one another in their combinations of important attributes: home size, lot size, age and 

assessed value.   

Several survey findings were counter-intuitive, although previous research has 

demonstrated that environmental attitudes and actual resource conservation are often not 

related (Endter-Wada, et al., 2008; Harlan et al., 2009).   A positive response as to 

whether the residents had changed their water use practices due to the recent drought had 

no statistically significant effect on outdoor use.  Drip irrigation and irrigation timers  
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Figure 1 - Consolidated Land Use Categories for Pima County, City of Tucson,  

Town of Marana Zoning within the Tucson Water Service Area 

 

appeared to promote rather than reduce water use.  Households that reported having gray 

water or rainwater harvesting systems used no less municipal water than other homes.   
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Results also showed that the practices with a statistically significant effect on 

outdoor water use, as well as the magnitude of those parameters, varied by planning 

region.  The presence of turf, for instance, was associated with increased water use for all 

regions, but this coefficient varied by a factor of five, with the highest value associated 

with the affluent Pima County Low Intensity land use region.  This region also had the 

largest amount of water use associated with the presence of a home pool and with high 

vegetation density.  Several practices significantly correlated with reduced outdoor use 

were exhibited only by the Tucson ―Mid-City‖ region:  the installation of conservation 

devices, irrigation with hand-held hoses and the use of public pools.  The master-planned 

communities had the lowest outdoor water use of all, despite a lack of conservation 

devices and practices. 

The analysis reinforces earlier findings within water conservation research but 

also contributes a great amount of detail on water use practices for an unusually large 

sample.  The built environment, in this case represented by the planning region, is shown 

to influence residential outdoor water use through the type of practices and their intensity.  

The adoption of practices associated with conservation did not necessarily imply lower 

use, and the lowest rate of outdoor water use was found in the master planned 

communities, not in those that had the most conservation devices.  Residential outdoor 

water use is a complex product of multiple decisions.   This study’s examination of the 

relationships between practices and the built environment contributes toward its further 

understanding and manipulation. 
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Appendix B –  

“Do Parks in Arid Cities Substitute for Outdoor Residential Water Use?”         

E.B. Halper, R.H. Bark, C.A. Scott and S.R. Yool, for submission to Landscape and 

Urban Planning 

    

 Urban homes are situated within larger-scale neighborhoods that incorporate 

common spaces, specifically, public parks.  Parks can provide amenities similar to those 

of private homes to many residents at once, potentially supplying the same level of 

satisfaction with fewer resources.  The substitution of public open space for private yards 

has been documented by economic geographers (Cho et.al., 2009;  Kopits et. al., 2007).    

This study focuses on two amenities of particular value in desert cities that are also large 

consumers of municipal water: irrigated landscapes and swimming pools.  It investigates 

the extent to which public ―green spaces‖ and swimming pools substitute for private 

ones, the effect of distance on these relationships and the impact of park size.  The role of 

replacing potable water with reclaimed water is also examined. 

  Regression modeling of mean April, May and June, 2007 outdoor water use was 

performed for over 110,000 households in the Tucson Water service area.  Dependent 

variables included home characteristics documented to be influential in the literature as 

well as attributes of the nearest public park.  These included distance to the nearest park 

along the street network, the park’s Normalized Difference Vegetation Index, a remotely 

sensed measure of vegetation ―greenness‖ (Tucker, 1979), size of the park and presence 

of a public swimming pool.  Results showed that although the home-related variables 

were the major influence on outdoor water use, proximity to a park made a small but 

significant impact.  This effect was modified by the park’s greenness, the presence of a 
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pool and in some cases, its size.  The results supports the notion that providing green 

spaces and pools at a larger spatial scale can substitute for multiple household amenities, 

possibly leading to net water savings.   Following Cash and Moser’s (2000) promotion of 

―scale-dependent comparative advantages‖, the effect of a park is multiplied by the 

number of homes it affects, magnifying its impact.   

 To evaluate whether parks are indeed net water savers, the park-related regression 

coefficients were used estimate ―induced‖ home water savings for all single-family 

homes in the Tucson Water Service Area.  Estimated savings for each home were 

aggregated by the closest park, and the sum of the ―induced‖ savings was compared to 

the water use of the park itself.  Interestingly, not all parks were net water savers. The 

degree of water savings varied by park size, with smaller parks generally saving more 

water than larger ones.   (This may be a function of the fact that water-intensive uses such 

as playing fields are more common in larger parks.)  Larger parks, however, offer another 

type of resource substitution, that of reclaimed water for potable water.   As larger parks 

generally have access to Tucson’s reclaimed water distribution system, they have the 

ability to utilize reclaimed water for intensive uses such as golf courses.  Therefore parks 

of both sizes can act as water conservation tools.   

 This study also highlights important behavioral differences between households 

with and without private pools.  Initial analysis showed statistically significant 

differences for every variable of interest between the two groups, therefore parallel sets 

of regression equations were developed.  Results indicated that outdoor water use by pool 

owners is far more sensitive to home variables such as house size and elevation, as well 
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as distance to the nearest park and park size.  Contrary to expectations, proximity to a 

public pool significantly reduced outdoor water use by pool owners.  The water savings 

of pool owners also diminished with park size, while that without pools did not.    

This study contributes a novel analysis of the linkages between household and 

neighborhood scales of outdoor water use.  Once again, the relationships between outdoor 

water use and the residential environment prove to be complicated, but not without 

flexibility.  Results demonstrate a potential to develop efficiencies in the provision of 

water-intensive amenities like irrigated landscapes and swimming pools.   

Note:  Rosalind Bark developed the original concept, applied for grant funding and 

performed initial statistical analysis on year 2000.  I performed all remote sensing and 

GIS work, processing of 2006 water use data, spatial analysis and net water savings 

calculations, as well as authoring the final version of the study.   

 

Appendix C – “Correlating vegetation, water use and surface temperature in a 

semi-arid city: A multi-scale analysis of the impacts of irrigation by single-family 

residences” 

E.B. Halper, C.A. Scott and S.R. Yool, submitted to Geographical Analysis, in review. 

 

A common objection to curtailing residential landscape irrigation is that it will 

result in reduced levels of vegetation, diminished thermal comfort and a lower-quality 

urban environment.  To evaluate this claim, this investigation took a higher-level spatial 

and temporal view of Tucson than the previous parts of the dissertation in its examination 

of vegetation, residential water use and temperature.  A series of dry, pre-monsoon 

Landsat TM and ETM+ NDVI images were correlated with quarter-section (1/4 square 
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mile) water use records.  The pre-monsoon period was selected to eliminate high NDVI 

values due to recent rainfall, implying that green areas within the city were a product of 

supplemental irrigation.  To assess the influence of the built environment, separate 

analyses were performed for six empirically derived types of residential development.   

The results of the study initially appeared to be counter-intuitive.   The vast 

majority of 30 m pixels in residential areas that displayed a significant 1984-2008 trend 

became greener, despite a period of rapid metropolitan expansion.  Between 1995 and 

2008, the period during which water use records were available, most quarter-sections 

became greener while residential water use was stable or declined.  This pattern was 

observed for all development types except the one defined as ―high-density‖, where 

virtually no space was available for natural vegetation.   These findings also undermined 

the study’s premise that high NDVI levels observed during a dry period could be used as 

a proxy for supplemental irrigation at this level of spatial resolution.   

A possible explanation of this phenomenon relies on a much longer-term view of 

climate and vegetation cycles than could be observed from the period of the study data.  

Climate records document a shift in the ENSO and PDO cycles beginning around 1976, 

which led to a multi-decadal period of wet winters in the Southwest (Sheppard, 2002).    

This trend is believed to have stimulated ―unprecedented‖ growth in woody vegetation, 

especially because the previous decades were characterized by drought and vegetation 

die-back  (Swetnam and Betancourt, 1998).  This study’s results indicated that regional 

climate trends supporting the growth of natural vegetation overwhelmed any reduction 
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Figure 2 - Arizona Statewide Five-Year Average Winter Half Year (November to April) 

Precipitation, with the long term average five-year winter precipitation,                                 

from Jacobs, Garfin and Morehouse, 2005. 

 

 Source: Jacobs, Garfin and Morehouse, 2005.  ―Climate Science and Drought Planning:  

The Arizona Experience‖, Journal of the American Water Resources Association, pp. 

437-435. 

 

in the NDVI signal that might have occurred due to irrigation of residential landscapes – 

a case of the natural component of the urban system predominating over the human.   

From a water management point of view, this is a positive outcome, as urban greenness 

can be maintained despite reductions in outdoor water use, at least for this portion of the 

vegetation-climate cycle.   
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Figure 3 – Tree ring data supporting post-1976 vegetation growth surge, Betancourt and 

Swetnam, 1998 

a) Millennia-length tree-ring width index chronologies from the Southwest showing an 

anomalous post-1976 growth surge. The upper plot shows the smoothed (13-weight, low-

pass filter) ring-width growth in six sites in New Mexico and Arizona from a variety of 

species, 1900–93 (squares: Cabresto Canyon, NM, Douglas-fir; circles: Mount Graham, 

AZ, southwestern white pine; hexagons: Sandia Crest, NM, limber pine; up triangle: 

Elephant Rock, NM, limber pine; down triangle: Italian Canyon, NM, limber pine; 

diamonds: El Malpais, Douglas-fir). The lower plot is a simple average of these six 

chronologies; the post-1976 growth increase is unprecedented during the past 1000 yr. 

b)  Innermost ring dates (i.e., approximate germination dates) of pinyon seedlings and 

saplings sampled in five 0.5-ha plots in the Sevilleta LTER, Los Pinos Mountains, NM. A 

total of 600 seedlings and saplings were dated, 1900–93. Presently, we cannot ascertain 

that the rise in number of seedlings after 1976 reflects normal survivorship of younger 

age classes, exclusion of cattle after this area was fenced, or an unusual pulse in 

recruitment due to wetter conditions. 

Source:  Swetnam, T.W. and Betancourt, J.L., 1998.  ―Mesoscale Disturbance and 

Ecological Response to Decadal Climatic Variability in the American Southwest‖, 

Journal of Climate, Volume 11, pp. 3128 – 3147.   

 

This study also examined the relationships between temperature and water use by 

development type using a 120 m Landsat thermal image.  These findings further 
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demonstrated the powerful impact of natural forces on the urban land surface.  Although 

urbanization is typically associated with increased temperatures, commonly known as the 

urban heat island effect (Arnfield, 2003), thermal images revealed natural surfaces such 

as dry river beds to be at least as warm as impervious pavement.  The presence of areas 

cooled naturally, by riparian vegetation, topography-driven cold air drainage and 

prevailing winds was also apparent.   

Like the municipal water system, the coupled human-natural urban climate 

system is a complex product of forces operating at multiple scales. In this case, a 

relatively short period of reduced landscape irrigation was more than compensated for by 

long-term climatic trends that promoted the growth of natural vegetation.  Fortunately for 

managers of the municipal water system seeking to control demand, reduced landscape 

irrigation is not likely to diminish urban quality of life until the onset of the next long-

term vegetation cycle.  The predominance of natural climate factors on the urban 

environment also suggests that these forces should be considered when locating future 

developments.  

 

Summary 

The desert city municipal water utility is a natural resource management 

institution that must adapt to multiple stresses from the household to the global scale.  

Providing reliable water service to a growing population will undoubtedly become more 

difficult as the climate changes and new sources of supply are subject to competition.  
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Demand management has the potential to act as a ―new‖ source of water, but the structure 

and scale of the utility is not well suited to effective policy implementation.  Some type 

of adaptation is necessary to sustain municipal water supplies to desert cities over the 

long-term.  If incremental adjustments are not sufficient to achieve sustainability, a major 

transformation of the system may be necessary (Nelson, Adger and Brown, 2007). 

Modification of the built environment has the potential to realize ―scale-

dependent comparative advantages‖ in support of demand management.  Finding these 

types of strategies, such as substituting common resources for private ones, requires the 

ability to look outside of the usual dimensions of analysis and engage linkages to other 

systems.  To give another example, the natural forces of storm-flow drainage and wind 

patterns could be leveraged to create comfortable residential communities despite 

limitations in outdoor water use.   

While the scale of human endeavors may be self-evident, a long-term, regional 

view is often necessary to appreciate the magnitude and power of natural systems.  This 

multi-scale view of Tucson’s vegetation patterns revealed the dominance of natural 

multi-decadal cycles over short-term human behavior changes.   Working with, rather 

than against these forces, may offer the best opportunity to realize comparative 

advantages and adapt to a rapidly changing world.  
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ABSTRACT 

 

 We investigate the relationships between outdoor water practices and 

consumption, as mediated by residential land use characteristics in the Tucson, Arizona 

metropolitan area.  We performed regression analyses between outdoor consumption and 

self-reported vegetation types, irrigation devices and other outdoor water uses, 

disaggregating our data for six distinct urban land use regions, characterized by density, 

value and age. We found significant regional differences in the magnitude of parameters 

and explained variance.  However, our most significant findings were the variables did 

not significantly affect water use: reported behavioral change, lack of irrigated 

vegetation, and reuse of gray water and storm water.   
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INTRODUCTION 

 

  

Arizona’s municipal water conservation programs support public information 

campaigns and encourage the conversion of landscapes from high to low-water use 

plants, as well as the installation of drip irrigation, irrigation timers and water reuse 

systems (Arizona Department of Water Resources 2007; Arizona Department of Water 

Resources 2008).   However, the outcomes of municipal conservation programs are 

rarely evaluated (Michelsen, McGuckin, and Stumpf, 1999; Syme, Nancarrow, and 

Seligman, 2000) and rely on the presumption that these activities result in reduced water 

use.   The limited number of evaluations that have been performed suggest that these 

programs often do not achieve their intended effect (Michelsen, McGuckin, and Stumpf, 

1999; Halich and Stephenson, 2009; Coleman, 2009).  Analyses of voluntary water 

conservation efforts have shown a lack of correlation, or even an inverse correlation, 

between environmental attitudes and behavior (Halich and Stephenson, 2009; Harlan et 

al., 2009; Yabiku, Casagrande, and Farley-Metzger, 2008; Endter-Wada et al., 2008).  In 

contrast to attitudinal research, geographic studies have shown that metered water use 

varies with physical housing attributes, particularly density, which in turn corresponds 

with affluence (Nieswiadomy, 1992; Renwick and Archibald, 1998; De Oliver, 1999; 

House‐Peters, Pratt, and Chang, 2010; Kenney et al., 2008).  These factors are much 

more reliable predictors of residential water use than attitudes. 

