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ABSTRACT 

Approximately 2.2 million acre-feet of groundwater are withdrawn from central 

and southern Arizona's aquifers every year and never replenished. Areas in Arizona 

where groundwater mining is most severe are termed Active Management Areas (AMAs) 

by the 1980 Groundwater Management Act (GMA). This piece of legislation was 

enacted to address the severe groundwater overdrafting occurring. The Department of 

Water Resources (DWR) is the state agency that works via Management Plans to bring 

the AMA' s closer to their goals set by the GMA. The Tucson AMA' s goal is to reach 

safe yield by the year 2025. With the agricultural and industrial sectors' water use 

holding steady or declining, a critical part of the Tucson AMA's Management Plan is the 

Municipal Conservation Program, of which residential water use is a key part. This study 

analyzes and characterizes the exterior water use of single family homeowners within the 

Tucson AMA. A survey was mailed to a random sample of Tucson Water and Metro 

Water customers. Descriptive statistics were performed on the survey data and point 

estimates provided to the DWR to update their exterior water use model for the Third 

Management Plan. Further analysis on the data indicated that water use in single family 

homes does increase over time due to landscaping trends. Several variables such as the 

value of the home, the nun1ber of plants on the lot, the number of children and whether or 

not a pool is part of the landscape, influence the water demands of single family homes. 



CHAPTER ONE 

INTRODUCTION 1 

"Water . .. symbolizes such values as opportunity, security, and 
self-determination . ... Strong communities are able to hold on to their 
water and put it to work. Communities that lose control over water 
probably will fail in trying to control much else of importance. " (Ingram, 
1990) 
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Helen Ingram could have been referring to any one of several areas in central and 

southern Arizona where shrinking supplies have made water the most valuable and fought 

over resource. Recharge of Arizona's aquifers is on average two million acre-feet (mafY 

shy of the amount of groundwater pumped from them every year (DWR, 1991). This 

i1nbalance translates to over 600 billion gallons per year of mined3 groundwater. 

Consequently, groundwater reserves are being depleted and water levels are lowering, 

causing a host of economic and environmental problems. 

As groundwater levels decline, so do the economic advantages of pumping. Costs 

nse and water quality deteriorates with pumping depth. As the aquifer dewaters, 

compaction occurs, causing subsidence and fissuring of the overlying land, which in turn 

results in above and below ground structural damage. Riparian areas are not spared from 

1 The following inf01mation regarding the history of the Groundwater Management Act, the Tucson AMA 
and its Management Plans is primarily reproduced from state documents published by the Department of 
Water Resources . 
2 Two million acre-feet is equivalent to two million acres covered with one foot of water. Two million 
acre-feet = 652 billion gallons . 
3 Mining of groundwater occurs when the amount of groundwater withdrawn from an aquifer exceeds the 
total amount of water recharging the aquifer (Aiken, 1982). 
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the effects of groundwater development either. Decreased streamflow and lowering 

groundwater levels cause habitat destruction of both flora and fauna (Aiken, 1982). The 

prevalence of these economic and environmental problems affects where further 

groundwater withdrawals may continue in Arizona (DWR, 1991). 

The present situation of Arizona's groundwater resources resulted from years of 

discussion over water without any substantial management. Only when the economic 

future of Arizona was jeopardized by dwindling groundwater supplies did the state's 

legislature take action. In an effort to gain control over the situation and plan for future 

generations, Arizonans negotiated, compromised and passed the most comprehensive 

groundwater law in the Nation - the Groundwater Management Act of 1980 (See Arizona 

Revised Statutes Title 45). 

The stated purpose of the Groundwater Management Act (GMA) is to "conserve, 

protect and allocate the use of groundwater resources ... and to provide a framework for 

the comprehensive management and regulation of the withdrawal, transportation, use, 

conservation and conveyance of rights to use the groundwater ... " (A.R.S. 45-401.B). 

The Arizona Department of Water Resources (DWR) is the agency established by the 

GMA to manage Arizona's water resources (A.R.S. 45-102.A). Areas where lasting 

groundwater resources are jeopardized from overdrafting are designated Active 

Management Areas (AMAs) by the GMA and are delineated by groundwater basins (See 

Chapter Two, Figure 2.1 ). The GMA set management goals for each of the AMAs 
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(A.R.S. 45-462), and the DWR is responsible for designing the Management Plans that 

incrementally move the AMAs towards their set goal(s) (A.R.S. 45-563). 

The Tucson AMA (See Chapter Three, Figure 3.1 ), located 1n southeastern 

Arizona, is one of the many regions targeted by the GMA for its groundwater 

overdrafting. The arid climate and increasing population make this desert region 

susceptible to groundwater mining. With the population increasing by 54 people every 

day, Tucson is considered one of the fastest growing urban areas in the U.S. 

Development in this desert city is booming - each day 12 acres of land are used for 

another 24 new housing units (The Arizona Daily Star, 1999). Tucson is located within 

Pima County where the population is expected to reach 860,000 by the tum of the century 

(Arizona Department of Economic Security (ADES), 1999). The Tucson AMA, which 

encompasses this area, is located in the Sonoran Desert, a unique ecoregion of the North 

American continent. The desert climate, with warm temperatures and sparse 

precipitation, leaves little surface water to speak of, and allows even less infiltration4 of 

water to the underlying aquifer. Additional water supplies would assist in curbing the 

occurring groundwater mining; yet, in 1995, the majority of Tucsonans chose not to use5 

the supplemental source they had been allocated. 

The Colorado River Compact allocated 7.5 maf of water from the Colorado River 

System to both the Upper and the Lower Colorado Basins for beneficial consumptive use. 

The Boulder Canyon Project Act further divided the 7.5 maf apportionment of Colorado 

4 Infiltration is defined as the flow of water through soil and other geologic materials towards the water 
table. 
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River water to the Lower Basin and allotted the State of Arizona 2.8 maf of that an1ount. 

From that amount, 1.5 maf is delivered to the state via one of the most expensive water 

projects of all time - the Central Arizona Project (CAP). 6 Colorado River water is 

transported through "a 336-mile long system of aqueducts, tunnels, pumping plants, and 

pipelines," from Lake Havasu, over the Buckskin Mountain, across the desert to Phoenix 

and eventually ending its journey just southwest of Tucson, at the southern border of the 

San Xavier Indian Reservation (See Figure 1.1) (Central Arizona Project, 1998). 

Unfortunately, the intent of this project, to provide another source of water to the 

developing arid West, has virtually been lost on the City of Tucson. Consequently, as a 

potable source CAP water remains unused. 

Tucson's allocation of CAP water is 215,333 acre-feet per year and of that amount 

the City of Tucson is allotted 138,920 acre-feet per year (DWR, 1998). However, with 

the passing of the 1995 Water Consumer Protection Act, the direct delivery of CAP water 

as a potable water supply was prohibited unless treated until its quality was comparable 

to or better "in salinity, hardness and dissolved organic material than the quality of the 

groundwater being delivered from Tucson's Avra Valley well field ... " (Tucson Code, 

1995). The opportunity to repeal this, Proposition 201, was defeated in November of 

1997, and the chance to evaluate this issue again will not occur until the year 2000. 

Therefore, the citizens of Tucson are dependent on groundwater as a potable water 

5 This applies to using their allocation of Colorado River water as a potable source. 
6 Estimated cost of the Centr·al Arizona Project is $3.5 billion. 
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Figure 1.1. The Central Arizona Project (Central Arizona Project, Date Unknown) 

supply. With demands reaching 315,000 acre-feet per year and expecting to continue 

increasing (DWR, 1998), the supply and quality of groundwater in this municipality is 

dwindling. Over the last 50 years, six to eight million acre-feet of groundwater have been 

pumped from the Tucson AMA aquifers. There are an estimated 62 to 64 million acre-

feet of groundwater remaining in storage to 1200 feet below land surface. It is important 

keep in mind, however, that even if groundwater can be pumped at this level, the aquifer 

is less productive, the quality of groundwater deteriorates with depth, and the aquifer can 

incur substantial damage from compaction and resulting subsidence (DWR, 1998). Even 

if all goes according to plan, and the management goals are met, it is projected that for 
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the Tucson AMA, the average overdraft over a 30 year period will be 3.1 million acre-

feet (Personal Communication Ann Phillips, 1999). 

Attempts to balance the Tucson AMA's water budget gradually- the goal set forth 

by the GMA - have been severely hampered by continued population growth and the lack 

of usable supplemental water supplies. Consequently, the Tucson AMA has not achieved 

its municipal conservation objectives, making the management of water resources, 

including the accurate prediction of consumer water needs, essential for water 

administrators in the Tucson area. With the water use of the agricultural and industrial 

sectors of the Tucson AMA generally decreasing and holding steady, respectively, (See 

Table 1.1) the DWR must appropriately characterize the ever-increasing water needs of 

the 1nunicipal sector. The DWR does this through the use of consumer water demand 

1nodels (described in Chapter Six). The models must be representative of the 

population's water use so that the DWR can implement reasonable conservation 

requirements, as well as accurately predict and manage the water demands of the Tucson 

AMAto meet the ultimate objective of safe yield by 2025. 

Table 1.1 Water Use By Sector in the Tucson AMA (DWR, 1998) 

1985 1990 1995 
Sector 

Total Use 0/o of Total Use 0/oof Total Use 0/oof 
(Acre-feet) AMA (acre-feet) AMA (Acre-feet) AMA 

Agricultural 114,450 40 93 ,801 34 97,180 31 

Municipal 115,735 40 129,444 48 154,894 50 

Industrial 55 ,744 20 48,743 18 60,204 19 

TOTAL 285,929 100 271,988 100 312,278 100 
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1.1 Problem Statement 

The DWR is in the process of promulgating the draft Third Management Plan for 

the Tucson AMA for the years 2000 to 2010. The Municipal Technical Advisory 

Committee is one of several committees that assists the DWR in the formation of 

Management Plans. Members of the Municipal Technical Advisory Committee are DWR 

employees, water providers, scientists, and citizens. Over a two year period, this 

committee has met to discuss and identify issues and review materials and data regarding 

the municipal sector of the Tucson AMA. 