Our study investigates the relationships between residential development 

categories, reported outdoor water use behaviors and practices, and metered water use for 

single-family households in the Tucson, Arizona metropolitan area.  Data was acquired 
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through a 2006 mail survey distributed by Tucson Water, southeast Arizona’s largest 

water utility, as well as from GIS files provided by the City of Tucson Planning and 

Development department and the Pima County GIS database.  We analyzed differences 

in 2006 average annual outdoor water use, as well of rates of change between 2000 and 

2010, for distinct urban land use categories.   We also developed separate regression 

equations for each class, using landscape vegetation, irrigation techniques and other 

outdoor water uses as independent variables.   

 

LITERATURE REVIEW 

Attitudes and Residential Water Conservation Behavior 

Multiple studies have documented the lack of association between conservation 

attitudes and beliefs and behavior.  Aitken, et. al. (1994) reported that attitudes, habits 

and values towards water conservation were ―very poor‖ predictors of residential water 

consumption in Melbourne, Australia.  Research by Syme et al. (2004) found a 

correlation between conservation attitudes and reduced external water use in Perth, 

Australia.  However, Harlan et al. (2009) found that Phoenix, Arizona residents’ attitudes 

toward the environment did not have a significant influence on their water consumption.  

Endter-Wada, et al. (2008) investigated business and residential landscape watering in 

Salt Lake City, Utah and showed that attitudes and motivations had no consistent effect 

on water use.  Instead, most significant predictor of water use was the type of irrigation 

system.   
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Effectiveness of Information Campaigns  

Conservation information campaigns commonly aim to change public attitudes 

and beliefs, with the underlying assumption that this will translate into reduced 

consumption (Campbell, Johnson, and Larson, 2004).  Unfortunately, this effect can be 

difficult to discern.  Michelsen (1999) and Syme (2000) reviewed the literature on water 

conservation program effectiveness.  Both authors noted the lack of reliable studies, as 

well as the difficulty of separating effects due to information campaigns from those of 

other programs, such as incentives or restrictions, taking place in a similar time frame.  

Experimental studies include Geller, Erickson and Buttram (1983), who tested the 

effectiveness of education, feedback and the installation of indoor conservation devices 

on home water use in Blacksburg, Virginia.  Only the homes that received the devices, 

such as toilet dams and faucet aerators, showed significant reductions, and even these 

were less than anticipated by the researchers.   

Individuals’ often assume that they are conserving when they are either 

maintaining or increasing their consumption.  Hamilton (1985) investigated self-reported 

and actual water savings prompted by a local water shortage in Concord, New Hampshire 

and found only a weak relationship between these two variables.  Agthe, Billings and 

Dworkin (1988) showed that Tucson residents who were aware of the recently adopted 

increasing block rate structure believed they used less water than before it was adopted.  

However, this group actually consumed more than those who were not unaware of the 

change in rate structure.  
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As Campbell, Johnson and Larson (2004) document in their study of Phoenix, 

Arizona conservation efforts, awareness of conserving devices can actually spur higher 

resource use through ―offsetting behavior‖.  This concept hypothesizes that rather than 

allowing new efficiencies to translate into conservation, individuals choose to expend 

these ―new‖ resources on additional consumption.  When there is little feedback on the 

magnitude of these factors, a small amount of savings can engender a large amount of 

new use.  For instance, the purchase of a slightly more efficient showerhead might 

motivate a much longer shower.  This theory may explain why public information 

campaigns can genuinely change attitudes and beliefs but still fail to produce a reduction 

in water use.   

 

Housing Density and Residential Water Use 

If residents’ attitudes do not control household water use, what does?  Numerous 

studies have demonstrated the influence of housing density on typical residential water 

consumption, as well as on responsiveness to shortages and climate fluctuations.  

Nieswadomy and Molina (1992) found both house size and lawn size to be significant 

predictors of household water use.  Similarly, March and Sauri (2010) found net 

population density highly correlated with per capita water use in Barcelona, Spain.  

Lower residential densities are usually correlated with greater sensitivity to policy and 

climate change.  Renwick and Archibald (1998) showed that reductions in water use were 

far greater for homes with lots larger than 0.55 acres than those with lots up to 0.08 acres 

during a1985 – 1990 water shortage in Santa Barbara, California.  Kenney et al. (2008) 
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found that larger suburban Denver, Colorado homes tended to use be in the top 25
th

 

percentile of water users and had higher price elasticity and percent reduction during 

drought restrictions.  Studies by Balling and Gober (2008) and House-Peters, Pratt and 

Chang (2010) showed that affluent homes on large lots had greater sensitivity to climate 

conditions in both Phoenix, Arizona and Portland, Oregon.  On the other hand, DeOliver 

(1999) found that census tracts with greater percentages of detached homes (correlating 

with income) were less responsive to drought restrictions than those with multi-family 

housing.  Clearly, density and related housing characteristics play a crucial role in 

shaping residential water consumption, although the direction of this relationship can 

vary. 

 

 

METHODS 

 

Tucson Water, the major water utility the metropolitan area, distributed a survey 

on home water use practices to ten percent (8,049) of its single-family accounts in early 

May of 2006, when the metropolitan area had been experiencing severe drought 

conditions (Arizona Department of Water Resources, 2006).  The survey covered both 

indoor and outdoor water use practices, as shown in Appendix A (copy of survey to be 

attached).  In this paper we report only on the practices associated with outdoor water 

use, as it constitutes almost half of single-family residential use (City of Tucson and Pima 

County, 2009) and is increasingly targeted for conservation efforts.  Questions concerned 

landscape vegetation types, irrigation devices and other outdoor uses such as pools, spas, 

ponds, fountains and misters.  Several items addressed water conservation activities and 
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responses to the prolonged drought.  Information was also requested on the number of 

residents, income level, home ownership, length of residence in the home and Pima 

County and whether the home was occupied year-round.  2,342 surveys were returned by 

the end of June, giving a response rate of almost 30%.   

Our primary variable of interest is the 2006 average annual outdoor water use, 

which we express as gallons per household per day, for convenience of comparison with 

similar studies (Yabiku, Casagrande, and Farley-Metzger, 2008; Geller, Erickson, and 

Buttram, 1983; Mayer and DeOreo, 1999).  The inclusion of the number of residents in 

the household allowed us to make a more sophisticated estimate of outdoor water use 

than the typical method of subtracting winter water use from summer water use.  We 

assumed a constant indoor use of 69.3 gallons per person per day, as given in the 

American Water Works Association’s Residential End Uses of Water Study (1999), and 

multiplied this value by the number of residents reported in the survey to estimate annual 

household indoor use.  We subtracted estimated annual indoor use from total 2006 use to 

calculate annual outdoor use, which we converted to units of gallons per household per 

day (gphd).   

A numerical identifier established a link between the survey, the home water use 

record and its parcel number, which enabled us to establish the location of residence.  

(All personally identifying information was stripped from the database before analysis).  

As our calculation of outdoor water use relied on the number of residents in the home, we 

eliminated responses that did not provide this information.  We also removed records 

with evidence of a single, abnormally high, month of usage, assuming that this was most 
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likely the result of a leak and did not represent typical usage.  We also eliminated records 

with more than two consecutive months of zero use at the end of 2006 to preclude the 

possibility that the home had been vacated.  The final data set contained 1840 responses.   

For our geographical analysis, we developed a simplified map of residential 

development classes in the Tucson metropolitan area, incorporating zoning information 

from unincorporated Pima County, the City of Tucson and the Town of Marana, all of 

which have areas serviced by Tucson Water (Figure 1).  We consolidated several types of 

Pima County zoning into two categories. ―Low Intensity‖ land use areas have a minimum 

lot size of 1/3 acre, but allow up to four homes per acre with the provision of 30% open 

space.  We combined Medium (up to ten homes per acre) and High Intensity (up to forty-

four homes per acre) land use intensities into a single class, as their total area was small 

compared to the Low Intensity category.  Within the Tucson city limits, we adopted the 

municipal general plan definitions for four distinct regions: ―Central Core‖, ―Mid-City‖, 

―Evolving Edge‖ and ―Future City‖.  We did not receive any responses from homes 

within the ―Future City‖; therefore it was not included in the analysis.   

 Each of these regions developed during a different time period (present day for 

the Evolving Edge).  As a consequence, each region’s residential areas have distinct 

characteristics associated with the types of land use practices common during their 

construction.  For instance, the Central Core area, in which we include the small, 

urbanized city of South Tucson, has a pre-automobile era development pattern with small 

homes and lots on narrow streets.  The Mid-City region consists mostly of housing 

constructed between World War II and the mid 1970’s (City of Tucson Urban Planning  
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Figure 4 – Consolidated Land Use Categories for Pima County, City of Tucson and 

Town of Marana Zoning within the Tucson Water Service Area 
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Table 1 – Single Family Residence Statistics for Consolidated Land Use Categories 

  

and Design Department, 2007) with larger lot sizes and wider streets than the Central 

Core.  Most new construction within the City of Tucson takes place in the more affluent 

and less dense Evolving Edge, which is also the focus of the City’s planning activities.  

Tucson Water also serves two master-planned communities, Continental Ranch and Dove 

Mountain.  These communities have the second largest of all the land use categories, but 

also have the smallest lots, leaving little space for pools or irrigated landscapes. However, 

these may be offset by the developments’ common open space and recreational facilities, 

such as swimming pools and golf courses.  (Water use for common facilities is not 

included in our outdoor water use estimates.)  Summary statistics for the single family 

residential housing units within these areas are presented in Table 1.  We report the 2007 

assessed value because it incorporates sales that took place in 2006.   

We compiled survey responses for each land use category, presented in Table 2.  

For ease of presentation and analysis, we aggregate similar types of outdoor water uses  

Consolidated                           

Land Use Group MEAN STD MEAN STD MEAN STD MEAN STD

Pima County Low 

Intensity Land Use 2,487 896 55,882 54,317 1983.4 14.6 $345,908 $214,911

Pima County Medium-

High Intensity Land Use 1,684 576 11,444 14,398 1986.8 12.8 $159,947 $122,612

Marana Continental 

Ranch / Dove Mountain 1,833 506 8,381 8,338 1999.2 3.4 $195,671 $108,589

Tucson Central Core 1,286 508 8,819 5,121 1953.5 20.0 $132,589 $81,615

Tucson Mid-City 1,467 443 9,580 8,157 1967.9 16.8 $127,051 $50,071

Tucson Evolving Edge 1,721 500 11,078 18,153 1991.2 11.5 $164,255 $69,627

Lot Size (Sq. Ft.)House Size (Sq. Ft.) Year of Construction 2007 Assessed Value
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Table 2 – Summary Statistics for Tucson Water Survey Responses by                                              

Consolidated Land Use Category 

Variable

S

t Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

2006 Average 

Outdoor Water Use, 

gphd 260.7 236.1 106.6 133.4 75.1 87.1 117.4 137.7 110.3 130.1 115.1 126.6

Number of Residents 2.40 0.98 2.55 1.41 2.06 0.84 2.23 1.14 2.33 1.23 2.51 1.25

Years Residing in 

Home 11.81 9.69 12.59 10.40 5.01 3.17 17.19 15.47 18.98 15.10 9.03 9.09

Years Residing In 

Pima County 21.53 16.21 22.04 16.00 10.24 10.63 28.59 20.40 28.66 17.18 20.03 16.21

Lives outside Tucson 

part of year (0/1) 7.5% 6.2% 9.4% 6.6% 4.3% 5.5%

Homeowner (0/1) 99.3% 94.6% 96.9% 89.1% 95.8% 97.4%

Income Level (1 - less 

than $20,000 to 5 - 

greater than 

$100,000) 4.82 1.35 3.58 1.50 3.66 1.55 3.26 1.73 3.18 1.60 3.99 1.49

House Size (sq. ft.) 2,452 684 1,702 567 1,849 448 1,338 486 1,532 422 1,802 477

House Year of 

Construction 1983.1 11.8 1984.8 12.5 1999.3 3.3 1951.8 17.7 1966.3 13.4 1990.4 11.0
`

Presence of Back 

Yard Turf (0/1) 24.0% 28.3% 18.4% 16.1% 25.5% 34.8%

Number of Trees 

(Shade, Citrus or 

Fruit/Nut) 7.05 9.00 4.21 4.46 3.86 3.00 6.41 9.27 4.17 4.01 4.46 5.37

Number of Other 

Irrigated Vegetation 

Types (Hedges, 

Gardens, Mini-

Oases) 0.99 0.99 1.08 1.01 0.80 0.80 0.99 0.97 1.04 0.96 1.03 0.92

Landscape Density (1- 

not dense to 5 - very 

dense) 2.49 0.82 2.29 0.84 2.43 0.78 2.42 1.00 2.18 0.90 2.35 0.88

Unirrigated 

Vegetation Only (0/1) 1.8% 1.8% 3.1% 0.9% 0.4% 1.3%

Number of Irrigation 

Devices (In-ground 

Sprinkler, Hose and 

Sprinkler, Drip 

Irrigation, Bubblers, 

Irrigation Timer) 1.81 1.04 1.65 0.98 1.62 0.75 1.46 0.98 1.43 0.89 1.72 1.04

Use of Drip Irrigation 

Only (0/1) 29.7% 19.9% 53.1% 12.2% 9.4% 26.8%

Use of Handheld 

Hose (0/1) 37.7% 48.8% 25.5% 58.7% 58.9% 40.0%

Reuse of Graywater 

or Runoff (0/1) 28.2% 22.3% 11.2% 40.0% 34.0% 19.7%

Installation of Low 

Water Use / 

Conservation Devices 

in Past Year (0/1) 24.7% 21.7% 17.3% 23.5% 21.1% 16.8%

Changed Water Use 

due to Drought (0/1) 56.6% 48.2% 48.0% 55.2% 52.0% 48.4%

Home Pool (0/1) 55.7% 18.7% 12.2% 11.3% 20.4% 16.5%

Number of Other 

Water Uses (Spa, 

Pond, Fountain, 

Misting, Vehicle 

Washing) 0.87 0.88 0.59 0.74 0.59 0.73 0.40 0.66 0.48 0.67 0.65 0.78

Regular Use of Public 

Pool (0/1) 6.4% 17.5% 24.5% 13.5% 10.1% 12.3%

Tucson Central Core Tucson Mid-City Tucson Evolving Edge

Pima County Low 

Intensity Land Use 

Pima County Medium-

High Intensity Land 

Use 

Marana Continental 

Ranch / Dove 

Mountain
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Table 3 – Results of OLS Regression Analysis for pooled data and by individual land use categories 