In late 1996, Tom Arnold, a member of the Municipal Technical Advisory 

Committee and an employee of Tucson Water, looked at Tucson Water's newer single 

family water accounts in an effort to characterize their water use. In his study, Arnold 

compared the water consumption of older single family homes built before 1992 with 

newer single family dwellings built after 1991 (Arnold, 1996). For both groups, Arnold 

used only accounts with 12 consecutive months of water data for the year 1995. The data 

demonstrated, as was expected, that the newer residences built after 1991 use less water 

than the older residences built before that time (See Table 1.2 and Figure 1.2). This 

decrease in water use is attributed to the plumbing codes, 7 which require low water use 

plumbing fixtures in all new housing (Personal Communication DWR, 1997). 

Arnold also observed that during the summer months the newer homes used much 

less water. However, when comparing the 1995 water use of single family homes built in 

7 The City of Tucson and Pima County Plumbing Codes requiring low flow devices in new construction 
were adopted in 1992 (DWR, 1998). 
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1992 with the 1995 water use of those homes built in 1994 (both of which had low flow 

plumbing devices) the average daily water use of the homes built in 1992 was higher than 

the average daily water use of the homes built in 1994 (See Table 1.3 and Figure 1.3). 

The DWR wanted to determine the cause for the increase in water use over time to better 

help them plan for the water needs of new single family homeowners during the Third 

Managen1ent Period. 

Table 1.2 1995 Average Daily Water Use of Tucson Water's Single Family Household 
Customers (Arnold, 1996) 

1995 Average Dail): Water Use 
units: gallons per day 

Older Single Newer Single 
Months Famil): Accounts Famil): Accounts 
January 257 210 
February 262 214 
March 251 207 
April 331 273 
May 351 277 
June 462 350 
July 504 367 
August 471 338 
September 413 322 
October 349 279 
November 324 276 
December 297 263 
Average 356 281 
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Figure 1.2 1995 Average Daily Water Use of Tucson Water's Single Family Household 
Customers (Arnold, 1996) 

Table 1.3 1995 Average Daily Water Use of Tucson Water's Single Family Household 
Customers (Arnold, 1996) 

1995 Average Dail)': Water Use 
units: gallons per day 

Months 1992 1993 1994 
January 235 216 170 
February 231 218 185 
March 221 213 180 
April 290 276 245 
May 297 284 244 
June 369 355 311 
July 400 375 319 
August 381 338 295 
September 341 328 290 
October 304 286 246 
November 292 279 248 
December 279 266 239 
Average 303 286 248 
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Figure 1.3 1995 Average Daily Water Use of Tucson Water's Single Family Household 
Customers (Arnold, 1996) 

The DWR knows that indoor water use is fairly constant year round and assumes 

that it does not change significantly with time (assuming the persons per household 

remain the same). This is verified by Pima County Wastewater records, which show 

similar flows year-round. Considering that the majority of water used indoors enters the 

sewage system, and that the rate is relatively constant, any increase above that amount 

must be exterior use (DWR, 1991). The DWR assumes that the month with the lowest 

water use indicates the rate of indoor water consumption. Therefore, knowing that indoor 

water consumption is steady year-round, provided the persons per household remain the 
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same, it is theorized that the increase in water consumption over time of single family 

residences, as demonstrated in Arnold's 1996 study, is due to exterior water demands. 

The Municipal Technical Advisory Committee believes there is a connection 

between landscape development and the increase in water use seen in the homes with low 

flow devices. Typically, when a house is first built, the surrounding yard is barren. As 

time goes by, homeowners develop their lots. Trees, shrubs, groundcovers, and grassy 

areas are planted. Swimming pools, hot tubs, and fountains are added. All of these items 

require water. Usually, these landscape enhancements are not added/installed at the same 

time. This is customarily a gradual process, bit by bit, piece by piece, as time and money 

allow. This potentially explains why the demand for water in newer hon1es with low 

flow devices is increasing over time. In an effort to prove this theory and properly 

characterize the water requirements of Tucson's new single family homes, the DWR 

proposed a landscaping survey of single family homes built during and after 1992.8 This 

survey is the foundation for this research. 

1.2 Research Objectives 

The primary goal of this thesis is to characterize exterior water use in single 

family homes built between 1992 and 1996 in the Tucson AMA. This will be 

accomplished by using descriptive and inferential statistics on the returned survey data. 

Point esti1nates from the data will be used to verify and update the Second Management 

8 Homes built during and after 1992 have low flow plumbing devices (DWR, 1998). 



21 

Plan's Exterior Water Use Model for New Development for use in the Third Management 

Plan of the Tucson AMA. From the water data provided by Tucson and Metro Water, it 

will be determined if in fact older homes with low flow devices use more water than 

newer homes with these devices. It will also be determined if landscaping trends are 

responsible for increased water use. Lastly, various models of water prediction will be 

analyzed to evaluate their capabilities. 

1.3 Importance of Research 

This research is invaluable to water planners. The exterior water use survey will 

determine the water use practices of single family homeowners. That information, 

coupled with the homeowners' water requirements can anticipate future trends. The 

Tucson AMA's Third Management Plan Exterior Water Use Model For New Single 

Family Residential Development is based on the survey responses. The DWR will use 

this model to determine the target rate for which the various water providers must meet 

for this particular sector for the Tucson AMA during the Third Management Period (2000 

to 201 0). By knowing the variables contributing to the respondents' water use along with 

their actual consumption, planners can determine feasible conservation for existing water 

use which will bring the Tucson AMA closer to its goal of safe yield by the year 2025. 

Not only will this research assist water planners, but water providers as well. The 

survey data reveals the water use patterns of single family homeowners and will therefore 

contribute important details to water providers on what conservation requirements to 
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enforce, and on what areas to concentrate those efforts. For example, from the survey 

responses it was determined that the majority of single family homeowners with pools 

build them at the same titne their house is constructed. This would indicate that early 

intervention with the developers and/or homeowners is needed. Not necessarily to 

prevent installation, although that would be ideal, but to work with developers and 

homeowners on pool size, efficiency, maintenance, etc. Another example: although 

59.2o/o of homeowners that have a pool use a cover, many indicate it is too "difficult" to 

use. The survey provided this information, and further analysis showed the water savings 

achieved when a pool cover is used. Clearly, progress could be made to make pool 

covers more user-friendly; and with the noted savings from their use, one could argue 

mandatory pool covers. Overall, water conservation programs throughout arid and setni

arid areas will benefit from the valuable information provided by this study. 

1.4 Organization of Thesis 

This thesis is a total of seven chapters with Chapter One being the introduction. 

A brief history of Arizona's water issues and resulting legislation leading up to and 

including the 1980 Groundwater Management Act is given in Chapter Two. The Tucson 

Active Management Area is detailed in Chapter Three, along with a summary of the First 

and Second Management Plans. The issues and objectives of the Third Management Plan 

are also discussed. The purpose of the landscaping survey and the compilation of the 

questionnaire, its mailing and return rate is explained in Chapter Four. The organization 
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of the data and the methods used for its analysis are described and explained in Chapter 

Five. The results of the survey are disclosed in Chapter Six. Conclusions of the research 

are revealed in Chapter Seven along with suggestions for further studies and research. 



2.1 History 

CHAPTER TWO 

BACKGROUND 
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The first groundwater law in Arizona was enacted in 1948. The Critical 

Groundwater Code authorized the State Land Commissioner to determine critical 

groundwater areas where further development of agricultural lands with groundwater 

could not be sustained. Drilling of new wells for irrigation purposes was prohibited in 

these critical groundwater areas, however, pumping without limit was allowed to 

continue from the already existing irrigation wells. Moreover, the Critical Groundwater 

Code placed no restrictions on non-irrigation water users. Needless to say, these minor 

restrictions contributed little to controlling overuse, implementing conservation measures 

or the overall management of groundwater. 

In the years following the passage of the Critical Groundwater Code, any issues 

confronting the state regarding groundwater were resolved in the Arizona Supreme Court 

by the reasonable use doctrine. The reasonable use doctrine entitled landowners to 

appropriate water subterranean to their land, provided the groundwater appropriated was 

utilized for reasonable and beneficial purposes on their land. Transportation of 

groundwater off the above lying tract of land from under which it was pumped was 

allowed, unless this action was injurious to others. The following three decisions of the 

same title, Jarvis v. State Land Department (Pearson, 1995), rendered by the Arizona 
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Supren1e Court, demonstrate the applications and restrictions of the reasonable use 

doctrine. 

In 1969, in the first Jarvis v. State Land Department, in an effort to avoid potential 

injury to other users of the aquifer, the court's decision enjoined the City of Tucson from 

importing groundwater it had purchased from retired agricultural land located within a 

critical groundwater area. One year later, in the subsequent Jarvis v. State Land 

Department, the Arizona Supreme Court allowed the purchase and retirement of 

agricultural land located in a critical groundwater area, but limited the transport of water 

to a municipal service area within the same basin to amounts that would not cause injury. 

In 1976, in the final Jarvis v. State Land Department, the court interpreted the 1970 Jarvis 

decision regarding the allowable amount of water that could be transferred within the 

critical groundwater basin, and ruled that amount to be the consumptive use of 

groundwater prior to retirement (Kyl, 1982). The Supreme Court made it clear that for 

cities to purchase supplemental water once used for agricultural farmland, they must 

purchase the entire fann, not simply the water right or the water itself. In addition, once 

purchased, pumping was restricted to the consumptive use prior to the land's retirement 

(Pearson, 1995). 

Despite the constraints placed on groundwater withdrawals by the Critical 

Groundwater Code and the common law reasonable use doctrine, water table declines 

continued in the state of Arizona at a rate nearing 10 feet per year (Connall, 1982). In the 

late 1970's, with the state's economic future at risk from groundwater mining, Arizona 
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was prompted to shift towards the adn1inistrative management of groundwater (Kyl, 

1982). 

The judgment in Farmers Inc. Co. v. Bettwy (FICO) (Kyl, 1982), in conjunction 

with the three Jarvis decisions are credited with forcing the change in groundwater 

management (Sax, Abrams, and Thompson, 1991). The Arizona Supreme Court 's ruling 

in FICO, in accordance with prior decisions described above, forbade a mining company 

from transporting groundwater off the parcel it was pumped on to another parcel of land 

within the same basin. Displeased with this decision and previous judgments, the mining 

sector sought legislation to overturn the FICO decision and eliminate the injunction 

(Connall, 1982). The cities of Arizona, whose transportation violations of the reasonable 

use doctrine were common practice, supported this action as well. Legislation was 

indeed passed in 1977 lifting the injunction and substituting a damage remedy. Also 

tucked away in the 1977 amendments was a declaration to establish the Groundwater 

Management Study Commission to reconstruct Arizona's groundwater management 

(Cmmall, 1982). 

Efforts to rectify groundwater overdraft became essential shortly after the 1977 

legislation. Threats by the Carter Administration to discontinue funding for the Central 

Arizona Project should abuse of groundwater continue, supplied the necessary 

ammunition for more change (Sax et al., 1991). The Study Commission shifted into gear. 

Overdraft elimination and groundwater rights conflict resolution demanded attention 

immediately. Believing the agricultural sector had been granted a longtime inequity, the 
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m1n1ng industry and the cities of Arizona saw this as a perfect opportunity for 

indemnification, and acted together urging the Study Commission to focus conservation 

efforts on the largest users of water in the state, namely the farmers, whose irrigation 

totaled 89% of all the water used (Sax et al., 1991). Through projections of water use and 

supply, and studies considering various management options, the groundwater 

management goal of Arizona crystallized - to reach "safe yield" in the basins with the 

1nost critical overdraft problems. Safe yield is defined as the amount of groundwater 

pun1ped from the aquifer on an average annual basis which does not exceed the amount of 

water naturally or artificially recharged. The Study Commission determined this goal 

could be met provided 128,000 acres of irrigated farmland (9% of the state's irrigated 

acreage) was retired (Sax et. al., 1991). Resolutions were difficult, primarily because of 

the fundamental view of groundwater, with farmers seeing it as property and the mines 

and cities deeming is a public resource governed by the same rules as surface water 

(Connall, 1982). 

In late 1979, the situation came to a head. Secretary of Interior, Cecil Andrus, 

declared that no CAP water would be allocated to Arizona until "a vigorous groundwater 

management act [was] in place" (Sax et al., 1991). With the mediation of Arizona' s 

Governor Bruce Babbitt, the cities, mining industry, and the agricultural sector negotiated 

an acceptable groundwater management system with the original goals intact. Finally, 

after three years of studies and negotiations, the 1980 Groundwater Management Act 

emerged. 
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2.2 The Groundwater Management Act 

The GMA commands the statewide management of groundwater in Arizona. 

Controlling overdraft, and updating allocations of the limited water resources to meet the 

needs of the state are the goals of the GMA. The DWR, created to manage Arizona' s 

water resources, works to fulfill the objectives of the GMA by tailoring management 

according to the needs and trends of the AMA in question. 

2.3 Active Management Areas 

The GMA tiers groundwater management with the magnitude of the basin's 

problem(s) determining the appropriate level of management. Geographic areas with 

significant overdraft are designated AMAs, and are subject to the most rigorous 

groundwater management (See Figure 2.1 ). Initially, four such areas were established -

Tucson, Phoenix, Pinal, and Prescott. In 1994, a small southeastern portion of the Tucson 

AMA was designated the Santa Cruz AMA. Together, the AMAs include 78o/o of 

Arizona's population, 70o/o of the state's groundwater overdraft and 60o/o of the state's 

groundwater pumping (DWR, 1998). 

The DWR determined long-range management goals for each of the AMAs. In 

the Tucson, Phoenix, and Prescott AMAs, the long-range management goal is to reach 

safe-yield by the year 2025 (DWR, 1991). Safe-yield, as defined by the GMA is "to 

achieve and thereafter maintain a long-term balance between the annual amount of 
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Figure 2.1 Active Management Areas and Irrigation Non-Expansion Areas (ADWR GIS, 1998) 
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groundwater withdrawn in an active management area and the annual amount of natural 

and artificial groundwater recharged in the active management area" (DWR, 1998). The 

management goal of the Santa Cruz AMA is to reach safe-yield and to prevent water 

tables from experiencing long-term declines (DWR, 1996). In the Pinal AMA, overdraft 

is allowed to continue until it is no longer economically feasible to continue withdrawal 

for agriculture, yet, sufficient groundwater must remain for continued municipal and 

industrial uses (DWR, 1991). 

The DWR is charged by the GMA with developing a series of five increasingly 

stringent management plans (one for each successive management period and each AMA) 

that move the AMAs incrementally toward their specific goal( s) over a span of 45 years -

1980 to 2025. 9 The management plans must include conservation requirements for water 

users and distributors of the agricultural, municipal, 10 and industrial sectors. These 

conservation programs are considered an essential tool for reaching the long-term goals 

of the AMAs. Subsequent management periods must add efforts to augment groundwater 

supplies, retire irrigation rights, and implement recharge projects, while advancing the 

conservation progran1s of all water users and distributors. 

9 This 45 year time frame is broken down into five management periods. 
First Management Period: 1980-1990 
Second Management Period: 1990-2000 
Third Management Period: 2000-2010 
Fourth Management Period: 2010-2020 
Fifth Management Period: 2020-2025 (DWR, 1991) 
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2.4 Require1nents within AMAs 

2.4.1 Groundwater Rights 

Within the AMAs, the GMA did away with the common law reasonable use 

doctrine and instituted a system of rights and permits. New irrigated acreage was banned 

in the AMAs and the GMA stipulated that groundwater users at the time of its passage 

and in the future must qualify for and/or possess either an exemption, a grandfathered 

right, a service area right or a permit to legally continue or to begin pumping 

groundwater.'' The DWR in1poses restrictions on all groundwater withdrawals to ensure 

that existing well and property owners are protected from excessive withdrawals causing 

declines in water quality, cones of depression, and land subsidence (DWR, 1991). 

2.4.2 Exempt Rights 

The term, exempt well status, applies to wells pumping groundwater at a rate of 

thirty-five gallons per minute or less for non-irrigation purposes. Two acres or less of 

irrigated land is also categorized as a non-irrigation use by the GMA. Exempt wells, 

drilled prior to April 28, 1983, for any non-irrigation use, are permitted to pump up to 

their maximmn capacity. Wells drilled after this date which are exempt, that intend to 

use the groundwater for any other reason besides domestic uses, may only pump up to, 

and including ten acre-feet per year. For new wells to be eligible for exempt well status, 

10 Specific conservation requirements for the Tucson AMA 's municipal sector are discussed in Chapter 
Three. 
11 There are three exceptions to the new irrigated acreage rule and those include farmers irrigating with 
Central Arizona Project water, state universities and flood damaged lands. 
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individuals must file a Notice of Intent of the proposed action and receive pre-approval 

from the DWR before drilling. Meeting the above stated criteria excuses exempt 

rightholders from taking water measurements, filing annual reports, and paying 

withdrawal fees required by other groundwater users. 

2.4.3 Grandfathered Groundwater Rights 

Grandfathered groundwater rights permit the use of groundwater within an AMA 

based on the individual's historic withdrawals. Persons pumping or receiving 

groundwater from non-exempt wells prior to June 12, 1980, were eligible to apply for a 

certificate of grandfathered rights. There are three types of grandfathered rights -

Irrigation Grandfathered Right, Type 1 Non-Irrigation Grandfathered Right and Type 2 

Non-irrigation Grandfathered Right (DWR, 1984). 

Possession of an Irrigation Grandfathered Right allows land within an AMA to be 

irrigated with groundwater. This right was granted to individuals irrigating plants to sell, 

consume, or use as animal feed, on two or more acres between January 1, 197 5 and 

January 1, 1980 (DWR, 1984). This right can only be transferred with the appurtenant 

land, and the groundwater may not be transported. 

Individuals who retired farmland from irrigation for a particular non-irrigation use 

after January 1, 1965, were eligible for a Type 1 Non-Irrigation Grandfathered Right. 

This right allows "three acre-feet per acre per year of groundwater" to be pumped or 

received "for use on retired [farm]land" (DWR, 1998). Similarly to the Irrigation 
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Grandfather Right, the transfer of a Type 1 Non-Irrigation Grandfathered Right is 

permitted with the appurtenant land, however, groundwater may be transported within the 

limits of the AMA. 

The Type 2 Non-Irrigation Grandfathered Right applied to non-irrigation 

withdrawals of groundwater occurring as of June 12, 1980 (DWR, 1984). The 

withdrawal amount granted with the Type 2 Non-Irrigation Grandfathered Right is 

equivalent to "the maximum amount of water withdrawn and used for non-irrigation 

purposes in any one of the five years" (DWR, 1998) prior to the designation date of the 

AMAs (DWR, 1984). This right may be transferred and sold apart from the land, but 

cannot leave the AMA. The groundwater may be transported. 

2.4.4 Service Area Rights 

Service Area Rights apply to cities, towns, private water companies, and irrigation 

districts. A city, town, or private water company with a Service Area Right is pennitted 

to pump the amount of groundwater necessary to provide for the residents and 

landowners, "subject to the conservation requirements imposed in the management plans 

and the assured water supply rules," (DWR, 1998) and provided the groundwater 

withdrawn and the individuals served are within the boundaries of the service area. A 

service area is defined as the land served groundwater by the service entity and also any 

additional areas an operating distribution system owned by the service entity uses for the 

delivery of non-irrigation water (DWR, 1998). 
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With restrictions, a Service Area Right also applies to irrigation districts 

withdrawing and delivering groundwater as of January 1, 1977. The service area of an 

irrigation district is considered the land being served water by the district and additional 

areas with an operating distribution system falling within the district's boundaries 

operating at any time during the five years prior to June 12, 1980. More limited rights 

apply to irrigation districts not withdrawing and delivering groundwater as of January 1, 

1977 (DWR, 1984). 