Adj R-Sq 0.3046 Adj R-Sq 0.247 Adj R-Sq 0.293 Adj R-Sq 0.135 Adj R-Sq 0.385 Adj R-Sq 0.307 Adj R-Sq 0.1482

N 1840 N 433 N 166 N 98 N 218 N 637 N 294

Intercept -6.77 0.530 -27.15 0.424 -13.41 0.466 57.07 <.0001 -42.85 0.043 8.87 0.509 19.62 0.322
Presence of Back 

Yard Turf (0/1)
32.53 0.000 126.50 <.0001 50.03 0.023 53.81 0.014 38.61 0.001 36.78 0.013

Number of Trees 

(Shade, Citrus or 

Fruit/Nut)

5.04 <.0001 4.17 0.000 9.65 <.0001 1.77 0.046 4.83 <.0001 4.83 0.000

Number of Other 

Irrigated Vegetation 

Types

15.49 <.0001 25.94 0.016 23.56 0.010 16.28 0.001

Landscape Density (1-

5)
20.40 <.0001 43.80 0.001 24.04 0.005 13.45 0.021 23.14 0.006

Use of Handheld 

Hose for Irrigation
-44.85 <.0001 -47.12 <.0001

Use of Drip Irrigation 

Only (0/1)
66.44 0.003

Number of Irrigation 

Devices
27.20 <.0001 29.09 0.002 33.12 0.000 35.56 <.0001

Home Pool (0/1) 103.27 <.0001 98.46 <.0001 59.51 0.010 72.41 0.006 92.03 0.000 48.16 <.0001 58.44 0.002
Number of other 

water uses (Spa, 

Pond, Fountain, 

Misting, Vehicle 

Washing)

15.30 0.001 34.37 0.006

Regular Use of Public 

Pool (0/1)
-30.78 0.005 -36.64 0.012

Installation of Low 

Water Use / 

Conservation Devices 

in Past Year (0/1)

-26.51 0.014

Tucson Central      

Core Tucson Mid-City

Pr > |t|

Parameter 

Estimate

Parameter 

EstimatePr > |t|

Marana Continental 

Ranch / Dove 

Mountain

Pr > |t|

Tucson Evolving    

Edge

Parameter 

Estimate

Parameter 

EstimatePr > |t|Variable

Parameter 

Estimate

Parameter 

Estimate

Parameter 

EstimatePr > |t|

All records

Pr > |t|

Pima County Low 

Intensity

Pr > |t|

Pima County 

Medium-High 

Intensity
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together.  For instance, we total survey responses on the number of shade trees, citrus 

trees and other fruit/nut trees into a ―Number of Trees‖ attribute.  Similarly, the presence 

of hedges, gardens and ―mini-oases‖ is combined into a ―Number of Other Irrigated 

Vegetation Types‖ variable.  Highly influential variables, such as the presence of back 

yard turf, are presented individually.   

We used one-way ANOVA combined with Tukey’s studentized range test (SAS 

Institute, 2008) to determine whether the mean of each variable differed significantly 

between land use categories.  We then performed a preliminary Ordinary Least Squares  

 (OLS) regression of the outdoor water practice variables on annual 2006 outdoor water 

use.  Variables significant at the p<0.05 level for each category were incorporated into a 

final regression equation, presented in Table 3.  (Omission of a parameter indicates that it 

was not sufficiently influential to include in the final regression.)  Lastly we identified a 

subset of respondents who had maintained the same residence between 2000 and 2010.  

We calculated the rate of change in their outdoor water use during this period as well as 

the change as a percentage of mean 2000 – 2010 use, to standardize our measurements 

between high and low users.  We again tested for differences in the means of each land 

use category, presented in the discussion section. 

 

RESULTS AND DISCUSSION 

 Our most significant findings are the variables which do not enter into the OLS 

regressions: the binary variables for reported change in behavior due to drought and the 

absence of irrigated vegetation, and the number of reuse methods, including reuse of gray 
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water and storm water.  Positive responses to these questions were not associated with 

significant effects on outdoor water use for any land use category.  We theorize that these 

may all be examples of off-setting behavior: while residents believe they are conserving 

by not irrigating or by reusing water, they may in fact be consuming the saved water 

elsewhere, perhaps with non-landscape uses.    

 Geographic differences in behavior are also apparent.  Approximately twenty 

percent of respondents across all land use categories reported installing a ―low water use‖ 

or ―water conserving‖ device in the past year, yet only the Tucson ―Mid-City‖ group 

demonstrated significant water savings from this activity.  In some cases, regional 

conditions were associated with the counter-intuitive effect of a conservation practice.  

For instance, Pima County Low Intensity homes that used only drip irrigation consumed 

an average of 66 gallons per day more per household.  Results demonstrate that 

residential development mediates the relationships between outdoor conservation 

practices and water use. 

Our results also confirm that (low) housing density and affluence are major 

determinants of outdoor consumption.  Tukey’s test for comparison of means showed that 

2006 average outdoor water use by homes in the Pima County Low Intensity region was 

significantly higher (at the alpha = 0.05 level) than the others, as was reported income.  

These homes were larger (see Table 1) and far more likely to have pools.  Homes in land 

use categories associated with higher incomes (Pima County Low Intensity, Tucson 

Evolving Edge) had more irrigation devices and as well as non-irrigation uses.  Residents 

in the Pima County Medium-High Intensity areas and in Tucson’s Central Core, the two 
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oldest and least affluent regions, were significantly more likely to reuse water and to use 

hand-held hoses for irrigation.   

Landscape vegetation types varied with land use category.  The greatest numbers 

of trees per home were found in the Pima County Low Intensity and Tucson Central Core 

regions.  While the abundance of trees is likely another expression of affluence for the 

Low Intensity category, we attribute the quantity of trees in the Central Core to the age of 

its development.  Trees were recognized as an effective means of cooling before air 

conditioning was common, and their planting was strongly encouraged by local 

institutions (McPherson and Haip, 1989).  Backyard turf was significantly more common 

only for the Evolving Edge category.  We postulate that this is a lifestyle preference for 

well-off residents of new subdivisions with abundant yard space.  Interestingly, the 

presence of vegetation was not always associated with increased outdoor water use.  This 

may be due to different preferences in the number of plants and the intensity of irrigation 

between regions.   

The sole use of drip irrigation, as well as the regular use of public pools, was 

significantly more common in the Continental Ranch and Dove Mountain developments.  

Most likely this is an outcome of the control exercised over the development by a 

common landscape design standard.  The incorporation of common swimming facilities 

into the design of the community, in concert with small lot size, probably motivates the 

use of public rather than private pools.   Further analysis would be required to determine 

whether the provision of water-intensive recreational areas is more efficient than multiple 

home-based yards and pools.  We also found difference in the amount of variance 
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explained by outdoor water use practices between regions.  Adjusted R-square values 

range from 0.39 for the Tucson Central Core to a low of 0.14 for Continental Ranch and 

Dove Mountain, which is similar to results of regressions in Kenney, et al. (2008) for 

―high‖, ―medium‖ and ―low‖ water users.  This may be due in part to differences in 

indoor water use, which we assume to be uniform across regions.   

 Finally, we examine trends for the subset of respondents who maintained the 

same residence between 2000 – 2010, shown in Table 4.  Reported behavior changes due 

to drought had no significant correlation with 2000 – 2010 percent change for any region, 

reinforcing the lack of reliability of self-reported data.  There were no significant 

differences between land use categories for the raw slopes, but the decline in outdoor 

water use in Tucson’s Mid-City was significantly greater than for the Low-Intensity 

areas, when measured as a percentage of the 2000 – 2010 mean.  We therefore find that 

lower density (more affluent) Tucson households were less responsive to drought than 

their higher density, lower income Mid-City neighbors.  Outdoor water use also showed 

greater declines in the other regions, but these results were not statistically significant at 

an alpha value of 0.05.  Our findings are to those by DeOliver on the resistance of high 

income residents to conservation.   
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Table 4 – Comparison of 2000 – 2010 outdoor water use metrics by land use category 

 

 

 

CONCLUSIONS 

 

Tucson’s water demand is expected to rise with population growth, eventually 

exceeding its legally available water supplies (Tucson Water, 2008).  Exacerbating this 

problem is the possibility of long-term drought impacting flows on the Colorado River 

(Woodhouse, et al. 2010), which supplies Arizona’s largest cities, Phoenix and Tucson.  

However, reductions in per capita water use have the potential to offset the shortages 

expected under many of the scenarios projected by global climate models (Gober et al., 

2010).  Reducing outdoor water use by single-family homes is therefore not just a 

desirable conservation goal, but a critically important step in extending Arizona’s water 

supplies into an uncertain future.   

Mean

Std 

Dev Mean

Std 

Dev Mean

Std 

Dev Mean

Std 

Dev Mean

Std 

Dev Mean

Std 

Dev Mean

Std 

Dev

Mean 

Outdoor 

Use, 2000 - 

2010, gphd

79.8 80.0 137.1 103.8 52.3 50.4 41.6 42.4 71.2 78.2 57.3 56.1 62.5 56.7

Slope of 

Outdoor 

Use, 2000 - 

2010, gphd 

per year

-5.1 15.6 -4.3 20.6 -3.9 12.1 -1.4 9.2 -8.1 16.8 -4.0 16.0 -5.6 11.9

Slope as 

Percentage 

of 2000 - 

2010 Mean 

Use

-9.8 31.2 -5.0 27.1 -8.8 35.0 -8.1 27.7 -10.7 35.4 -10.6 36.2 -12.4 29.8

Pima County 

Low Intensity

Pima County 

Medium-High 

Intensity

Continental 

Ranch / Dove 

Mountain

Tucson 

Central Core

Tucson 

Evolving Edge

Tucson Mid-

CityAll Records 

n = 1134 n = 277 n = 93 n = 32 n = 143 n = 135 n = 454
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Our results demonstrate the need for a far more detailed understanding of the 

attitudes and behaviors that result in reduced water consumption.  In addition, we show 

that the adoption of water conservation devices alone cannot be assumed to translate into 

water savings.  It is likely that continual maintenance and monitoring are necessary to 

achieve and maintain water use reductions.  Finally, we show that intra-urban geography, 

specifically variation in housing density and affluence, and its associated vegetation, 

irrigation and other outdoor water use preferences, plays an important role in outdoor 

water use.  Consequently, water use planners may wish to monitor development decisions 

within the community they serve and even use these tools to promote water conservation.   
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ABSTRACT  

  

 Studies have documented the substitutability of common open space resources for 

private land, but this effect has not yet been investigated with respect to water resources.  

We focus on the usually limited resource of potable municipal water supplies within 

semi-arid cities, in this case, Tucson, Arizona.   We investigate whether public green 

space can substitute for single-family residential (SFR) landscape irrigation and whether 

the presence of public pools affects SFR outdoor water use after controlling for 

residential variables already shown to be highly influential.   Our results suggest that 

proximity to a park with irrigated green space does suppress outdoor SFR water use, but 

the magnitude of the effect depends on the park’s ―greenness‖ (as measured by NDVI), 

size and presence of swimming facilities.  We also found that outdoor water use by SFRs 

with pools was much more sensitive to both residential and park attributes.  Of particular 

note is the finding that even homes with pools use far less water when they are near a 

park with swimming facilities.   This result indicates that even when similar private 

amenities are available, the provision of common resources still has an impact on 

household behavior.   

 We next examined whether the water savings induced by Tucson’s parks 

outweighed the volume of water used to produce the common green space.  We estimated 

these quantities for a subset of parks and found that while small parks tended to be net 

water savers, most large parks consumed more water than they suppressed in their nearby 

SFRs.  However, Tucson’s large parks use large amounts of treated effluent (reclaimed 

water) for landscape irrigation in place of potable water supplies, effectively substituting 
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a lower quality resource for a more valuable one.  We conclude that although park green 

spaces may consume more water than they induce in savings, a park’s ability to utilize 

reclaimed water may still produce a desirable conservation effect.  
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INTRODUCTION 

 

The benefits of urban green spaces extend beyond their borders.  Urban parks 

have been shown to exert positive influences on their surroundings – as revealed by 

studies of home prices, (Anderson and West, 2006; Lutzenhiser and Netusil, 2001; 

Morancho, 2003), as well as physical and psychological health (Cohen et al., 2007; 

Maller et.al., 2006; Mowen et. al., 2007).   In addition, several studies have documented 

the ability of common spaces, including parks, to substitute for amenities otherwise 

derived from private residential land (Cho et.al., 2009;  Kopits et. al., 2007).  The 

substitution of a few common resources for numerous individual ones promotes 

efficiency, equity and sustainability:  the needs of diverse socio-economic groups can be 

met at a lower cost, while overall resource use may be reduced.  This study expands this 

line of inquiry to two amenities of particular interest in arid cities: irrigated green space 

and swimming facilities.  Both these amenities are of high value in a warm, arid climate, 

but consume considerable volumes of municipal water supplies (Mayer & DeOreo, 

1999).    

Although the terms ―green space‖ and ―open space‖ are often used 

interchangably, they imply very different conditions in arid climates.  Locations with 

year-round green vegetation are rare and highly valued in arid and semi-arid regions 

(Bark et. al, 2009; Sengupta and Osgood, 2003).   During a dry season, green vegetation 

occurs only if a sustaining water source is available.  In an urban environment, this 

usually requires supplemental irrigation.  We focus on irrigated urban landscapes because 

they represent a human demand for a limited resource (municipal water supplies) and 
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because they are amenable to manipulation through policy or individual action.  We 

include swimming pools because they greatly enhance recreation and quality of life 

during hot summers,  but also consume large volumes of water through evaporation and 

flushing.  The two uses differ in their ability to accept lower quality water sources, i.e., 

parks can be irrigated with highly treated wastewater, referred to subsequently as 

―reclaimed water‖.  Public health concerns prevent the use of most alternative sources for 

swimming pools.   