2.4.5 Groundwater Withdrawal Permits 

Groundwater withdrawals within an AMA are restricted by the GMA, however, 

the DWR is authorized to approve new groundwater withdrawals for non-irrigation 

purposes provided all the requirements and conditions of groundwater management are 

met - meaning all withdrawals must be consistent with the management goal or the 

management plan of the AMA or both (DWR, 1991). Groundwater may be withdrawn 

when a withdrawal permit is granted. These permits allow for individuals located within 

an AMA, who do not have a Service Area Right or Grandfathered Right to withdraw 

water fro1n a non-exempt well (DWR, 1998). Before granting a permit, the objectives of 

the withdrawal management program are considered: safe-yield must be 1net by 2025 , 

therefore the impending change in water level from the groundwater withdrawal is 

evaluated; current water users and property owners must be protected from unreasonably 

increased damage; water quality must be maintained and degradation prevented; and the 
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incidents of land subsidence must decrease with the ultimate goal of nonoccurrence 

(DWR, 1991). The length of the permit, and the withdrawal amount have limits. The 

following permits are available: dewatering; mineral extraction and metallurgical 

processing; general industrial use (DWR must verify assured water supply); poor quality 

groundwater; temporary (for dewatering and electrical energy generation); drainage 

water; and hydrologic testing (DWR, 1998). 

2.5 Irrigation Non-Expansion Areas 

The GMA also established Irrigation Non-expansion Areas (INAs) which are 

subject to less intense groundwater management measures (See Figure 2.1 , page 28). 

IN As are areas in jeopardy of exceeding their water supply through continued irrigation. 

Therefore, legislation restricts new irrigated acreage in these regions, yet, conservation 

measures are not mandated. Initially, two INAs, Douglas and Joseph City were 

established, followed by a third - Harquahala, in 1982. The Douglas INA is located in 

southern Arizona, east of the Santa Cruz AMA. East of Prescott, in central Arizona is the 

location of the Joseph City INA, and the Harquahala INA is located west of Phoenix. 

Continued irrigation within Douglas and Joseph City is restricted to land irrigated five 

years prior to January 1, 1980, whereas, irrigation within Harquahala is restricted to land 

irrigated five years prior to January 6, 1981 (DWR, 1991). 
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The GMA requires developers within AMAs to show that a sufficient amount of 

"adequate quality" water will be "continuously available" for 100 years following the sale 

of subdivided lands (DWR, 1998). Developers must also demonstrate that proposed 

water uses are in accordance with the management plans and goals of the AMA; and that 

financial means are available to construct the distribution syste1n to serve the proposed 

development (DWR, 1996). Until this is demonstrated to the DWR and a certificate of 

assured water supply is obtained, a developer may not seek approval for sale of the land 

from the city, town, or county; file a Notice of Intent with the state Real Estate 

C01nmissioner; or market the land in question (DWR, 1996). If a developer chooses to 

have a designated water provider, such as Tucson Water, supply the proposed 

subdivision, all of the above stated criteria must be met by the provider (DWR, 1998). In 

other areas of the state, developers have to demonstrate an adequate water supply, and if 

unable to do so, must reveal this on all materials regarding the marketing of this property 

(DWR, 1996). 

2.6.2 Well Registration 

The GMA requires the registration of all existing wells, exempt, as well as non

exempt, located in the state of Arizona. For non-exempt wells, this process includes 

supplying information on the well's pumping capacity, location, size, and depth. The 
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drilling of a new well requires authorization from the DWR and a Notice of Intent to Drill 

for wells within an AMA and an Application for a Well Drilling Permit for wells located 

elsewhere in the state. The DWR enforces standards for well construction and 

requirements for well spacing. 

2.6.3 Reporting Requirements 

The GMA demands that documentation be maintained and annual reports filed for 

any individual who withdrawals groundwater in an AMA; who uses groundwater in an 

AMA; and who uses groundwater that is transported from an AMA (DWR, 1984). In 

addition, any individual delivering surface water and/or groundwater, used by cities, 

towns, private water companies, industries, farmers, or other users is required to deliver 

an annual accounting of all water delivered to each class of use and each farm (DWR, 

1984). 

It is required in both the AMAs and INAs that non-exempt wells install approved 

water measuring devices with the capacity to measure the groundwater withdrawn and 

annually report this amount with its designated uses. In addition, an annual withdrawal 

fee is required for every acre-foot of water pumped. This money is used by the DWR to 

adn1inister the GMA; to develop augmentation programs; and after the year 2006, to 

purchase and retire irrigated land (DWR, 1984). 
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2.6.4 Transportation of Groundwater 

The GMA allows for the transportation of pumped groundwater to locations 

within the san1e basin or sub-basin without penalties. The transportation of groundwater 

to other locations outside the boundaries of the basin or sub-basin from which it was 

pumped is permitted, however, local landowners who may be adversely affected by this 

may sue for damages, but may not prevent the continued transportation of groundwater 

(DWR, 1984). 

This chapter serves as a brief overview of the Groundwater Management Act. For 

further information see Arizona Revised Statutes, Section 45, the DWR's First 

Management Plan, Second Management Plan, and Draft Third Management Plan. This 

research applies to one category (exterior water use of new single family hon1es) within 

one sector (municipal) of the Tucson AMA. Therefore, discussion is restricted to the 

information pertinent to this research. A closer look at the characteristics of the Tucson 

AMA and the conservation requirements imposed on the municipal sector follows in 

Chapter Three. 
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The Tucson AMA, comprised of the Upper Santa Cruz and A vra Valley 

Subbasins, encompasses 3,866 square miles of southeastern Arizona (Figure 3.1) (DWR, 

1998). It spans from Pinal County, near Picacho Peak, southward through Pima County, 

bordering Mexico in the Altar Valley, and extending to Elephant Head Road in the Santa 

Cruz River Valley. The majority of the population in the Tucson AMA lives in the Upper 

Santa Cruz Valley Subbasin, with less than 5% residing in the Avra Valley Subbasin. 

3.1 Geology 

The Basin and Range province is where the Upper Santa Cruz and the Avra 

Valley subbasins are found side by side creating an extensive, northwest trending, 

sediment filled valley surrounded by block faulted mountains (Davidson, 1973). The 

Rincon, Empire, and a portion of the Santa Rita Mountains create the eastern border of 

the Upper Santa Cruz Subbasin, while the Tucson Mountains form the border to the west. 

The north rim of the basin is formed by the Tortolita and Santa Catalina Mountains. The 

Santa Cruz River and its tributaries, Canada del Oro Wash, Rillito Creek, Pantano Wash, 

Tanque Verde Wash, Sabino Creek, Rincon Creek, and Cienega Creek, are the major 

surface drainages of the Santa Cruz Subbasin (Davidson, 1973). 
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The Avra Valley Subbasin is separated from the Santa Cruz Subbasin and 

bordered on the east by the Tortolita, Tucson, Black, Sierrita, Cerro Colorado, San Luis 

and Las Guijas Mountains. To the north are the Picacho Mountains and forming the 

western border are the Silverbell, Roskruge, Coyote, Quinlan, Baboquivari, and Pozo 

Verde Mountains. The Altar/Brawley Wash is the major surface drainage (DWR, 1998). 

3.2 Groundwater Sources 

Within the Upper Santa Cruz Subbasin, groundwater is found in the deep basin

fill sediments. These sediments, comprised of three geologic units, the Pantano 

Formation, the Tinaja Beds, and the Fort Lowell Formation, form one aquifer (See Figure 

3.2) (Hanson and Benedict, 1994). At one time, the Fort Lowell Formation was the most 

productive of the three units; however, its supply has significantly lowered due to 

extensive putnping over the years. Currently the most productive layer of the aquifer is 

the top portion of the Tinaja Beds unit. In the Avra Valley Subbasin, groundwater is 

found within two units known as the upper alluvial unit and the lower alluvial unit. The 

majority of groundwater is pumped from the upper unit. 

3.3 Recharge 

Recharge of the aquifer takes place naturally by infiltration of precipitation and 

from groundwater underflow. Precipitation averages 29 inches per year in the encircling 
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Figure 3.2 Profile of the Tucson Basin (Tucson Water, 1998) 
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mountains and only a modest 11 inches per year or less in the lower lying areas. In the 

Tucson AMA the precipitation comes from monsoonal storms in the summer and from 

frontal storms in the winter. The groundwater supply is replenished by this precipitation 

via mountain front recharge and streamflow infiltration. 

Mountain front recharge is approximated in the Upper Santa Cruz Valley 

Subbasin and the Avra Valley Subbasin to be 26,975 acre-feet per year and 11,970 acre

feet per year respectively (DWR, 1998). Streamflow infiltration results from surface 

water flows in the Santa Cruz River and its tributaries. The amount of stream channel 

recharge in the Upper Santa Cruz Valley Subbasin is 30,960 acre-feet per year and 6,695 

acre-feet per year in the Avra Valley Subbasin (DWR, 1998). Groundwater inflow into 

the Tucson AMA is estimated at 24,080 acre-feet per year, while groundwater outflow is 

estimated at 39,880 acre-feet per year. Therefore, the total net natural recharge (mountain 

front recharge + strean1 channel recharge + groundwater inflow - groundwater outflow) 

for the Tucson AMA is 60,800 acre-feet per year (DWR, 1998). 

Recharge also occurs incidentally within the Tucson AMA from sewage effluent 

returns. The Santa Cruz River receives approximately 65 MGD of effluent. Effluent is 

also used for irrigation of agricultural lands and turf, which not only contributes to 

recharge, but does not task existing water supplies (DWR, 1998). 
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3.4 Groundwater Demands 

The population of the Tucson AMA has surpassed 760,000, and the annual water 

demands are as high as 315,000 acre-feet per year. Approximately, one-half of that is 

mined groundwater which occurs when the amount of groundwater withdrawn exceeds 

the total amount of water recharged. Municipal use consumes one-half (50%) of the total 

amount of water withdrawn, while agriculture uses around one-third (31 %). Copper 

mines, industrial wells, and domestic wells comprise the other portion of water uses 

totaling approximately 60,000 acre-feet of water use per year (DWR, 1998). 