 This study focuses on metropolitan Tucson, Arizona, USA, a semi-arid city where 

irrigated landscapes and pools on single family residences (SFRs) represent a substantial 

water demand.  An estimated 45% of all water supplied to SFR’s is used outdoors, 

according to Tucson Water, the area’s largest utility (City of Tucson and Pima County, 

2009).  Using this estimate, 2007 SFR outdoor water use was 31,374 acre-feet, about a 

quarter of Tucson Water’s potable water deliveries.  (Irrigation of parks by Tucson Water 

represented an additional 6173 acre-feet).  Despite metropolitan Tucson’s relatively low 

per capita water use rate (Western Resource Advocates, 2006), supplies available through 

regulatory processes are fixed, while total demand is increasing due to population growth 

(Tucson Water, 2008).  Scenarios project that demand will exceed supplies between 2017 

and 2035 (Tucson Water, 2008).  Reducing outdoor use of water by SFRs is an important 

part of extending available resources.  

Our study evaluates whether irrigated landscapes and swimming facitlies 

provided by Tucson’s public parks provide an effective substitute for SFR outdoor water 

use, thus maintaining urban quality of life while reducing overall water demand.  We 
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investigate whether a park’s degree of ―greenness‖ (as measured by the Normalized 

Difference Vegetation Index), as well as the presence of a public swimming pool, 

influences the outdoor water use of nearby homes.  To better quantify these relationshps, 

we consider homes with and without private pools separately.  We also examine the 

effect of park size, an attribute which correlates highly with the range of recreational 

facilities.  Thus we extend the literature of parks’ effects on home prices to the subject of 

outdoor water use.  We then investigate the relative influence of park size and the 

implications of using reclaimed water for park irrigation. 

Only a few studies examine the effects of the surrounding neighborhood on 

residential outdoor water use, which are described in the Literature Review section.  To 

our knowledge, the local environment’s effect on individual household water use has 

never been analyzed using a large cross-sectional data set (described in further detail 

below).  This makes our work a unique contribution to the literature on urban planning 

and its links to water consumption.   

 

LITERATURE REVIEW 

 

 Engineers and economists were the first to analyze household level water use with 

regression modeling for the purposes of sizing infrastructure and measuring price 

elasticities of demand.   These models  typically incorporated property and socio-

demographic information, such as assessed value, size of the home and lot, and the 

number of residents (Danielson, 1979; Morgan, 1973).  Other commonly included 

variables were residents’ ages, head of household income, and age of the home (Hanke 



69 

 

 

and de Mare, 1982; Jones and Morris, 1984).  The need to estimate peak demands and 

evaluate the effects of restrictions motivated studies that disaggregated water use into 

indoor and outdoor components.  These studies sometimes included data on the presence 

of pools, lawn or yard size, as well as the types of vegetation and irrigation system 

(Agthe and Billings, 1987; Aitken, 1991; Lyman, 1992; Nieswiadomy and Molina, 1989).  

Due to the difficulty of collecting household-level attiributes, these studies were limited 

to small sample sizes.  Most were conducted before the widespread availability of city-

wide geographic information systems and could not readily analyze the spatial 

characteristics of their data.  

 Geographic analyses of residential water demand also have a long history, but 

data limitations forced researchers to use aggregated data.  Howe and Linaweaver (1967) 

investigated the variation in average annual household water use in 39 U.S. cities selected 

to represent a variety of geographies and water rate structures.  They found home value, 

number of residents per home and home age to be significant predictors of residential 

water use.  Foster and Beattie (1979) extended the nation-wide analysis to six geographic 

regions in the continental U.S (North Atlantic; Midwest; South; Plains and Rocky 

Mountains; Southwest; Pacific Northwest) using similar predictors and found that 

dummy variables for each region greatly improved model fit.  Analyses of local variation 

include Wong (1972), who modeled annual per capita demand for 103 municipal water 

systems in northeast Illinois, and found significant differences in the predictive variables 

for communities of different sizes. 
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 More recently, geographers have made explicity spatial studies of residential 

water use at the U.S. Census tract or block group level (Balling Jr. et.al, 2008; Chang et. 

al., 2010; House-Peters et. al., 2010; Shandas and Parandvash, 2010; Wentz and Gober, 

2007).  Some of this work sheds light on the spatial nature of residential water use 

drivers.  Wentz and Gober (2007) found that household water use in Phoenix, AZ, much 

of which goes toward landscape irrigation, displayed evidence of spatial autocorrelation 

between census tracts.  Chang, et. al. (2010) and House-Peters, et. al. (2010) also found 

evidence of spatial autocorrelation for SFR water use at the block group level in Portland, 

Oregon.   

These results suggest that neighborhood factors have the potential to shape SFR 

water use.  A neighborhood attribute may exercise far less influence than a home’s 

primary attributes (i.e. number of residents, lot and house size, value, etc.), but the effect 

of a public facility is spread over many households and is also more easily subject to 

change by local governments.  If a  public park can suppress consumption by many 

residences even slightly, it may be considered a conservation tool as well as an aesthetic 

and recreational amenity.  Such a finding would be valuable to urban planners who seek 

to enhance quality of life while minimizing the impact of SFR irrigation and pool use on 

municipal water supplies.   

  

METHODS AND DATA PROCESSING 

 

Our dependent variable is the mean of SFR outdoor water use for the months of 

April, May and June (AMJ) 2007, within the Tucson Water service area (Figure 2).  



71 

 

 

These months were selected because they are typically dry, as they are situated between 

the winter rains and the summer monsoons.  As shown in Figure 1, the spring of 2007 

was much drier than usual, which aided our study purposes.  From January through June 

2007, Tucson received approximately half of its normal (1971-2000 year average) 

precipitation (2.18 inches vs. 4.06 inches).   Almost no precipitation was recorded in May 

or June, 2007. 

 

Figure 5 – 

Comparison of Monthly Precipitation at Tucson Campbell Ave. Station, 1971 – 2000 

average and 2007 

(Source: Western Regional Climate Center, National Climatic Data Center) 

 

Our area of interest is the extent of metropolitan Tucson served by Tucson Water, 

the area’s largest water provider, which provided the SFR water use data.  Tucson Water 

also serves several outlying communities due to its acquisitions of nearby rural water 

companies.  Consistent with our interest in the urban environment, we limit our analysis 
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to the ―central‖ parts of Tucson Water’s service area contiguous with the metropolitan 

area, as shown in Figure 2. 

The year 2007 was selected because four-band, 1 m spatial resolution 

orthophotography (acquired June 25) was available from the U.S. Department of 

Agriculture’s National Agricultural Imagery Project (NAIP).  The availability of both a 

red and near infrared band allowed us to calculate the NDVI (Normalized Difference 

Vegetation Index), a common remotely sensed index of vegetation ―greenness‖, at 1m 

resolution.  The NDVI is based on the optical properties of green vegetation – absorption 

in the red part of the electromagnetic spectrum and reflection in the near infrared.  It is 

calculated as: 

                             (Near Infrared Reflectance – Red Reflectance)   

                              (Near Infrared Reflectance + Red Reflectance)   

  

 

 as given in Price (1993). 

 We use the term ―greenness‖ as shorthand for plant properties such as green 

biomass and leaf water content, whose levels are higher when vegetation is not water-

limited (Tucker, 1979).  Although vegetation indices better suited to arid areas have been 

developed (Huete, 1988), we selected the NDVI to allow comparability with other studies 

of remotely sensed urban vegetation.  Due to the dry conditions during our period of 

analysis , we can be fairly confident that high NDVI values within our study area can 

serve as a proxy for the presence of supplemental irrigation.   
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Figure 6 – Central Tucson Water Service Area, Tucson City Limits and Locations of 

Irrigated Parks in the Metropolitan Area 

 

Other data sets include residence locations, park locations and street network data 

from the Pima County GIS Database, residence attributes from the Pima County 
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Assessor’s Office and elevations from the National Elevation Dataset (30 m resolution).  

A list of each independent variable and its data source is shown in Table 1.   

 

Variable Source 
               Variable Name (units) 

Residence Variables 

Pima County 

Assessor 

House area (square feet) 

House age in 2007 (years) 

Yard area (square feet)   [Lot area – House area] 

Presence of pool (binary dummy variable) 

Presence of evaporative cooler (binary dummy variable) 

USGS Digital 

Elevation Model 

(DEM) 

Home elevation above mean sea level (feet) 

USDA NAIP Imagery 
Mean NDVI of residential parcel 

Pima County GIS 

Database                               

(Pima County DOT) 

Distance from residence along street network to nearest 

irrigated park (feet) 

Park Variables 

Pima County GIS 

Database                               

(Pima County DOT 

Presence of public swimming pool (binary dummy variable) 

USDA NAIP Imagery 
Park mean NDVI over ―irrigated area‖ 

Tucson Parks and 

Recreation Strategic 

Master Plan 

 

 

 

 

Park type (Mini, Neighborhood, Community, Metro, Regional) 

Table 5 – List of Independent Variables and Respective Data Sources 

 

 Water Use Data 

 

Tucson Water generously provided household level data on SFR water use at 

monthly intervals for 2006 and 2007.  Residential water use is recorded for the billing 
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period, the time between meter readings, which is approximately 30 days, but can vary.  

The billing period can begin on any day of the month, so that a ―monthly‖ reading for one 

household may not represent the same time period as another.  For instance, ―April use‖ 

is the volume of water used during the period between the March and April meter 

readings, not necessarily the use between April 1
st
 and April 30

th
.  This factor introduces 

an element of temporal uncertainty into our analysis, but this is an unavoidable outcome 

of using data from utilities, where it is impractical to record every household’s use on the 

same day.  This uncertainty is balanced by the large sample size (n = 110,111) and our 

use of the mean of April, May and June, 2007 SFR use as the dependent variable.   

Our analysis initially relied on the assumption that SFRs use little or no water 

outdoors in the winter months, and therefore spring outdoor water use could be 

reasonably estimated by subtracting the minimum winter use from spring use (April, May 

and June, in this case).  However, due to Tucson’s warm winters (30 year average 

maxima for December, January and February is 66.8
o
F, 66.7

o
F and 69.8

o
F respectively, 

Western Regional Climate Center), it is likely that some residents do use water outdoors 

in the winter months.  This hypothesis is supported by an examination of our winter use 

statistics.  Using the average value for indoor per capita water use given in the American 

Water Works Association study Residential End Uses of Water, of 69.3 gallons and 2000 

census data estimates for average Tucson household size of 2.49 persons, we estimate an 

average indoor household use of 172.6 gallons per household per day (gphd).   If we 

double the household size to 5.0, we obtain a high, but still realistic, rate of indoor water 

use of 349 gphd.  This figure is equivalent to the 95
th

 percentile of our winter usage data.  
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We assume that winter usage in excess of this amount is applied outdoors, and set a 

ceiling for monthly indoor usage at 10472 gallons (1800 cubic feet).   Thus we calculated 

mean AMJ 2007 outdoor use in gphd as: 

   

((Mean of use in April, May and June, 2007) – 

(Minimum use in Dec., 2006, Jan., 2007 or Feb., 2007, up to a max of 10472 gal)) 

30.3 days 

 

This value was used as the dependent variable. 

 

We were able to match most of the addresses in the Tucson Water data file to a 

Pima County GIS file of address locations.  We then removed from our dataset residences 

with more than one water service account, including those with lower cost ―irrigation‖ or 

―reclaimed‖ accounts in addition to their primary account.  We also eliminated accounts 

with zero use during any month during our period of analysis.  Finally, we excluded the 

small number of residences that used more water in the winter months of 2006 – 2007 

than in April, May and June, 2007, a pattern which is typical of winter-only ―snowbird‖ 

residents.   

Residence Characteristics 

 

We then matched our georeferenced records with a file of property characteristics, 

originally collected for taxation purposes, from the Pima County Assessor’s office.  We 

obtained data on house size and age, lot size, presence of an evaporative cooler and the 

presence of a home pool.   (Evaporative coolers were used for cooling before air 
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conditioning and are still common in Tucson).  We derived variable ―yard size‖ by 

subtracting the area of the home from the total area of the property.   We then eliminated 

erroneous records where the house area was greater than the total area of the parcel.  Our 

data set also included the 2009 assessor’s estimated value of the parcel, which is based on 

sales between 2006 and 2008.  As our interest is in relative, not absolute values, we did 

not adjust these figures for inflation or market fluctuations.  In addition to the assessor 

attributes, we included each home’s elevation above mean sea level.  The oldest parts of 

Tucson are located in the valley between three mountain ranges (Figure 2), while the 

cooler mountain foothills are a popular location for suburban housing.  Thus elevation 

makes a convenient proxy for socio-economic class as well as a functioning as a micro-

climate variable.  We also derived the mean NDVI for each SFR of interest using the 

June 25
th

 NAIP image and a Pima County GIS file of parcel boundaries.  The final 

number of georeferenced records was 110,111. 

 

Park Data 

The Pima County GIS Database also supplied a file of public parks and their 

facilities.  We limited our analysis to parks within one mile of our area of interest, since 

the literature on parks and home values suggests that the benefits of proximity to parks 

diminish greatly after distances of one mile (Lutzenhiser and Netusil, 2001; Cho, et. al., 

2006;  Poudyal, et. al. 2009).  We then eliminated parks that did not contain irrigated 

areas that could plausibly substitute for residential greenness.  Using visual inspection of 

our NDVI image, we estimated that an NDVI > 0.15 indicated unusually green vegetation 
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within the Tucson metropolitan area.  However, even in very dry periods, Tucson’s 

natural hydrography supports small clumps of green vegetation in areas where surface 

runoff concentrates.  To distinguish these naturally occurring clusters from larger areas of 

irrigated vegetation, we re-categorized the NDVI image using a threshold value of 0.15 

and calculated the percentage of park area above this threshold.  By comparing digital 

orthoquad imagery (DOQQ) with our threshold NDVI image, we found that parks with 

less than 6% of area with NDVI > 0.15 were completely undeveloped and were better 

classified as natural preserves than irrigated parks.  To quantify the irrigated area of each 

park, we aggregated the pixels with NDVI > 0.15 into contiguous polygons and then 

eliminated those smaller than 100 m
2
 from our analysis.  Polygons greater than 100 m

2
 

were considered to be irrigated areas.  The mean NDVI of each park’s ―irrigated area‖ 

pixels became an independent variable in our regression.   

To provide a realistic estimate of the distances between homes and parks, we 

derived the distance along the county street network from each georeferenced SFR to the 

nearest irrigated park.  We used digital orthophotography to identify either formal 

entrances (large parks) or the closest street intersections (small parks). We calculated the 

variable ―distance to the nearest park‖ as the shortest path from the SFR parcel’s closest 

edge to the street network to the closest park entrance. 

The City of Tucson Parks and Recreation Department’s Strategic Plan classifies 

its parks according to a hierarchy of sizes and types of facilities. We adopted this system 

of classification for the parks in our data set regardless of their operating entity.  Parks 

are classified as either ―mini‖, neighborhood, community, metro or regional.  A table 
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describing these classifications is presented as Table 2 below.  Our analysis eventually 

led to the consolidation of these categories into three groups: mini + neighborhood, 

community, and metro + regional.    

Park Type Standard Size 

(acres) 

Typical Facilities 

Mini 1 acre maximum Benches, Picnic Tables 

 

Neighborhood  1 -15 acres Above plus Playground, Open Turf Area 

 

Community 15 – 40 acres Above plus Restrooms, Swimming Pool, Sports 

Fields 

 

Metro 40 – 200 acres  

 

Above plus one or more of the following: 

Outdoor Concert Area, Regional Recreation 

Center, Sports Fields, Large Picnic Areas 

Regional 200 acres and 

above  

 

Above plus one or more of the following: 

Campgrounds, Nature Center, Water Features, 

Zoo or Botanical Garden, Lake or Water Feature 

 

Table 6 – Park Classifications and Associated Attributes 

(Tucson Department of Parks and Recreation, 2006) 

 

In response to initial statistical analysis pointing to the importance of the home 

pool variable, we split the data set into separate ―with‖ and ―without home pool‖ subsets 

and performed t-tests on the means of the other variables.  Results indicated that the two 

groups had significantly different mean values for every variable.  Therefore we 

conducted separate analyses for each group from this point on.  Summary statistics for 

each group are shown in Table 3.   

We show that in the spring of 2007, an average Tucson area home with a pool 

used 117.9 gphd than more one without a pool.  The  average ―with pool‖ home was also 

723 square feet larger, 3.8 years younger and 21% less likely to have an evaporative 
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cooler.  All of these attributes likely contributed to an average difference in value of 

$159,509.  In addition, the nearest irrigated park to a home with a pool was an average of 

18.3 acres larger and slightly greener, but 3544 feet further away.   

We performed ordinary least squares regression modeling for mean AMJ 2007 

outdoor water use, using the mini/neighborhood park as our default case and added 

separate dummy variables if the nearest park was either a community or metro/regional 

park.  We also used a dummy variable to indicate whether the park contained a 

swimming pool.  We selected the best combination of independent variables using the 

―Max R‖ algorithm in SAS Enterprise Guide version 4.2.   We selected the models with 

the highest R
2
 value for which Mallow’s Cp was approximately equal to p, indicating that 

the model had minimized both over and underfitting.  Results are shown in Table 4.  For 

convenience, the impact of a standard change in each independent variable on outdoor 

use in gphd is presented in Table 5. 
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Table 7 – Basic Statistics for Initial Variable Set

Min Max Mean Median Std Dev Skew Min Max Mean Median Std Dev Skew

Home Variables

Mean AMJ07 Outdoor Use, gphd 0.0 5277.5 123.4 82.2 140.5 4.51 0.0 11229.0 241.3 172.6 250.0 5.99

SFR Property Mean NDVI -0.107 0.333 0.016 0.014 0.037 0.48 -0.117 0.290 0.021 0.019 0.035 0.49

Home Size (ft2) 269 9380 1587 1495 560 1.52 565 14729 2310 2126 895 1.99

Yard Size (ft2) 165 726974 12985 6682 24572 5.93 399 1,616,916 29,851 13,114 41,330 5.86

Assessed Property Value ($) $26,244 $1,857,372 $180,127 $150,874 $107,506 4.06 $19,729 $5,483,934 $339,636 $262,397 $254,056 3.48

Home Age (years) 0 114 31.4 32.0 20.0 0.24 0 117 27.7 29.0 15.4 0.22

Presence of Evaporative Cooling 0.51 0.30

Elevation above mean sea level (ft) 2074.5 3389.5 2547.8 2525.8 177.9 0.21 2,079.5 3,514.3 2,629.5 2,629.5 187.5 -0.03

Park Variables

Distance to nearest park (ft) 0 41501 5335 3692 5087 2.10 0 38,080 8,880 7,074 6,933 1.08

Park Mean NDVI 0.138 0.289 0.209 0.207 0.026 0.17 0.138 0.289 0.215 0.219 0.024 -0.15

Presence of Pool at Nearest Park 0.21 0.24

Nearest Park between 10 and 40 acres 0.30 0.32

Nearest Park between 40 and 200 acres 0.27 0.43

Outdoor Water Use and Proximity to Pools Data Set, Descriptive Statistics

Without Pool, N=84190 With Pool, N=25921
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Table 8 – OLS Regression Results for SFR Outdoor Water Use in gphd 

Parameter  
Estimate t Value 

Parameter  
Estimate t Value 

Intercept 99.44 11.66 109.24 3.88 

SFR Variables 

SFR Property Mean NDVI 1198.74 91.00 1640.65 38.11 

House Size (ft2) 0.0490 49.34 0.0910 44.89 

Yard Size (ft2) 0.000707 35.02 0.000652 17.09 

Home Age 0.0151 0.49 0.8836 7.94 
Presence of Evaporative Cooling (0/1) 12.41 11.30 17.60 4.99 

Elevation above msl (ft) -0.0235 -8.35 -0.0479 -5.28 

Park Variables 

Distance to nearest park (ft) -0.000552 -4.96 -0.001250 -4.39 

Park Mean NDVI -123.23 -6.71 -131.92 -2.00 
Presence of Pool at Nearest Park -6.62 -5.44 -29.97 -8.09 

Nearest Park between 10 and 40 acres (0/1) 2.26 1.92 11.91 2.89 

Nearest Park between 40 and 200 acres (0/1) -0.58 -0.44 17.71 4.06 

R-square adjusted, Full Model  

Partial Variance Explained by Park Variables 

Outdoor Water Use and Parks Proximity Data Set, Regression Results 

0.1690 0.2067 

0.0013 0.0031 

Without Pool (N=84190) With Pool (N=25,921) 



83 

 

 

  

  
Table 9 – Impact of Standard Unit of Change on SFR outdoor use 

 

 

 

RESULTS AND DISCUSSION 

 

Our independent variables account for 17% of the total variation in gphd for 

homes without pools and 21% for homes with pools.  These results are lower than those 

obtained from other studies of household level SFR water use in the United States 

(Lyman, 1992; Nieswiadomy and Molina, 1989; Renwick and Archibald, 1998), which is 

likely a result of our metropolitan-wide data set, as well as the uncertainty introduced in 

our calculation of outdoor water use.  We also ascribe the relatively low amount of 

explained variance to the lack of information on the number of residents per household, 

landscaping practices and pool attributes.  These variables were shown to be important in 

previous studies with small data sets, but are impractical to collect at the metropolitan 

level.  For instance, we found that an SFR’s outdoor water use is highly correlated with 

Standard      

unit  of 

change

Impact on 

outdoor gphd 

(without pool)

Impact on 

outdoor gphd 

(with pool)

SFR Variables

SFR Property Mean NDVI 0.01 12.0 16.4

House Size (ft2) 100 ft2 4.9 9.1

Yard Size (ft2) 1000 ft2 0.7 0.7

Home Age 1 year Not Significant 0.9

Presence of Evaporative Cooling (0/1) 12.4 17.6

Elevation above msl (ft) 100 ft -2.4 -4.8

Park Variables

Distance to nearest park (ft) 1000 ft 0.6 1.3

Park Mean NDVI 0.01 -1.2 -1.3

Presence of Pool at Nearest Park -6.6 -30.0

Nearest Park between 10 and 40 acres (0/1) Not Significant 11.9

Nearest Park between 40 and 200 acres (0/1) Not Significant 17.7
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its mean NDVI, but we were unable to distinguish between low and high water use plants 

with the available imagery.  Pool use varies according to pool size, the use of a pool 

cover and the number of times the water is flushed over a season – but no comprehensive 

data was available on these items either.  This lack of detail is somewhat offset by our 

large sample size, which allows us to have confidence in the significant parameter 

estimates, even if the amount of variance explained is small.  

As expected, residence variables account for far more variability than any of the 

park variables (Table 4), but several park-related variables are significant at the p<0.05 

and p<0.01 levels.  Among the residence variables, house size and assessed value were 

found to be highly correlated, so assessed value was removed from the final regression 

equations.  The park-related variables significant for both ―with‖ and ―without home 

pool‖ groups include the street network distance to park, park mean NDVI and the 

presence of a park pool.   Dummy variables indicating a ―community‖ and ―metro or 

regional‖ type park are significant only for the ―with pool‖ group. 

Outdoor water use for the ―with pool‖ group is more sensitive to almost every 

independent variable than the ―without pool‖ group.  Home age is significant at the 

p<0.05 level only for the ―with pool‖ group.  Homes with pools consume more water per 

unit of SFR NDVI, but also use less per foot of elevation.  Their water use is also far 

more responsive to the distance to the nearest park.  As mentioned, park size is 

significant only for homes with pools.  A larger park has a smaller suppression effect on 

SFR outdoor water use compared to the ―mini‖ or neighborhood park.  The effect is 

proportional to size: a community park suppresses outdoor water use about 12 gallons per 



85 

 

 

day less than a mini or neighborhood park and this effect increases to almost 18 gallons 

per day for metro and regional parks.  Most remarkably, the presence of a pool at the 

nearest park reduces the water use of homes with pools five times more than those 

without.  This may be due in part to the fact that our source of information is the assessor 

database, and some homes recorded as having pools may not be actively using them.   

However, the magnitude of this finding suggests that even SFR residents with pools 

utilize public swimming facilities and reduce their water use in response to their 

presence.   

Finally, we address the question of whether parks are net water savers.  Is the 

volume of water used to irrigate and operate a park’s facilities completely offset by its 

effects on nearby homes?  Are these relationships sensitive to park size?  We also 

consider the water resource implications of using reclaimed water for landscape irrigation 

in  many of Tucson’s parks.  Reclaimed water is lower in quality than potable water, but 

it can be used safely for landscape irrigation.  Thus, even if the magnitude of the 

reduction of SFR outdoor (potable) water use does not outweigh total water use by the 

park, the subsitution of reclaimed water for potable still represents a form of 

conservation.  (This principle does not apply for the provision of public pools as 

substitutes for private pools.)   

Tucson Water proiveded data on monthly water use of reclaimed and potable 

water for 2007 for the parks within their service area.   Using the network distances from 

all metropolitan area SFR’s to the nearest irrigated park, park attributes and information  
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Figure 7 - 

Difference between park water use and influence on surrounding single family homes  

April, May and June 2000, gallons per day 
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Table 10 – Park water use and effects on closest homes, mean of April, May and June 

2007, gallons per day 

 

on home pools, we applied the appropriate regression coefficients from Table 4 to 

estimate the park effect on each home.  We then summarized these values for each park 

and where possible, calculated the difference between the park’s effect on all of its 

nearby SFRs and its own water use.  A map of this analysis is shown in Figure 3. A 

summary of the park’s water ―costs‖ and induced SFR ―savings‖ by park type is 

presented in Table 6.  

Figure 3 clearly depicts the water-saving effects of mini and neighborhood parks.  

The vast majority of parks under ten acres save more water in their suppression of 

residential water use than they consume.  As the parks become larger, the net effect 

declines (Table 6).  We attribute this effect to the prevalence of high water consuming 

uses, such as sports fields, golf courses and artificial lakes, in larger parks, as well as our 

underlying assumptions on the extent of park influence, discussed below.  However, this 

seemingly negative trend is offset by the tendency of larger parks to have access to 

Tucson’s reclaimed water system.  The use of reclaimed water to irrigate large parks 

Park Type

Number of 

Parks 

Evaluated

Class Total- 

Park 

Potable 

Water Use 

(A)

Class Total- 

Park 

Reclaimed 

Water Use 

(B)

Class Total- 

Park Water 

Use,               

All Types          

(A + B)

Class                      

%       

Reclaimed 

Water             

(B / (A + B))

Class Total - 

Sum of Park 

Effects on SFR 

Water Use                      

(C)

Class Total-          

Difference of                 

Park SFR effects 

and All Types of                         

Park Water Use                                         

(A + B + C)

Mini + Neighborhood 58 396,177 183,646 579,823 31.7% -1,014,040 -434,217

Community 16 251,312 837,661 1,088,973 76.9% -835,418 253,555

Metro + Regional, 

excluding golf courses 14 451,118 1,824,931 2,276,049 80.2% -815,221 1,460,828
Metro + Regional, 

including golf courses 17 556,545 4,432,599 4,989,144 88.8% -916,802 4,072,341
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essentially substitutes a lower quality resource for a higher one (potable water).  Thus, 

both small parks and large parks using reclaimed water promote the conservation of 

potable water supplies. 

One confounding factor in this analysis is that several parks are adjacent to each 

other, but their effects are calculated separately.  A further refinement to this analysis 

would be to consider adjacent or very close parks as a unit and to pool their attributes to 

assign them to a single class.  In addition, our study results rely on the simplifying 

assumption that households react only to their nearest park, when it is probably more 

realistic to assume that household practices can be  influenced by more than one nearby 

park and that large parks have a wider area of influence than small ones.  If this is true, a 

greater portion of the total SFR savings would be attributable to larger parks and the 

estimates in Table 6 would shift between park categories.  Such an analysis would require 

visitation studies beyond the scope of the present study, but suggests an intriguing avenue 

for future research.     

 

CONCLUSIONS AND PLANNING IMPLICATIONS 

 

Our results strongly suggest that the practice of substituting common resources 

for individual ones applies to resources besides open space and specifically extends to 

public green spaces in semi-arid cities.  The effect is strongest for the smallest parks, but 

larger parks that utitlize reclaimed water also promote conservation by substituting a 

lower quality resource for a more valuable one.  Whether this trade-off is efficient 

depends on the magnitude of the substitution, the costs for treatment and distribution of 
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reclaimed water, and the opportunity costs for reclaimed water (some is also released to 

riparian areas that sustain wildlife habitats).  Our analysis also supports the notion that 

public pools provide an effective substitute for water use by private pools.  Most notably, 

we find that proximity to a public pool significantly lowers outdoor water use by homes 

with pools, as well as those without.  This suggests that the development of common 

recreational facilities promotes conservation even for residents with access to private 

amenities.   