Municipal water demand continues to climb with the increasing population. 

Within the Tucson AMA, 96% (149,454 acre-feet) of the municipal water needs are met 

by the 19 large municipal providers (DWR, 1998). A large provider serves more than 

250 acre-feet per year. Tucson Water is the largest by far, servicing almost 80°/o (117,083 

acre-feet) of the municipal water demands (DWR, 1998). Over 120 small municipal 

water providers supply the remaining 4o/o (5,440 acre-feet) of the municipal water in the 

Tucson AMA (DWR, 1998). Although the total water demands of the municipal sector 

are increasing due to growth, the gallons per capita per day (GPCD) rates are declining. 

Large providers have decreased their total GPCD rates by 4, down to 172 GPCD (DWR, 

1998). Tucson Water has the lowest GPCD rates for overall use and residential use at 

164 and 110 GPCD (DWR, 1998). Yet, their groundwater requirements constitute 95°/o 

of the total municipal water supply (DWR, 1998). 
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3.5 Groundwater Levels 

Groundwater development has lowered water levels in the Tucson Basin (See 

Figures 3.3 and 3.4). Declines in Tucson Water's central wellfield are documented at 

between four to five feet per year (DWR, 1998). Figure 3.3 shows areas where the water 

elevations are 50 feet lower and areas where they have dropped 150 to 200 feet over the 

last 50 years. The decline of 200 feet has created a large cone of depression 12 beneath the 

City of Tucson (DWR, 1998). The same situation exists in the Green Valley/Sahuarita 

area stemming frotn a 160 foot decline in the water levels. Water levels have declined 90 

feet in the southern portion of Avra Valley. A decline of 70 feet has been documented 

just northwest of Marana, and in the lower Canada del Oro area declines have reached 50 

feet (DWR, 1998). Figure 3.4 shows eight wellfields within the Tucson AMA 

demonstrating a downward trend in water levels from 1950 to 1995. On a positive note, 

water levels have risen along stretches of the Santa Cruz River from natural recharge and 

a decrease in putnping. Southeast of Marana, natural recharge from the Santa Cruz river 

has increased water levels by 60 feet (DWR, 1998). Mountain front recharge and 

infiltration from stream channel runoff have contributed to the 30 foot increase in water 

levels documented in the upper reaches of the Canada del Oro Wash (DWR, 1998). 

A dwindling water supply is not the only problem associated with declining water 

levels. Decreasing groundwater levels have reduced streamflow, which, in turn, has 

1 ~ A cone of depression is a cone-shaped lowering of the water table around a well pumping groundwater. 
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contributed to habitat destruction along riparian areas. The productivity of wells has 

fallen with the lowering of pumping depths (See Figure 3.5). In the deeper levels of the 

aquifer system, clay is much more abundant, meaning less space between grains, and a 

more difficult pumping process. Pumping costs have risen because additional power is 

required to lift the groundwater up from the lower levels from which it is being pumped 

to the surface (See Figure 3.6). Water quality is deteriorating because areas with more 

total dissolved solids are being pumped. Aquifer compaction, land subsidence, and the 

financial burdens associated with the accompanying damages and reconstruction are 

probletns with which the Tucson AMA must also contend. 

3.6 Aquifer Compaction and Land Subsidence 

In the Tucson AMA, groundwater declines have led to aquifer compaction and 

land subsidence. As groundwater is pumped, the fluid pressure between the grains 

decreases causing a rearrangement of grains as well as the compression and reduction of 

intergranular spaces. This results in an increase in effective stress, which causes aquifer 

compaction (Freeze and Cherry, 1979). Subsidence is a vertical lowering of the land 

surface and occurs when the aquifer becomes dewatered from pumping and compresses 

from the weight of the above lying land (Schumann and Anderson, 1988). Subsidence 

may result in cracking, fissuring, sink holes, and significant damage to below and above 

ground structures. When parts of an aquifer are dewatered, it becomes necessary to 

deepen, replace, or relocate wells for successful production. As stated earlier, pumping 
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costs increase as the well depth increases, and the deeper lying water does not often 

possess the same good quality. Aquifer compaction may also reduce the ability of the 

aquifer to recharge and store water. 

In the northern portion of Avra Valley 1.1 feet of subsidence has occurred, and 0.5 

feet of aquifer compaction has been documented in the Upper Santa Cruz Valley (DWR, 

1996). Avra Valley has also experienced earth fissuring resulting in costly repairs to a 

damaged CAP aqueduct (DWR, 1996). Southwest of the City of Tucson, several sink 

holes have been spotted. Aquifer compaction in the Upper Santa Cruz Subbasin and the 

A vra Valley Subbasin ranges from .02 to .18 ft and .02 to .11 feet respectively (DWR, 

1998). Predictions look grim for the Tucson AMA. Hanson, of the USGS, projects if 

current pumping rates continue, by the year 2025, total subsidence may reach as much as 

14.7 feet in northern Avra Valley, and 4 feet in the Santa Cruz Wellfield (DWR, 1996). 

Similarly, in the Tucson area, anywhere from 1.2 to 12 feet of land subsidence may be 

witnessed and water levels may decrease more than 400 feet (Hanson and Benedict, 

1994). 13 

3. 7 Review of the First Management Period of the Tucson AMA 

The First Management Period of the Tucson AMA was a ten year interval fron1 

1980 to 1990 established by the GMA (DWR, 1996). However, development of the 

management plan for this period did not begin until the end of 1981. Substantial reviews 

13 For more information on projected land subsidence see works by R.T. Hanson, 1989, 1990 and 1994. 
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by representatives from the agricultural sector, municipal water providers, and the 

Groundwater Users Advisory Council (GUAC) began in 1982. The First Management 

Plan became effective in 1984. 

During this First Management Period, the DWR concentrated on gathering 

information, defining water 1nanagement issues, organizing, and ultimately establishing 

the programs as mandated by the GMA. The DWR's specific goals included the 

enforcement of requirements as set forth by the GMA with the main focus of reducing 

groundwater withdrawals through mandatory conservation programs for agricultural, 

1nunicipal, and industrial water users and distributors. The First Management Plan was 

amended, adding an augmentation program to deal with issues regarding water supply 

enhancement and storage. 

During the First Management Period the DWR notified every individual subject to 

an irrigation water duty or conservation requirement, and certified all grandfathered rights 

in the Tucson AMA. This task included the process of verifying the information on close 

to 3,000 applications and determining their compliance with the GMA requirements. The 

DWR directed all well owners and operators to measure and report all non-exempt 

groundwater withdrawals and uses. A monitoring and enforcement program was put into 

place to ensure that annual reports were submitted by the set deadlines and that the 

required measuring devices were both installed, and providing accurate results. The 

DWR took charge of the permitting process for construction of existing, new, and 

replacement wells. Most importantly, and the primary focus of the First Management 
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Plan, the DWR set up conservation programs for agricultural, municipal, and industrial 

groundwater users. Following is a look at the First Management Plan' s Municipal 

Conservation Program. 14 

3.8 First Management Plan Municipal Conservation Program 

The GMA defines municipal use as the water supplied by cities, towns, private 

water companies, and irrigation districts for non-irrigation uses. Under the First 

Management Plan's n1unicipal conservation program, as mandated by the GMA, it was 

required that reasonable reductions in per capita use, as well as, other appropriate 

n1easures of conservation be imposed on municipal providers. 

To achieve the objectives of the municipal conservation program, the Total GPCD 

Program was originated. During the First Management Period, every water provider was 

notified by the DWR of their assigned per capita conservation requirement (goal rate). 

The year 1980 was chosen by the DWR as the baseline year for determining per capita 

conservation requirements for large providers 15 (serving 500 or more individuals), and 

1984 as the baseline year for small (serving less than 500 individuals) and new providers. 

To determine per capita conservation requirements for municipal providers, their per 

capita rate was calculated by the DWR in GPCD. The equation for the GPCD rate is 

14 For more information on Municipal, Agricultural and Industrial Conservation Programs see DWR's 
Management Plans for the Tucson AMA. 
15 Definition of large municipal provider was eventually changed to a provider serving over 250 acre-feet 
of water annually. 
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equal to the number of gallons of water withdrawn in 1980, divided by the service area 

population at that time, divided by 365 days. 

Predictions showed that with the expected population growth and the 

supplemental use of CAP water, safe-yield could be achieved by 2025 with a goal rate of 

140 GPCD. The DWR demanded that large providers whose 1980 per capita rates 

exceeded 140 GPCD reduce by 25% the difference between their GPCD and the rate of 

140 GPCD. The DWR determined that with the available conservation techniques, the 

25 o/o reduction was feasible and could be achieved. Municipal providers with rates of 

less than 140 GPCD were required to maintain that lower rate. The GPCD maximum rate 

of 140 GPCD was applied to both small and future municipal providers as well. Another 

category of municipal providers known as special providers was created consisting of 

large providers with unusual water use patterns. The special providers were assigned 

tailored conservation requirements. 

3.9 Review of the Tucson AMA's Second Management Period, 1990 to 2000 

Similarly to the First Management Period, areas requiring data collection were 

identified, which followed with research and subsequent analysis. This process led to the 

Second Management Plan after reviews by advisory groups, interest organizations, and 

the public. The Second Management Plan, the next step toward achieving the goal of 

safe yield, increased conservation measures, initiated programs for groundwater quality, 
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set the foundation for water augmentation projects, and promoted through incentives the 

direct use and recharge of treated sewage effluent. 