Our results also reinforce earlier findings that residential outdoor water use is 

sensitive to a home’s surroundings.  Therefore urban planners should consider the 

provision of green space and swimming facilities as potential conservation tools.  In 

addition, water planners should consider the provision of these facilities when making 

projections about future demand, and could even consider subsidizing them as a form of 

demand management.    
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ABSTRACT 

Irrigation of residential properties is an important determinant of urban vegetation 

and may mitigate urban heat island effects in semi-arid cities, as we demonstrate using 

multiple spatial and temporal scale analyses for Tucson, Arizona.  We integrated remote 

sensing and GIS data from disparate sources to examine this important coupled natural-

human system.  Our data sets included 30 m Landsat-derived Normalized Difference 

Vegetation Index (NDVI), 90 m Landsat-derived surface temperatures, parcel-level 

zoning and assessor data, and residential water use records for quarter-sections (0.63 

km
2
).   We distinguished six types of residential development from the parcel-level data 

and examined 1984-2008 NDVI trends for each type.  We then generalized our analysis 

to the quarter-section level and the period 1995-2008 to incorporate the water use 

records.  Finally, we investigated the correlations between NDVI, surface temperature 

and water use for a single 2008 image.  Results show that quarter-section level water use, 

NDVI and temperature are correlated with finer scale development type and practices at 

the individual property scale.  Cooling from vegetative evapotranspiration was mediated 

by geographic and development factors.  Outdoor water use aside from irrigation, 

particularly the presence of swimming pools, can affect temperature without influencing 

NDVI.  The possibility of managing water use-vegetation-temperature relationships at the 

community and/or household scales is discussed.  

 

 

 



96 

 

 

INTRODUCTION 

 

Desert cities face a significant challenge: urban temperatures worldwide are rising 

(Wilbanks, et al., 2007) as a result of regional warming exacerbated by the urban heat 

island (UHI) effect (Gallo, Adegoke, and Elvidge, 2002).   The UHI effects produce 

uncomfortable and even dangerous temperatures for humans (Galea and Vlahov, 2005).   

Although urban heat can be mitigated with evaporative cooling from irrigated vegetation 

(Spronken-Smith and Oke, 1998; Bonan, 2000), cities experiencing warming trends often 

have limited water resources and growing populations (Vorosmarty, et. al., 2000).  

Irrigated landscapes are a common target of conservation programs, since water is 

―consumed‖ through evapotranspiration.   In summary, though the need to cool cities is 

growing, supplies of water to irrigate urban landscapes and provide such cooling are 

increasingly scarce.  These trends underscore the need for a better understanding of the 

complex relationship between landscape irrigation and urban climate.   

We examined also the effects of scale (i.e., level of data aggregation) on irrigation-

climate results.  Ruddell and Wentz (2009) note that of the many geographic 

subdisciplines concerned with scale, nature and society research has been particularly 

conscious of its effect.  In particular, investigations of coupled natural-human systems 

typically examine phenomena interacting at multiple scales.  This study focused on 

community-level decisions on the siting, zoning and subdivision of land for single family 

residences (SFRs), which combine with irrigation practices at the household level to alter 

urban vegetation and influence the broader scale urban climate.   
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Key aspects of this system are not well characterized:  at what spatial scale does this 

modification of the urban climate operate?  Does irrigation by all types of SFRs offset the 

UHI similarly, or are some practices more effective than others?   How do other climate 

factors, such as precipitation and wind patterns, interact with irrigation-driven cooling?   

Most importantly, can strategies at either the community or household level provide 

cooling and still limit consumption of scarce water resources?   

We focused on Tucson, Arizona, a semi-arid city with a rapidly expanding population 

and increasing water demand, where 45% of water supplied to single family residences is 

used outdoors (City of Tucson and Pima County, 2009).  Like many cities in water-scarce 

regions, Tucson is also experiencing regional climatic change and UHI-driven warming.  

We investigated these questions at multiple spatial and temporal scales with a time-series 

of remotely sensed images, residential water use records, zoning and parcel-level assessor 

data, as described in the methods section.   

 

BACKGROUND 

 

Urban Temperatures and Vegetation 

 

Classical UHI documentation using air temperatures collected at meteorological 

stations is limited by the number of samples, precluding statistically rigorous studies of 

intra-urban variation.   Remote sensing technology has, however, enabled extensive 

sampling and investigations of temperature variations, changing fundamentally the scale 

at which the UHI can be described.  Since remote sensors collect surface, rather than air 

temperatures, the phenomenon is referred to as the surface urban heat island (SUHI) 
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effect.  Surface temperature is a function of both radiant temperature and emissivity, a 

property of the surface material.  As most remote sensors do not measure emissivity, 

many studies reported their results as radiant rather than kinetic temperature (Carnahan 

and Larson 1990; Xian and Crane 2006).   

The SUHI effect is not the only way urbanization influences local climate:  surface 

urban heat sinks  occur in arid cities, as well as in humid ones under certain conditions.  

Carnahan and Larson (1990) observed an urban heat sink produced by bare soil around 

Indianapolis, Indiana.  Xian and Crane (2006) documented a combination of effects in 

Las Vegas, Nevada:  densely developed urban areas had higher radiant temperatures than 

the city’s surroundings, but residential areas had lower temperatures.  Peña (2009) 

observed a similar pattern of a warm urban core with cooler residential properties in 

Santiago, Chile, decaying to cool, undisturbed areas and irrigated farmland.  We found 

both urban heat islands and sinks in Tucson as well.  

Gallo (1993) was the first to quantify the inverse relationship between surface radiant 

temperature and vegetation using the Normalized Difference Vegetation Index (NDVI), a 

measure of vegetation ―greenness‖ generated using the 1.1 km resolution Advanced Very 

High Resolution Radiometer (AVHRR).   Since this work, higher resolution sensors have 

revealed the cooling effect of urban vegetation at much finer spatial scales, indicating the 

relationship between urban temperatures and residential landscapes.  Wilson, et. al. 

(2003) used 30 m Landsat ETM + data to distinguish residential zoning categories in 

Indianapolis.  Buyantuyev and Wu (2010) used emissivity-corrected ASTER data 

(resolution 15 m to 90 m) to classify mesic (well-watered) and xeric (desert-adapted 
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vegetation) residential areas in Phoenix, Arizona.  Xeric neighborhoods were relatively 

warm and resembled natural ―Arizona Upland‖  land cover, while mesic areas were 

cooler and similar to irrigated agricultural fields.   Lo, Quattrochi and Luvall (1997) 

found an inverse relationship between tree cover and surface radiance with 5 m data in 

Huntsville, Alabama.  Quattrochi and Ridd (1998) also used a 5 m sensor to discriminate 

vegetation categories in Salt Lake City, Utah, including several types of residential 

landscaping.  Irrigated lawns had the lowest radiant temperatures, but residential trees 

and dry grass lawns were still cooler than most built surfaces.  Although our study does 

not distinguish between residential vegetation types directly, we used 30 m Landsat TM 

and ETM+ data  to derive NDVI values, which can serve as an indicator of irrigated 

landscapes.    

 

Residential Landscapes:  Scales of Decision-Making 

 

We conceptualized the irrigation of urban residential landscapes as an outcome of a 

two-level social process.  Initial conditions are established by community zoning boards 

and housing developers, but these are modified subsequently by the practices of residents.  

Research has shown that both neighborhood and household characteristics influence 

landscape choices, which in turn determine irrigation requirements (Ferguson, 1987).  For 

instance, Martin (2003) found that Phoenix homes in developments with specific 

restrictions on landscaping tended to have fewer trees and less turf, but more shrubs and 

ground cover than homes in areas without restrictions.  Wentz and Gober (2007) found 

that Phoenix household water use, much of which goes toward landscape irrigation, 
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displayed evidence of spatial autocorrelation, an indicator of neighborhood effects.  

Household-level variables shaping landscape preferences include income (Hurd, 2003; 

Larsen, et al., 2006; Shandas and Parandvash, 2010), education (Hurd, 2003, Shandas and 

Parandvash, 2010), a sense of moral responsibility (Hurd, 2003), gender, an appreciation 

for desert aesthetics, and the number of small children in the household (Yabiku, 

Casagrande and Farley-Metzger, 2008).     

 

Current Approach 

 

Our study examined interactions between NDVI, SFR water use and surface 

temperature in Tucson using data acquired between 1984 and 2008.  We restricted our 

analysis to the low rainfall (pre-monsoon), high-temperature months of April, May and 

June (AMJ), when urban vegetation is most dependent on irrigation.  We integrated 

zoning and household characteristics we believed would condition landscape preferences 

and investigated their effects on household water use.  Data were available only at given 

spatial resolutions and temporal extents, producing a multi-scale analysis.   

We derived the NDVI from a series of 30 m Landsat TM and ETM+ images acquired 

between 1984 and 2008.  We calculated the 1984 – 2008 NDVI means and slopes for 

each pixel and selected those pixels with statistically significant slopes (p<0.01) for 

further analysis.  We then assembled a database of SFR attributes at the parcel level by 

merging GIS zoning data from the local municipalities (e.g. minimum lot sizes and 

setbacks) and Pima County Assessor (e. g. house size, lot size, assessed value).   

Preliminary analysis showed a high level of collinearity between variables, leading us to 
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use a k-means clustering algorithm (ISODATA; ERDAS Imagine) to perform an 

unsupervised classification.  This analysis produced six distinct types of SFR 

development, described in Table 1.  We then used GIS functions to link the NDVI pixels 

values to the parcels they overlaid and examined the distribution of the NDVI means and 

slopes for the six development classes.  We also performed a local Getis-Ord analysis to 

locate clusters of high and low NDVI mean and slope values within the metropolitan 

area. 

SFR water use data, provided courtesy of Tucson’s largest water utility, Tucson 

Water, was only available from 1995 – 2008 at quarter-section (0.25 mile
2
, 0.63 km

2
) 

spatial resolution.   The reduced temporal and spatial scale posed challenges for the 

analysis.  To address the reduction in spatial resolution, we up-scaled the NDVI and 

development data to the quarter-section level as presented in the methods section and 

investigated the NDVI -water use relationship at this coarser scale.  Finally, we integrated 

NDVI, surface temperature and development data with another set of local Getis-Ord 

analyses.   

Each scale of analysis produced separate, but linked, conclusions.  Our 1984 – 2008 

parcel-scale investigation revealed that Tucson ―greened‖ significantly during this period. 

Greening rates varied by development class, reflecting the influence of geographically 

disaggregated natural trends, the influence of irrigation, or both.  Our broader scale 1995-

2008 quarter-section level results demonstrated that NDVI and temperature are strongly 

influenced by factors other than SFR water use. This result suggests a reduction in 

landscape irrigation does not necessarily impact thermal comfort.  Factors other than 
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landscape irrigation, e.g., spacing of homes, use of natural water drainages or cold air 

drainages, may effectively promote cooling in water-stressed cities.    

 

DATA AND METHODS 

 

Study Area 

 

Tucson is a city of about 1 million (Pima Association of Governments, 2010) located 

in southeastern Arizona, USA (Figure 1).  The city has a semi-arid climate and faces the 

challenges of a growing population and limited water resources.  Comrie (2000) 

documented Tucson’s UHI evolution between 1969 and 1998 with meteorological station 

data.  A re-examination by Scott, et. al. (2009) using data from 1969 – 2007 confirmed 

that the urban core is warming faster than surrounding nonurban areas in all months, with 

the greatest effects noted in the February – June period. The increase in Tucson’s UHI 

effect accompanied an increase of 188% in population between 1970 and 2008 (Pima 

Association of Governments, 2010; Arizona Department of Commerce, 2010).   

Approximately 70% of the Tucson area’s municipal water demand is supplied by 

Tucson Water, a utility operated by the City (City of Tucson and Pima County, 2009).  

Although Tucson’s per capita water consumption has declined since 1997 and is one of 

the lowest in the U.S. Southwest (Western Resource Advocates, 2006), total demand is 

increasing due to population growth (Tucson Water, 2008).  Scenarios project that 

demand will exceed renewable supplies between 2017 and 2035 (Tucson Water, 2008).   

While the process of supplying water to Tucson operates at the scale of the 

Colorado River Basin (Tucson relies on water pumped hundreds of miles from the 
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Colorado River), municipal water demand is produced by an aggregation of many small 

commercial, industrial and residential users.   SFR residential use makes up 56 percent of 

Tucson Water’s demand; thus outdoor SFR demand was about 39 million cubic meters 

(31,374 acre-feet) in 2007, about a quarter of Tucson Water’s potable deliveries.  The 

utility has already adopted many progressive conservation policies including a steep 

increasing block rate pricing structure (Western Resource Advocates, 2006).  However if 

growth continues and additional water supplies cannot be acquired, even greater demand 

management will be necessary, with SFR outdoor use a likely target. 

Irrigation practices interact with Tucson’s natural geography, which provides the 

underlying context for the distribution of vegetation in the metropolitan area.  The city is 

situated in a valley between three mountain ranges: the Santa Catalinas to the north, the 

Rincons to the east and the Tucson Mountains to the west (see Figure 1).  Almost all 

drainages are ephemeral.  However, on the east side, the Tanque Verde and Pantano 

Washes collect occasional runoff from the mountains.  These flows support riparian 

vegetation even further downstream along the Rillito River.  The washes also serve as 

routes for cold air draining off of the mountains (Comrie, 2000; Kirby and Sellers, 1987), 

which modifies the prevailing wind pattern from the southeast (Comrie, 2000). 

 

Remote Sensing Protocols  

 

Twenty Landsat TM and ETM+ images with acquisition dates between 1984 and 2008 

were accessed from the Arizona Regional Image Archive (http://aria.arizona.edu) and the 

USGS Landsat archive (http://glovis.usgs.gov).  To isolate the effect of irrigation on 

http://aria.arizona.edu/
http://glovis.usgs.gov/
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NDVI, we selected images for which less than 300 mm of precipitation was recorded in 

the 90 days preceding image acquisition.  No more than one year was skipped between 

images.  Each image was geo-registered individually, using orthophoto-derived 

shapefiles of street center lines and streams from the Pima County Department of 

Transportation (PC DOT) GIS Data Library (http://dot.pima.gov/gis/data).   Images were 

registered to at least ½ pixel accuracy (RMSE = 15 m), using a minimum of 24 control 

points and 13 test points located within the study area. 

 

Figure 8 - Overview of Tucson, AZ, major drainages and Tucson Water Service Area 
 

The COST (cosine of the solar zenith angle) method, described in Chavez (1996) was 

used to correct the red and infrared bands for atmospheric effects.  Required parameters 

were obtained from the Jet Propulsion Laboratory’s ―HORIZONS‖ web interface at 
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http://ssd.jpl.nasa.gov/horizons.cgi.  To ensure that the gains and offsets for TM and 

ETM+ images were comparable, we used the recently revised values from Chander 

(2007), based on analyses of simultaneously acquired TM and ETM+ scenes.  The 

resulting reflectances (i.e., Digital Numbers; DN) were used as input to a standard NDVI 

calculation:   

NDVI = (Near infrared band DN – Red band DN) /  

(Near infrared band DN + Red band DN)                                                      (1) 

While the individually geo-registered images provided for maximum spatial accuracy, 

pixels did not align perfectly between images. To overcome this issue, we extracted the 

NDVI values for each image onto a 2300 x 2900 spatial array of points spaced 30 m 

apart, geographically coincident with the core metropolitan area.  Each point was 

assigned the value of the pixel it fell into for each of the 20 images.  The results were 

imported into Matlab version 7.5.0 and read into a 2300 x 2900 x 20 array.  Matlab 

statistical and regression functions were used to derive the mean, linear slope, r
2
 and p 

values of each pixel’s 20 value time-series.  These products were then re-imported into 

image format for visualization.  

We used the web-based method described in Barsi, et. al. (2005) to perform 

atmospheric correction for the thermal band.   At-satellite temperatures were derived 

from the atmospherically corrected thermal data based on emissivity (ε) approximated 

from NDVI, following Sobrino (2001).  We developed a local relationship between 

emissivity and NDVI by regressing a 90 m, Band 12 ASTER emissivity image, acquired 

on May 26, 2001 against a June 18, 2001 Landsat-derived NDVI image resampled to 90 

http://ssd.jpl.nasa.gov/horizons.cgi
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m.  The following quadratic equation provided the best fit and was used to derive 

emissivity for the calculation of surface kinetic temperatures:   

 

For NDVI < 0.557, ε = -0.27121 * NDVI
2
 + 0.24192 * NDVI + 0.87297                                

For NDVI >= 0.557, ε = 0.92359                                                                    (2)                                                             

(n = 97608, R
2
 = 0.2749, p<0.0001) 

 

Parcel and Zoning Data 

 

We hypothesized that as a proxy for residential landscape irrigation, NDVI would be 

influenced by community zoning requirements such as minimum lot size and setback 

distance, as well as parcel-level attributes such as assessed value, home size and home 

age.  In addition, NDVI should vary with elevation and rainfall.  Statistical analysis as 

well as local knowledge indicated that many of these attributes were correlated and could 

not be treated as independent variables.   

We addressed this challenge by creating eleven GIS layers of SFR variables and 

defining functional groups with the use of a k-means clustering algorithm (ISODATA; 

ERDAS Imagine).  GIS zoning variables included the minimum lot size and front and 

rear setbacks.  We obtained parcel lot size, house size, assessed value, date of 

construction, number of bath fixtures and construction quality data from the Pima County 

Assessor’s Office.   Elevation above mean sea level was derived from the 30 m USGS 
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National Elevation Dataset.  Finally, we obtained a GIS map of November - January 

precipitation derived from Western Regional Climate Center data. 

The GIS layers were converted into an 11 layer raster with 30 m cells and run through 

an unsupervised classification routine using the ISODATA algorithm in ERDAS 

Imagine.  The results enabled us to distinguish six distinct classes of SFR development, 

which were checked for consistency by visually inspecting high-resolution 

orthophotography.  We describe these six classes of development as rural, urban, high-

density, traditional suburban, upscale suburban and super-luxury (see Table 1). 

 

1995 – 2008 Quarter-Section Level Water Use  

 

Monthly water use records for SFRs were aggregated at the quarter-section level, 

between 1995 and 2008.   These data were processed into mean daily water use over the 

three-month period of April, May and June for each year between 1995 and 2008.  We 

calculated both the use for all SFRs in the quarter-section (―Total Use‖) as well as the use 

per household connection (―Household Use‖).   The Total and Household Use data were 

further processed into 1995 -2008 temporal means and slopes.  Quarter-sections with less 

than five years of record and those with ten or fewer connections in a quarter-section 

were excluded from the analysis.  

A change in total quarter-section water use may be due to a change in household use, 

the number of households in the quarter-section, or both. Throughout this study, we 

sought to distinguish between these two factors by categorizing quarter-sections either as 

―built-out‖, i.e., those with an approximately constant number of households, or 
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Develop-

ment  

Class 

Sample Orthophoto 

 

 

Count 

2008 

Assessed 

Value ($) 

Mean (SD) 

Year of 

Constru

c-tion 

Mean 

(SD) 

Living 

Area 

(m
2
) 

Mean 

(SD) 

Parcel 

Area 

(m
2
) 

Mean 

(SD) 

Elevatio

n (m) 

Mean 

(SD) 

Percent 

of 

1984-

2008 

NDVI 

Pixel 

Means> 

0.4 

Percent 

of 1984-

2008 

Increasin

g NDVI 

Pixel 

Slopes 

Rural 

 

5,369 

$291,319 

($107,793

) 

1982 

(13.9) 

188 

(55) 

12,063 

(7,520) 

806 

(96) 
1.21 89.92 

Urban 

 

  65,824 
$144,265 

($56,691) 

1959 

(12.8) 

126 

(38) 

860 

(589) 

767 

(36) 
0.13 74.44 

 

High 

Density 

 

63,61

2 

$188,857 

($63,087) 

1993 

(11.3) 

160 

(44) 

768 

(612) 

795 

(70) 
0.02 80.58 
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Table 11 - Characteristics of Tucson Metropolitan Area Development Classes 

Tradition

al 

Suburban 

 

29,35

4 

$224,862 

($92,852) 

197

8 

(10.8) 

169 

(48) 

2,756 

(2,218) 

758 

(62

) 

0.15 93.67 

Upscale 

Suburban 

 

17,18

7 

$456,663 

($147,800

) 

1989 

(12.9) 

264 

(59) 

5,082 

(4,303) 

846 

(83) 
0.71 93.70 

Super-

Luxury 

Suburban 

 

2,143 

$990,658 

($416,804

) 

1992 

(13.0) 

424 

(122) 

8,774 

(9,411) 

868 

(68) 
1.29 95.03 



110 

 

 

―growing‖.  We used a cut-off of no more than 20% increase in service connections over 

the 1995-2008 period for the built-out category.  We derived this cut-off empirically, by 

finding the percentage change in service connections at which total quarter-section water 

use began to increase.    

Transitions in Scale 

 

The different spatial (parcel vs. quarter-section) and temporal (1984-2008 vs. 1995-

2008) resolutions of the data sets limited the scale at which conclusions incorporating 

water use could be drawn.  In addition, up-scaling our pixel and parcel-level data to the 

quarter-section involved compromises in data quality.  To generalize our categorical, 

parcel-level development data to the quarter-section level, we used a majority filter to 

assign the most frequent development class within the quarter-section to the entire area.  

While this facilitated the investigation at a larger scale, it also masked the variation 

within the quarter-section, and may lead to overly simplistic conclusions regarding 

development class and residential water-use.  We also created a set of 1996 – 2008 

quarter-section level NDVI temporal means and slopes, derived from averaging the 

NDVI values of the pixels overlaying SFR parcels for each quarter-section.   (The 1995 

and 1998 images were excluded from the series based on antecedent precipitation, as 

defined earlier).  We regressed this set of NDVI statistics on our water use variables for 

each development class. 
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RESULTS AND DISCUSSION 

 

1984 – 2008 Landsat NDVI  

 

We begin with the analysis of the dataset with the highest spatial and temporal 

resolution: the NDVI trends and development classes.  We created plots of the 1984-2008 

NDVI means and slopes to test our hypotheses that both variables would differ by 

development class (see Table 1 and Figure 2).  For instance, we expected the means of 

the super-luxury pixels to be greater than those of the high-density class based on earlier 

observation of the ―luxury effect‖ described by Martin, et. al. (2004).  We also expected 

the slopes to vary with the density and timing of development.  Slopes in established 

urban areas should be lower than in the faster-growing upscale suburban class.  The 

geographic distributions of development classes are shown in Figure 2.  Plots of 1984 – 

2008 NDVI means vs. slopes are shown in Figure 3.  Statistics for the distribution of 

the1984 – 2008 NDVI means and slopes are shown in Table 1.  

  

Figure 9 - Geographic Distribution of Development Classes 

As can be seen in Figure 2, geographic location and development class are not 

independent.  All else being equal, we would expect the super-luxury class pixels to have 
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higher NDVI values because of their location at high elevations, regardless of water use 

behavior.  However, we do observe differences between geographically similar classes, 

such as traditional suburban and high-density, which are unlikely to be due solely to 

location, supporting our hypotheses on the impact of development on vegetation.     

  

Figure 10 - 

1984 – 2008 NDVI Temporal Means vs. 1984-2008 NDVI Temporal Slopes, by 

Development Class 
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Figure 3 demonstrates that all classes have few high-mean, low-slope pixels: high-mean 

pixels tended to have high rates of change, either positive or negative.  While the shapes 

of the scatter plots are similar, several differences are apparent.  One difference is the 

proportion of pixels with ―high‖ mean NDVI values, which we define as greater than 0.4.  

While 1.21% of rural pixels have NDVI > 0.4, the percentage of pixels exceeding this 

value for urban, high-density and traditional suburban classes is one to two orders of 

magnitude lower than for the rural class.  Even the upscale suburban class, predominantly 

located in the Santa Catalina foothills, has only half the percentage compared to the rural 

class.  The super-luxury class has a slightly higher proportion of high NDVI pixels than 

the rural class (1.29%), but this may be due in part to the concentration of super-luxury 

homes at very high elevations.  As a whole, the statistics suggest that in comparison to 

the rural class, most SFR development reduces overall greenness.  In particular, the 

already small percentage of high-NDVI pixels of both positive and negative slope is 

diminished.  The degree of reduction roughly corresponds to the density of development 

and may be related to the placement of houses and driveways within a parcel.  

Specifically, those low-lying areas that would normally collect rainwater and support 

natural vegetation may also be the sites that are most convenient to build on.   

About 90% of rural pixels had increasing NDVI values between 1984 and 2008.  

The urban and high- density class pixels had a lower percentage of increasing NDVI 

pixels, suggesting that dense development inhibited an increase in green vegetation.  In 

contrast, the traditional suburban, upscale suburban and super-luxury classes had a 

greater percentage of increasing NDVI pixels than the rural class, also in approximate 
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correspondence to mean parcel size and 2008 assessed value.  These are the development 

classes with parcels large enough to devote an appreciable amount of area to landscaping, 

and it is likely that the additional proportion of increasing pixels is due to irrigation.   The 

traditional and upscale suburban classes have particularly interesting signatures:  fewer 

high NDVI pixels than the rural class, but also more increasing pixels.  The results 

demonstrate that SFR development changes greenness patterns, which we postulate is an 

outcome of the siting of homes within the parcel as well as the practice of irrigation.  

Notably, the most common and affordable development types, urban and high-density, 

were characterized by fewer high NDVI pixels and more declining NDVI pixels than the 

other classes.   

Spatial Analysis  

We expected spatial autocorrelation to be present in the 1984 - 2008 NDVI mean and 

slope data set due to the nature of the variables that influence vegetation (soils, 

precipitation, elevation, hydrography) and the spatial resolution of the images (30 m).   

To identify clusters of high and low values, we ran a local Getis-Ord statistic (Gi*) 

analysis with a fixed distance band of 300 m, equivalent to ten pixels.  Figure 4 presents 

the results for the 1984 - 2008 NDVI mean and slope data sets, for areas where Gi*P < 

0.01 and Gi*Z is < -1 or >1.   

 As mentioned earlier, we expected NDVI levels and trends to be influenced by 

natural geography, especially the local hydrologic regime.  Several high mean clusters are 

located along the Rillito River and Sabino Creek, which receive spring runoff from the 

Santa Catalina Mountains.  Interestingly, the NDVI of many of these riparian area 
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clusters decreased during the study period.  The exceptions to this pattern were located 

around residential developments.   We postulate that although riparian areas are normally 

greener than their surroundings, they are also subject to more variability due to changes 

in runoff and channel conditions.  In particular, the presence of bare sediments in dry 

channel beds contributes to a low NDVI.  

We observed several clusters of high NDVI means in non-riparian areas in the 

northeast, as well as in the center of the city.   This is consistent with the concentration of 

upscale suburban and super-luxury development types in these neighborhoods.  Low 

NDVI means are clustered in the west and south, where there are high concentrations of 

the rural, traditional suburban and high-density development types.  Local geography also 

plays a role here:  homes in the western part of the study area are at lower elevations and 

lack the proximity to mountain runoff that benefits the northeast.  However, inspection of 

several high and low NDVI mean clusters using high resolution orthophotography 

revealed the influence of development.  High NDVI clusters featured large homes with 

well-watered vegetation, while many low NDVI clusters consisted of high-density 

subdivisions with little un-built area on lots.  Interestingly, no  

low NDVI clusters appeared in Tucson’s urban core.  This may be a consequence of the 

city’s emphasis on tree-planting in the early years of its development (McPherson and 

Haip, 1989). 

The pattern of the 1984 – 2008 NDVI slopes is more complex:  one group of 

increasing slopes (and high means) is clustered at the top of the Santa Catalina foothills.  

Closer inspection of these clusters revealed several developments constructed around golf 
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courses.  Although we excluded the courses themselves from our analysis, it is likely that 

the 30 m pixels did overlap with some heavily irrigated areas, contributing to this effect.  

In many locations, clusters of increasing and decreasing NDVI occur in close proximity.  

High-resolution images showed a development trend of many homes built very close 

together, accompanied by turf recreation areas that require irrigation.  This may be 

another instance of the 30 m pixel including non-residential land uses.  Alternatively, it 

may indicate a trend in which the NDVI values of nearby pixels were either reduced due 

to home construction or elevated due to landscape irrigation.   

In summary, the spatial clusters reveal the influence of both natural drainage 

features and development-associated effects.  Although residential development can 

enhance or diminish NDVI levels, they are not independent of the larger-scale influences 

of topography and hydrography.  There is also positive feedback between natural 

conditions and development: naturally green areas attract affluent households that 

practice landscape irrigation, while drier areas are more likely to be the sites of lower 

cost, small lot homes.   