3.10 Second Management Plan Municipal Conservation Program 

The GMA required that additional reasonable reductions in per capita use be taken 

by municipal providers in the Second Management Plan. The DWR abandoned the goal 

of 140 GPCD for municipal providers set by the Total GPCD Program in the First 

Management Plan in favor of provider-specific GPCD targets based on the provider's 

particular water use and growth patterns. The municipal sector was separated into its 

components of existing residential, new residential, and non-residential uses. In the 

Second Management Plan's Total GPCD Program, each large provider was given an 

individual total GPCD water use requirement based on their components, as well as, 

tailored demands for turf-related facilities, public road rights-of-way, and new large 

cooling towers. 

3.10.1 Existing and New Residential and Non-residential GPCD Rates 

To determine existing residential GPCD rates, each municipal provider was 

evaluated and categorized by their residential "conservation potential". This was 

determined from their 1985 water use with various "conservation measures" comparable 

to the provider's conservation potential taken into account. The hypothetical water 

savings from the applied conservation measures adjusted the existing GPCD rate to the 
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updated residential GPCD target rate. To determine new residential GPCD rates, interior 

and exterior water consutnption models incorporating "highly efficient water use devices 

and practices" were created to represent household demands in new developments (DWR, 

1991). For new single family homes, a set rate of 61 GPCD was determined for interior 

water consumption and 78 gallons per housing unit per day (GPHUD) (which equates to 

27.5 GPCD assuming average household size of 2.84 people) was determined for exterior 

water consumption. Both of these target rates were used when determining the total 

GPCD for each municipal provider. Rates for non-residential uses and lost and 

unaccounted for water were set at the amount used and unaccounted for during 1985. 

Turf facilities were given the full allotment as was used during the base year. 

3.10.2 Total GPCD Rates 

The DWR totaled all of the assumed water demands for existing residential, new 

residential, non-residential, turf-related facility use, and lost and unaccounted for water 

for each large municipal provider. This amount was the new total GPCD target rate to be 

met at the end of the Second Management Period. Incremental smaller target rates were 

set for providers "in an attempt to encourage providers to make progressive conservation 

efforts throughout the management period" (DWR, 1998). 

Providers also had the choice of participating in an Alternative Conservation 

Program that was more flexible on meeting conservation requirements. This program 

places requirements on groundwater use, residential GPCD, individual users, and on non-



56 

residential users. This was only available to providers who could prove that the water use 

efficiency would be the same as if they had been assigned a total GPCD requirement. 

3.11 The Status of the Safe-Yield Goal 

In the First Management Plan, overdraft was estimated to be 249,000 acre-feet per 

year from 1975 to 1980. Under baseline conditions (assuming water use trends 

continued without change), the overdraft for 1990 was projected to be 272,000 acre-feet 

and for 2025 approximately 81,000 acre-feet. Assuming the implementation and success 

of the First Management Plan's conservation programs for all three sectors - agricultural, 

n1unicipal and industrial - overdraft for 1990 and 2025 was projected to be 255 ,000 and 

58,000 acre-feet respectively. In 1985, overdraft had decreased to 179,000 acre-feet 

which was attributed mostly to a decrease in farming and copper mining. In 1990, the 

overdraft was estimated at 206,000 acre-feet, which was below the First Management 

Plan's projection of 255,000 acre-feet. 

The Second Management Plan's baseline projections for overdraft for 1995, 2000 

and 2025 were estimated to be 55,000, 65,000 and 170,000 acre-feet. Assuming the 

implementation of the Second Management Plan's conservation programs, projection for 

1995 was 38,000 acre-feet, for 2000 it was approximately 19,000 acre-feet, and for 2025 

it totaled 90,000 acre-feet. As of 1996, when the State of AMA was released, overdraft in 

the Tucson AMA was estimated at 160,000 acre-feet. The main reason for the failure in 
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meeting the projected goal was the lack of CAP water use, which was expected to be 

204,000 acre-feet instead of only the 10,200 acre-feet used. 

The draft Third Management Plan has projected overdraft for baseline conditions: 

in the year 2000 overdraft is estimated at 181,000 acre-feet, by 2010 it is estimated to be 

91,900 acre-feet, by 2020 it is projected to have decreased to 68,400 and by 2025 it is 

estimated that the overdraft will be 52,500 acre-feet. Assuming the conservation efforts 

of all three sectors (agricultural, municipal and industrial), the overdraft is projected to be 

168,500 acre-feet in the year 2000, 82,100 acre-feet in 2010 and 49,000 acre-feet in 2025. 

3.12 The Third Management Period, 2000 to 2010 

The Third Management Period for the Tucson AMA for the years 2000 to 2010 

has been distributed in draft form. The DWR and the various technical advisory 

committees were involved in the processes of data collection and analysis. As always, 

the GUAC was heavily involved in the planning process with recommendations for water 

management. Consistent with the terms of the GMA, the Third Management Plan will 

strengthen conservation efforts and promote the use of alternate renewable water 

supplies. The DWR plans to assist both financially and technically with the overall 

management (conservation, augmentation, monitoring, and recharge) of water. More 

emphasis will be placed on water quality. All aspects of the storage of renewable water 

supplies will be investigated. The DWR will continue to gather and analyze data 

pertaining to water management. In addition, certain areas within the Tucson AMA will 
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accrue auxiliary water management goals during the Third Management Period. Efforts 

will be made to assist and educate the public regarding the management of the Tucson 

AMA's water. 

3.13 Third Management Plan Municipal Conservation Program 

The methods for determining the total GPCD rates were modified in the Third 

Management Plan's Total GPCD Program. The components of the municipal sector -

existing residential, new residential, non-residential, turf-related facility, and lost and 

unaccounted for water- were assigned an individual water use rate based on annual water 

use reports, population information, consumer water consumption models, and patterns 

exhibited by the water providers. The individual component water use rates will be 

su1nmed, and unlike the Second Management Plan, a new total rate will be calculated 

every year. The benefit of this is that the actual population of the service area will be 

used in the calculation of the total GPCD rate. As in the Second Management Plan, there 

will be two transitional goals during the ten year period before the final goal will need to 

be met in the year 2010. 

As part of the Third Management Plan's Total GPCD program, as was previously 

done in the Second Management Plan, the new residential water use component was 

broken down into interior and exterior use and modeled separately. The individual water 

use rates used to calculate the Total GPCD requirement in the Third Management Plan 

are based on these models. The survey used to gather the information on the exterior 
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water use of single family homeowners to update the model for the Third Management 

Plan is described in Chapter Four. 



CHAPTER FOUR 

THE SURVEY 
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The objectives of the landscaping survey are: to characterize exterior water use in 

single family housing units built after 1991 (those that were initially constructed with low 

flow plumbing devices); to determine if the water data received by the water providers 

shows an increase of water use in older homes; to determine if landscaping trends are 

responsible for higher water use; and to determine if the Exterior Water Use Model For 

New Development used in the Second Management Plan is still a reasonable model for 

use in the Third Management Plan. 

The survey was modeled after a questionnaire sent out by Gary Woodard and 

Todd Rasmussen (Woodard and Rasmussen, 1983) of the University of Arizona's 

Division of Economic and Business Research and also questionnaires previously sent out 

by Tucson Water. The survey focused on outdoor water use with some inquiries 

regarding indoor features. Several meetings with the DWR, Tucson Water, Metro Water, 

and the Water Resources Research Center led to revisions and format changes. 

Typically, the questionnaires used were one page in length and portrait style. For 

my exterior water use survey a different style was used with the hopes of receiving a 

higher return rate (See Appendix A). Colored paper was used, landscape style, with three 

columns on the front and back. Each question was set apart by a surrounding box. Once 

the questions were determined and approval on the format was received from all 
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interested parties, the survey was given to several individuals for feedback. Clarifications 

were suggested on some questions and with those changes completed, the survey was in 

final form. At the end of January 1997, after a three month process of design and 

revisions, the exterior water use survey was sent out to Tucson Water and Metro Water 

customers. 

The DWR had limited financial resources available for the survey, therefore, 

constraints were inevitable. It was determined that with the funds allocated for this 

project, postage would only be available for 1500 surveys. Ideally, if additional funds 

had been available, in an effort to receive a higher return rate, the survey would have been 

followed up with reminder postcards, followed by a second mailing of surveys to 

individuals who had not yet responded. Tucson Water and Metro Water supplied the 

names and addresses of water customers with active water accounts for single family 

homes built after 1991. Tom Arnold of Tucson Water matched approximately 6,000 

single fatnily residences with water use data and from that population a systematic 

random sample was generated totaling 1,040 customers. Warren Tinney of Metro Water 

District provided 539 names and addresses of single family homeowners to receive the 

survey. 

The survey was mailed to a total of 1,579 single family homes built after 1991. 

Of those 1,579 surveys, 27 were returned for postal reasons (insufficient address or 

individuals no longer at that address). A total of 684 responses were received, a 44o/o 
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return rate. From those 684 responses, 39 responses were discarded because they did not 

meet the requirement ofbeing a single family home built after 1991. 

In 1983, a similar study was conducted by Gary Woodard and Todd Rasmussen 

which resulted in the findings published in "Residential Water Demand: A Micro 

Analysis Using Survey Data" (Woodard & Rasmussen, 1983). According to the article, 

Woodard and Rasmussen's survey was considered "[a] baseline study which models 

current water consumer behavior and inventories the current stock of water-using devices 

and landscaping ... " which is a " ... starting point for comparison ... of whether 

management programs are producing the desired conservation results". Woodard and 

Rasmussen state residential water demand is a function of water using appliances and 

landscaping, as well as consumer attitudes toward water conservation. The purpose of 

their questio1maire was to ascertain the water demand determinants for single-fmnily 

residences. They found that interior and exterior water demand are determined by three 

components: demographic (number of household members and their ages); wealth 

(income, home value, and appliances); and residency (age of home, time lived in 

household, and time members of household have lived in Tucson). 

Close to 6,000 Tucson Water customers residing in single family homes were 

mailed a questio1maire. Approximately 2,100 questionnaires were returned for a 35 

percent response rate. From the returned data, Woodard and Rasmussen determined that 

alterations in landscapes such as swimming pools occur a few years after construction. 