1995 – 2008 Quarter-Section Level Water Use and 1996 – 2008 NDVI 

 

The next portion of our study changed spatial and temporal scales from 1984-

2008 30 m pixels to 1995/6-2008 quarter-section level data.  We recognized that 

changing both the spatial and temporal resolution of the NDVI might alter the underlying 

characteristics of the data set, akin to the variability demonstrated by the Modifiable 

Areal Unit Problem (MAUP).   For instance, Walsh, et. al. (1997) demonstrated the scale 

dependence of NDVI at different resolutions.  Similarly, we could not assume that results 
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Figure 11 

Local Extreme Values for 1984 – 2008 NDVI Temporal Means and Slopes, using a 300m (10 Pixel) Fixed Distance Band
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Development 

Class 

 

 

Majority 

QS Mean 

Household 

Use 1995, 

liters/d 

MEAN 

(SD) 

Majority 

QS Mean 

Household 

Use 

2008, 

liters/d 

MEAN 

(SD) 

Majority 

QS 

Total SFR 

Connections 

1995 

Majority QS 

Total SFR 

Connections, 

2008 

Rural 
1,803.0 

(469.5) 

1,609.3  

(438.8) 
2,389 3,709 

Urban 
1,240.8 

(336.4) 

1,023.1 

(184.9) 
63,355 71,390 

High Density 
1,266.8 

(375.0) 

1,047.3  

(211.9) 
19,494 37,783 

Traditional 

Suburban 

1,580.6 

(444.9) 

1,369.9 

(331.6) 
15,200 18,704 

Upscale 

Suburban 

1,944.7 

(747.5) 

1,856.3 

(462.0) 
8,919 12,251 

Super-Luxury 

Suburban 

2,384.1 

(949.1) 

2,370.2 

(682.2) 
1,002 1,776 

Table 12 –Water Use Statistics for Development Classes 

from a coarser scale investigation would produce results applicable to a finer one.  

Statistics for SFR water use between 1995 and 2008 are presented in Table 2.  As 

mentioned earlier, due to the quarter-section resolution of this data set, we used the most 

frequent development type within the quarter-section to characterize the entire area, 

introducing some uncertainty.   

We hypothesized that the slope of the 1996 – 2008 quarter-section SFR NDVI should 

correspond, at least in part, to the slope of total water use.  Inspection of Figure 5 reveals 

that built-out quarter-sections tended to have constant or decreasing water consumption,  
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Figure 12 –  

1996 – 2008 Temporal Slope of Quarter-Section Level NDVI vs.1995-2008 

Temporal Slope of Total Quarter-Section SFR Water use by Development Class 
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Figure 13 - 

1996 – 2008 Temporal Slope of Quarter-Section Level NDVI vs.  

1996 – 2008 Temporal Slope of Household SFR Water Use, by Development Class 
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while those with increasing consumption were overwhelmingly growing.  Thus we 

ascribe the rise in total consumption to a growing population, not increasing household 

consumption.  We also noted that with the exception of the high-density class and a  

few outliers, SFR NDVI levels either remained unchanged or increased between 1996 

and 2008, even for the built-out quarter-sections with decreasing water use.  This is a 

surprising result, especially given the fact that the Tucson area has been experiencing a 

drought since 1999 (Woodhouse, et al., 2010).  We attribute this effect to the 

establishment of mature vegetation, especially desert-adapted trees, which generally 

accompanied older SFR development in Tucson (McPherson and Haip, 1989).  Once 

mature, many trees can access subsurface water and require little or no irrigation.  

Inspection of high-resolution orthophotography for some of the decreasing water use, 

increasing NDVI quarter-sections confirmed the presence of mature trees, at least some 

of which appeared to be located in areas of natural runoff.   

The same NDVI data plotted against the per-household use rates reveals 

disparities in household behavior among development types.  Household use in the 

majority of rural, urban, high-density and traditional suburban quarter-sections declined, 

while the upscale suburban and super-luxury classes were about evenly split between 

increasing and decreasing use.  Only the high-density class data had a clear relationship 

between household water use and NDVI trends.  This is consistent with the small amount 

of un-built area available for vegetation on these parcels.   In this type of development, a 

high NDVI is most likely due to a small lawn or irrigated garden, as natural drainage 

channels have been replaced by concrete-lined canals.  
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2008 Surface Temperature and NDVI 

 

Lastly we incorporated surface temperature data into our analysis, focusing on our 

most current image.  Figure 7 is the processed surface temperature image, acquired on  

Figure 7 – 

 Landsat-derived Surface Temperatures for Tucson area, May 28, 2008, 10:30 AM 

 

May 28, 2008.  The dynamics of Tucson’s surface temperature patterns are complex and 

depict natural and social factors operating at multiple scales.  Low temperatures occur 
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naturally in the mountains and riparian areas, while irrigation driven evaporative cooling 

takes place on golf courses and agricultural fields.  Built features such roads and parking 

lots are hotter than their undeveloped surroundings, but parks and residential areas are 

cooler than they would be if undeveloped.  The warmest areas in the image are 

unvegetated by either natural or social forces:  dry river-beds, un-irrigated fields and 

paved areas.   

Previous research established an inverse relationship between NDVI and surface 

temperature (Gallo, et. al. 1995; Gallo and Owen, 1999).  To examine these differences in 

the context of SFR development classes, we performed Getis-Ord local clustering 

analyses for both temperature and NDVI from the May 28, 2008 image.  We used the 

same set of sample points as the 1984 – 2008 NDVI data set to focus on the areas which 

had undergone recent changes.  Results are shown in Figure 8.   

Interestingly, some overlap exists between the 2008 temperature and NDVI extremes, 

but they are not identical, despite the fact that our estimate of emissivity was derived 

from the NDVI.  We attribute this dissimilarity to the influence of factors other than 

NDVI on urban temperature.   High NDVI clusters and cool spots are located mainly in 

the vicinity of the upscale suburban and super-luxury development classes in the 

northeast, as well as near riparian areas.  Low NDVI clusters are also coincident with 

warm spots along the west side of the metropolitan area.  These areas are associated with 

the rural, high-density and traditional suburban development types, lower elevations and 

are distant from mountain snowmelt.  
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Figure 14 - Local Extreme Values for May 28, 2008 Surface Temperature, using a 300m (10 Pixel) Fixed Distance Ban
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Notably, there are no cool extremes within the central urban area, despite the 

presence of high NDVI clusters.  This may be a manifestation of Tucson’s UHI effect, 

where intense irrigation offsets warm features such as roads and parking lots, but is not 

sufficient to produce low temperature clusters. In addition, several cool spots in theSanta 

Catalina foothills do not coincide with high NDVI clusters.  This result points to the 

influence of other climatic factors, particularly elevation-induced cold-air drainage, 

documented by Kirby and Sellers (1987) as well as Comrie (2000).   Also of interest is a 

low NDVI cluster in the southwest.  Despite the lack of vegetation and high-density 

development, it does not register as a high temperature extreme.  We believe this may be 

due to its location in the path of prevailing southeast winds that help to cool the area.  In 

summary, we observed a general (inverse) correspondence between NDVI and 

temperature, modified by the influences from of local climate, topography and the built 

environment. 

 

REGRESSION ANALYSIS 

 

NDVI vs. Surface Temperature 

We performed linear regressions between the quarter-section spatial means of 2008 SFR 

NDVI and temperature, and for both 2008 NDVI and temperature against 2008 AMJ 

water use (total quarter-section and per household).  We found strong negative 

correlations between NDVI and surface temperature for all development classes 

(p<0.001). There appeared to be two groups of (negative) slope values – a shallower one 

for the urban, upscale suburban and super-luxury classes, and a steeper one for the rural, 
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high-density and traditional suburban classes.  This pattern may be due to the geographic 

locations of these development types:  the former three are situated either in a valley or 

against the slopes of the Santa Catalinas, somewhat insulated from prevailing winds.  The 

latter three are located on the outskirts of the metropolitan area, on flat unprotected 

terrain  

NDVI and Surface Temperature vs. Total QS Water Use 

 The expected relationships between total quarter-section water use and NDVI 

(positive) and surface temperature (negative) were present for the rural and super-luxury 

classes.  The high density class displayed the opposite relationship – higher quarter 

section water use was significantly correlated with lower NDVI values and higher 

temperatures, reinforcing our finding that these types of homes use very little water 

outdoors.  For the urban class, the NDVI - water use relationship was negative but not 

statistically significant, while the surface temperature – water use relationship was 

negative and significant.  This suggests that while urban households may have little or no 

irrigated vegetation, they use outdoor water for cooling in other ways, particularly 

swimming pools.   Correlations for the traditional and upscale suburban classes were 

positive but insignificant for NDVI- water use, but once again negative and significant 

for temperature – water use.  As before, we interpret this finding as an indication of 

cooling due to evaporation from pools.  
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NDVI and Surface Temperature vs. Household Water Use 

Regressions between NDVI and per-household water use were positive and highly 

significant for the rural, urban, high-density and traditional suburban classes, indicating 

that household-level practices do impact NDVI levels.  Results were inverted for the 

temperature - water use relationship.  For the upscale suburban class, the NDVI-

household water use correlations followed this pattern, but the correlations were not 

statistically significant (pNDVI = 0.3 and pSurfaceTemperature = 0.153).  Surprisingly, the super-

luxury class displayed the opposite pattern: the NDVI-household water use correlation 

was negative, while the surface temperature-household use correlation was positive.  

Moreover, both relationships were highly significant.  After some investigation, we 

attribute this counter-intuitive result to the large proportion of super-luxury homes 

located adjacent to golf courses.  In this case, the intensive irrigation that produces high 

NDVI and low surface temperatures is not reflected in the residents’ water use.  In fact, 

these homes have little area available for irrigation.  Residents enjoy cool, green 

surroundings, but these benefits are capitalized into the cost of their homes and most 

likely in dues paid to homeowners’ associations for the upkeep of these facilities.   

In summary, significant correlations between SFR water use, NDVI and 

temperature exist at the quarter-section level and vary by development type, our proxy for 

the combined influences of community-level zoning and subdivision decisions.  This 

raises the possibility of mediating these relationships at the community and/or household 

scales.    
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CONCLUSIONS 

 

Scale 

Copious amounts of remote sensing and GIS data are now available that can support 

studies of coupled natural-human systems.  Satellite data provide documentation of 

changing biophysical conditions, while GIS data can shed light on the human systems 

that modify them.  Urban areas are a particularly rich source of GIS data:  information 

collected for mundane purposes such as tax collection, bill addressing and facilities 

management can be re-used for innovative research.  However, it is unlikely that this GIS 

data collected will conform to the spatial and temporal resolution of other data sets. 

Multi-scale methods, both spatial and temporal, are therefore essential to integrating 

these data sources.   

In some cases, the mismatch of spatial and temporal resolution forced us to limit the 

variables of interest in our analysis, or work with a shorter time series than would have 

been ideal.  Due to the lack of information on SFR water use between 1984 and 1995, our 

1984 – 2008 analysis focuses on NDVI values.  The short time series of our water use 

data made it difficult to detect statistically significant temporal trends.   We used several 

techniques to address these challenges, for instance, re-scaling data from 30 m NDVI 

pixel values to the mean NDVI of SFR areas within a quarter-section, and from 

individual SFR parcels types to the majority development type in a quarter-section.  We 

analyzed many permutations of the data to find the clearest perspective on our research 

questions.  We contend that a wide variety of analyses, though not at ideal resolutions, 

can provide persuasive evidence on which to base conclusions.   
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Our results underscore Ruddell and Wentz’s (2009) observation that GIS data must 

have the appropriate level of detail to be useful.  SFR outdoor water use, NDVI and 

surface temperature may be highly correlated at a finer scale, but we observe only the 

broad outlines of this relationship at the quarter-section level.  With regard to the 

integration of scales in nature-society research, our results do provide evidence that 

decisions at the community and household scales combine to exert an influence on larger 

regions, here at the level of the Tucson metropolitan area.   These effects combine with 

other drivers (such as elevation and natural drainages for water and air) to create a 

complex urban climate system. 

Temperature, NDVI and Water Use   

Our findings confirm the presence of both urban heat islands and sinks in the SFR 

sections of the Tucson metropolitan area.  However, this influence may be confounded by 

the fact that expensive housing is preferentially located in areas that are greener and 

cooler to begin with.  The converse is true for lower-cost high-density housing.  These 

developments tend to be sited in areas of naturally low vegetation, but natural effects are 

exacerbated by the removal of natural surfaces.   

We also found the vast majority of pixels became greener between 1984 and 2008.  

More analysis is necessary to fully explain these dynamics, but residential irrigation is an 

important contributor.  This trend was also apparent in the increasing quarter-section SFR 

NDVI levels between 1996 and 2008.  Surprisingly, household use declined in most 

quarter-sections during this period.  One possible explanation is that plants established 

before 1996 became self-sustaining in the 1996 and 2008 period.  Another explanation is 
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that some of the NDVI increases are the result of irrigation from non-residential sources, 

such as nearby common areas and recreational facilities.  The proximity of these facilities 

to SFR developments may have contributed to the presence of mixed pixels that elevated 

NDVI values.   

The relationship between NDVI, water use and temperature is complex.  In addition 

to cooling due to evapotranspiration, cold-air drainage and prevailing wind patterns 

influenced the location of warm and cool spots.  Cooling from vegetative 

evapotranspiration was mediated by geographic and development type factors.  Finally, 

outdoor water use aside from irrigation, particularly the presence of swimming pools, can 

affect temperature without influencing NDVI.   

Urban Planning Implications 

For water managers seeking to reduce consumption without sacrificing the quality of 

life from a cool, green environment, this study provides some intriguing findings.  First, 

our results highlight the benefits self-sustaining vegetation, particularly trees, which 

provide greenness and cooling without depleting potable water resources.  This 

vegetation can be supported by siting homes in ways that do not interfere with natural 

runoff.  In contrast, building a development so densely that all natural vegetation is 

eliminated produces thermal hot-spots.  Locating development in areas of cold-air 

drainage or prevailing winds can provide cooling without irrigation.  Conversely, inner-

city locations tend to be warmer due to their proximity to street networks and intensively 

developed commercial sites.  These areas may require additional vegetation to maintain 

thermal comfort. 
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Desert cities face considerable challenges in maintaining greenness and thermal 

comfort while managing their water resources in a sustainable manner.  However, it is 

possible to harness local climate and hydrologic patterns to enhance greenness and 

coolness without devoting large amounts of water to landscape irrigation.  Strategies 

include careful siting of residential developments and development practices that are 

sensitive to the local hydrology.  Where additional vegetation is needed to maintain 

livability, plants that can eventually sustain themselves with natural water resources 

should be favored.  Finally, efforts should be made to preserve the naturally vegetated 

common areas that provide benefits to residents outside their boundaries.   
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