The data revealed that pool owners are just as likely to have similar size lawn areas as 
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non-pool owners. The survey indicated a trend of shifting lawn areas to desert 

landscaping. The study concluded that the largest potential conservation gains appeared 

to be in outdoor consumption. Peak outdoor demand was found to constitute 55 percent 

of the total peak de1nand. Of this outdoor demand, the bulk could be traced to lawns and 

pools. The research revealed that the number of lawn areas is decreasing from 

landscapes, yet, the number of pools is dramatically increasing. 

The DWR used information from Woodard and Rasmussen's survey to estimate 

the water use required for evaporative coolers for the Second Management Plan's 

Exterior Water Use Model for New Development. This model and the Third 

Management Plan's Exterior Water Use Model for New Single Family Residential 

Develop1nent are discussed further in the following chapters with detailed data and results 

of the 1997 landscape survey. 
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CHAPTER FIVE 

STUDY METHODS AND DESCRIPTION OF DATA 

Estin1ations are made about population parameters based on statistics computed 

from a sample drawn randomly from that population (Voelker and Orton, 1993). A 

parameter is simply a characteristic of a population, and a population is defined as a 

group that has something in common. A sample is a smaller group selected from that 

population for representation, and a statistic is a characteristic of the sample. 

The logic behind sampling is to estimate parameters about a population using only 

a small number of its members (Voelker and Orton, 1993). The validity of the 

parameters estimated are contingent on the assumption that the sample is similar to the 

population with respect to the properties of interest (Conover, 1971). For this reason, 

obtaining a random sample, which allows each member of a population an equally likely 

chance of being chosen for the sample, is critical. 

Randomly sampling Tucson's population of water consumers in single family 

homes built after 1991 was done in an effort to attain a representative sample of that 

population. A representative satnple is important to this study as descriptive and 

inferential statistics are performed on the returned survey data to estimate the population 

parameters that will be used in the Third Management Plan's Exterior Water Use Model 

for New Single Family Residential Development to predict water requirements for the 

years 2000 to 2010. 
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Each returned survey was matched with twelve months of corresponding water 

data recorded for that single family residence. Tucson Water supplied water use data 

from June 1995 to June 1996 for their customers, and Metro Water provided water data 

for their accounts from July 1995 to July 1996. The water consumption data of these 

single family dwellings was considered the common factor and dependent variable of 

both respondents and nonrespondents, and was used to determine if in fact the survey 

respondents were representative of the population from which they were randomly 

selected. It was assumed that if the respondents' data was representative of the 

population, respondents' and nonrespondents' water use data would not differ 

significantly. In other words, any difference would be due to a sampling error, not a real 

population difference. A hypothesis test is used to substantiate this by providing 

conclusions on whether or not to accept a statement about the population based on the 

sample data (Conover, 1971). The statement regarding the data, which is assumed to be 

tn1e, is the null hypothesis. The null hypothesis assumes that the water use of 

respondents does not differ significantly from that of nonrespondents. If this is the case, 

it would indicate that the information supplied by the respondents is representative of the 

population. Before a hypothesis test is conducted to determine if there is a statistically 

significant difference between respondents' and nonrespondents' water use, the 

distributions of both groups' water data must be investigated. 
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5.1 The Water Data 

Commonly employed parametric methods require that the data groups being 

analyzed have the same variance and a normal distribution around their respective means 

(See Figure 5.1). For this reason, it is imperative to ascertain the data's distribution, 

otherwise, if parametric tests are utilized without this knowledge, the validity of their 

results may be disputable. 

Figure 5.1 Shape of normal distribution (Levin, 1973) 

The first step in this process was to sum up twelve months of water data in gallons 

for both survey respondents and nonrespondents. Only respondents and nonrespondents 

with twelve months of water data with nonzero values were included, this left 

approximately 405 respondents and 553 nonrespondents. After this was completed, the 

next step in determining the distribution of the data was to graph a probability plot of 

repondents' and nonrespondents' annual water use. 
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The probability plot is the graphical method used to determine if sample data are 

distributed normally. Ranking the sample data (ri, i = 1,2,3 ... n), from smallest (r = 1) to 

largest (r = n), is the first step in constructing a probability plot. This is followed by 

calculating the corresponding plotting position of each rank value using the formula 

(r- 0.5)/n, where r is the rank value and n is the number of observations (SYSTAT, 

1997). With the plotting position calculated, the expected normal value for this may be 

obtained through a table of the standard normal distribution. Or, as in this case, the 

expected normal value may be obtained through a statistical package such as SYSTAT, 

which estimates the expected normal values corresponding to each water usage value as 

the standard normal value corresponding to the probability (r- 0.5)/n (SYSTAT, 1997). 

The horizontal axis of the probability plot shows the values of annual water use in 

gallons, while the vertical axis shows the expected values for each observation. The data 

points should fall on a straight line, ranging from the lower left comer to the upper right 

comer, if the sample water data is normally distributed. When the water use of 

respondents and nonrespondents was plotted, the data deviated from the straight line on 

the left end and even more significantly on the right end (Figure 5 .2). It was clear from 

the convex shape of the data that both the respondents' and nonrespondents' water use 

data were not normally distributed, and parametric tests could not be used with 

confidence on the data as such. The lower bound of zero and the steep slope on the right 

side of the graph are indicative of right or positively skewed data. Nonlinearity of water 
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data on these plots is typical, as negative values of consumption do not exist, and the 

occurrence of extremely high values of water usage occur regularly. 
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5.2 Transformations 

In a situation where data are not normally distributed, one option is to transform 

the data. Transformations express the data values in new units making the distribution 

more symmetric, linear, and constant in variance (Helsel and Hirsch, 1992). In this 

particular case, with an asymmetric distribution representing positively skewed water 

data, a transformation may make the distribution more symmetric, therefore, allowing the 

use of parametric statistical methods. 

To express the data values in new units, transformations utilize power functions , 

y = X
8

, where X is the Untransformed data, 8 is the power exponent, and y is the 

transfonned data (Helsel and Hirsch, 1992). According to Helsel and Hirsch, any value 

of e less than one is appropriate to use on positively skewed data to make it more 

symmetrical. The base-l 0 logarithmic transformation is typically used with positively 

skewed data, therefore, it was the first transformation attempted. If log normally 

distributed, after transformation, the probability plot will be as described above, with the 

data points falling approximately on a straight line. The majority of the data points did 

fall on a straight line in this probability plot (Figure 5.3). Only the very small values and 

the very large values deviated from the straight line. It was assumed from interpretation 

of the graphs that the data was log normally distributed, however, for verification, the 

Lilliefors Test for Normality was run on the log transformed data groups to confirm they 

did not differ significantly from a normal distribution. 
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5.3 The Lilliefors Test For Normality 

The Lilliefors test evaluates whether the standardized sample distribution is 

normally distributed. To begin, the log transformed water data is standardized to its 

sample standard score (z-score). This requires that the sample mean, x, of the water 

usage data be subtracted from each value, xi, of water usage. This difference is then 

divided by the sample standard deviation, s. The equation for standardizing is as follows: 

Z. = x i - x 12 
1 

i= , , ... , n. 
s 

where the sample mean is: 

1 n 

x = - Lxi 
n i= l 

and the sample standard deviation is: 

1 II 2 

s= - L(xi -x) 
n -1 i= l 

(Conover, 1980). 

The standardized data's distribution is plotted and compared to a normal distribution with 

a 1nean of zero and a standard deviation of one. The test statistic is determined by 

comparing these distributions and is defined as the maximum vertical distance between 

the normalized sample distribution and the normal distribution. (Conover, 1980). 
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The null hypothesis (H0) of the Lilliefors test for both data groups, 

nmrrespondents and respondents, is that the log transformed water data does not differ 

significantly from a no1mal distribution. A predetermined alpha-value (a) of 0.1 was 

chosen. The alpha-value or significance level is the probability of incorrectly rejecting the 

null hypothesis. Rejecting the null hypothesis when it is in fact true is known as a type I 

error. The alpha-level is set by the researcher a priori. This value is usually set at five 

percent (0.05) and does not depend on the data, only on the risk the researcher is willing 

to take on having a type I error occur. The higher alpha level (0.1) used in this case 

increases the power to detect non-normality, but also increases the chance of a type I 

error occurring. This is done because the Lilliefors test tends to have low power, making 

it more susceptible to type II errors (accepting the null hypothesis, when it is in fact 

false). Therefore, it is better to allow for a higher chance of a type I error. 

The null hypothesis should be rejected at the significance level of a = 0.1 , if the 

test statistic is greater than its 0.90 or (1 - a) quantile. The 0.90 quantile is determined 

from the Tables of Quantiles of the Lilliefors Test Statistic for Normality using the 

.805 

-Jn 
equation 

for n > 30 

(Conover, 1980). 
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SYSTAT calculated the maximum difference (test statistic= 0.90 quantile) from the 553 

cases of nonrespondents to be 0.032 with a probability of 0.186. For the 405 cases of 

respondents, the maximum difference was 0.024 with a probability of 0.819. The 

probability or p-value, which is derived from the data, is the probability of obtaining the 

computed test statistic when the null hypothesis is true (Helsel and Hirsch, 1992). It is a 

tenn used to quantify the evidence against, and measure the believability of the null 

hypothesis. The value of p determines the likelihood of a test statistic being observed, 

therefore, the s1naller the p-value the less likely the test statistic will be observed when 

the null hypothesis is true, and the stronger the evidence for rejection of the null 

hypothesis. 

When the p-value is less than the alpha-level the null hypothesis is rejected. In 

tum, when the p-value is greater that the alpha-value the null hypothesis is not rejected. 

It should be noted that when the null hypothesis is not rejected, that does not mean it is 

accepted. The null hypothesis is assumed true, unless there is sufficient evidence to reject 

it. Therefore, for both nonrespondents and respondents, the null hypothesis that the 

distribution of log transformed water use data does not differ significantly from a normal 

distribution cannot be rejected. 

The information gained from the Lilliefors test indicates that parametric tests may 

be used on the data because their distributions do not differ significantly from a normal 

distribution. However, pursuant to determining that the water data for nonrespondents 

and respondents was log normally distributed, it was decided that nonparametric methods 
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would be performed on the data as well as parametric methods (provided the data was 

normally distributed). 

5.4 Parametric versus Nonparametric 

parametric statistics are exact solutions to approximate 
problems ... nonparametric statistics are approximate 

solutions to exact problems (Gibbons, 1993) 

As stated earlier, parametric tests assume the sample data fits a nom1al 

distribution. Thus, uncertainties ensue when parametric tests are used on data which are 

not normally distributed. Incorrect conclusions and misleading parameters result because 

parametric tests lack the power to detect what is happening with non-normally distributed 

data. More specifically, type II errors result. The reason for this is that the test statistic (a 

point value that sumn1arizes the data) for parametric tests is calculated using the mean 

and standard deviation of the sample data (Helsel and Hirsch, 1992) and in non-normally 

distributed data, the mean and standard deviation are not representative of the data 

because it does not possess the symmetric bell shaped curve. Often, with water data, 

distributions show a heavy tail to the right, indicating positively skewed data. 

Transfonnations, as discussed previously, may bring the data closer to a desired 

distribution. Even so, a test for normality used on the transformed data may not be able 

to detect a small departure from normality. The deviation from normality may be just 

large enough to significantly weaken the power of the parametric test (Helsel and Hirsch, 



75 

1992). Therefore, nonparametric tests should be considered viable alternatives and 

conducted even if the data appears to fit a certain distribution. 

Nonparametric statistical methods are based on a test statistic with a sampling 

distribution independent of the population's distribution (Gibbons, 1993). The validity of 

inferences made when these nonparametric or distribution free statistical methods are 

used are not contingent on the distribution of the sample values (Maritz, 1995). 

Information is determined from the data by ranking the data and comparing each value 

with all of the other values (Helsel and Hirsch, 1992). 

5.5 Nonparametric and Parametric Tests Conducted 

The nonparametric Kolmogorov-Smimov test was conducted first. This test 

con1pares if two or tnore samples have the same distribution. Once again this test lacks 

power, therefore an alpha-level of 0.1 was chosen. The null hypothesis states that the 

nonrespondents and respondents water data come from the same distribution, and 

therefore have the same mean, standard deviation and shape. With a p-value of 0.214, 

this hypothesis could not be rejected. A graphical presentation comparing the 

nonrespondents and respondents water data distributions was done using the log 

transformed data. Both are plotted on the same graph and clearly it can be seen that the 

distributions are similar (See Figure 5 .4). 

The Mann-Whitney U test is a nonparametric hypothesis test (equivalent to the 

parametric t-test) that compares the central tendency of two independent random samples 
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of different sizes assumed to be drawn from the same population, or populations with 

medians that are the same (Langley, 1970). When compared with the customary 

parametric tests, a loss of power is the only consequence of using the equivalent 

x resp 
o nonres 

4 5 6 
LOG ANNUAL WATER USE 

Figure 5.4 Comparison of Respondents' and Nonrespondents' Log Annual Water Use 

nonparametric test. Power, as defined earlier, is "the probability that a test will reject the 

null hypothesis when it is in fact, false" (Voelker and Orton, 1993), meaning there is a 

higher level of probability of rejecting the null hypothesis (Ho = medianR = medianN), 

when it is actually true (Langley, 1970). 

The process that the Mann Whitney U test uses to determine if the difference 

between medians is statistically significant is as fo1lows: all of the water data values (xi) 

for both respondents (i = l,2,3 .. . n) and nonrespondents (i = 1,2,3, ... m) are put into one 

group and ranked from lowest to highest. The smallest value receives a rank of one (r = 

1 ), followed by the next smallest receiving a rank of two, etc. If values are tied, each is 

assigned an average rank value. When each value has received a rank, they are separated 

back into their respondent and nonrespondent categories. This is followed by the 
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computation of the test statistic W, which is the sum of the ranks for the smaller sized 

smnple group, in this case the respondents. 

Next, the theoretical1nean and standard deviation of Ware calculated using the following 

formulas: 

J.l= 
n(N + 1) 

2 

where: 

f.1 =mean 
N=n+m 
n is the sample size of the smaller group; 
m is the sample size of the larger group 

(Helsel and Hirsch, 1992) 

In case of ties, as is the situation with this data, the standard deviation equation is: 

CY = standard deviation 

CY= 

where 

N 

LRi2 
i=l 

nm ~ 2 nm( N + 1) 2 

~R----:'-----~ 
N(N -1) k=l k 4(N -1) 

is the sum of squares of all the ranks of both samples (Conover, 1980). This is followed 

by calculating the standardized form of the test statistic W. If Z is less than Z1_a12, which 
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is the 1-a/2 point on the standard normal probability distribution, then the null hypothesis 

may not be rejected. 

Z = standardized form of W 

w- 1/ - Jl 
Z= 1 2 if W> J1 

(j 

Z=O if W= J1 

Z= W+ li -p 
if w < Jl 

(j 

(Helsel and Hirsch, 1992) 

When conducting the nonparametric Mann Whitney U test, the null hypothesis for 

this research states the median of the respondents is equal to the median of the 

nonrespondents, H 0 = medianR = median . The alpha-level for this test is 0.05 and the 

probability is 0.085. This indicates once again, with the p-value greater than the alpha-

level, that the null hypothesis stating that the mediums of the two groups are equal cannot 

be rejected. 

The parametric test for comparing central values of two independent groups of 

data is the t-test. It is assumed that the two groups being compared are normally 

distributed around their respective 1neans. If any difference exists between the two means 

it is assumed to be additive. In SYSTAT, the pooled variance t-test assumes that the 

population variances for the two groups are equal, meaning the shapes of the distributions 

are the same. The test statistic equation for the pooled variance t-tests follows: 



for pooled variance: 

s~ ( ] + _ _!_J 
nN nR 

N = nonrespondent 
R = respondent 

where 

degrees of freedom= (n N + nR- 2) 
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(SYSTAT, 1997) 

Using the log transfonned values, the null hypothesis is stated as: the mean of the 

respondents' annual water use is equal to the mean of nonrespondents' annual water use, 

H 0 = x R = x N • The research hypothesis (H1) is the opposite of the null hypothesis, 

H 1 = x R -::1:- x N , and may either be one sided or two sided. For example, a one-sided 

research hypothesis would be: the log mean ofnonrespondents' water use is greater than 

the log mean of respondents' water use. The research hypothesis is the statement about 

the data thought to be true if the data indicates the null hypothesis is unlikely. 

The alpha-level chosen for the pooled variance two-sided t-test is 0.05. Using the 

log transformed data, a mean value of 5.014 (103,276 gallons per year) and a standard 
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deviation of 0.242 was calculated for nonrespondents and a mean value of 4.990 (97,724 

gallons per year) and a standard deviation of 0.236 was calculated for respondents. The 

test statistic calculated for the two-sample t-test was 1.588 with a probability of 0.113. 

The probability or p-value of 0.113 is greater than the alpha-level (0.05), therefore, the 

null hypothesis cannot be rejected. It is assumed that there is no significant differences 

between the log mean of the nonrespondents and the log mean of the respondents, which 

lends strength to the statistics that follow in Chapter Six. 

With the outcome of the hypothesis tests, and therefore knowing the 

validity of the estimations to come, descriptive statistics were calculated using the 

responses to the landscaping survey (See Chapter 6.1 ). These statistics included 

II x . 
percentages, and point estimates such as means and medians. Means, .X = L _.!_ , defined 

i= l n 

as the sum of all the data values (xi) divided by the sample size (n ), are sensitive to 

outliers and are not a "resistant" measure of location (Haan, 1977). This means that an 

outlier value has much more influence on the resulting value of the mean (Helsel and 

Hirsch, 1992). The median is known as 50th percentile (P.50) and is defined as the central 

value of a distribution when the data are ranked in order of magnitude. The median is 

considered a resistant measure of location and is not strongly influenced by a few extreme 

observations (Helsel and Hirsch, 1992). This makes the median preferable to the mean. 

To determine the median, the data points are ranked from smallest to largest, and if the 

nu1nber of observations (n) is odd, the equation used to calculate the median is x(n+l), 2 . If 
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n IS even, the median is calculated using the equation: 1 ( ) - x +x 
2 (nl2) (n 2)+1 · 

For this 

research, both the mean and median were calculated because as in this case, if data is 

skewed from outliers, the mean does not equal the median. Providing both these values is 

more beneficial when estimating the parameters of the exterior water use of newer single 

family residences. In addition to the descriptive statistics, regression analyses were 

performed using the survey responses and the water data provided by Tucson Water and 

Metro Water. 

Before any regressions were run, the respondents were randomly separated into 

two groups. This was done for validation purposes. The group used to create the models 

consisted of 205 respondents and the group used to run the models consisted of 199 

respondents. The model and the results were analyzed to determine if these models were 

appropriate. After confirmation of their suitability, the entire data set ( 404 respondents) 

was used to create a new model which was run on all of the data. 

5.6 Linear Regression Analysis 

A regression model is used to predict the behavior of a dependent variable (a 

variable of interest). For this research the dependent variable is the annual water 

consumption of new single family homeowners. To estimate annual water use, the 

method of least squares is used on the sample data and what results is a linear regression 

n1odel in the form of: 



where 

y = dependent variable 
x = independent variable 

E = error term 
/30 = y intercept (value ofy when x = 0), which 

is equal to y - /31 x 

/31 =slope of the line (number of units y changes 
when x changes by one unit) of best fit, 

which is equal to 

II 

Lx~ -n(x) 2 

i=l 

where 

~"Y = the sum of the xy cross products 
SSx = the sum of the squares x 
n = number of observations 
x =the 1nean of the independent variable 
y =the mean of the dependent variable 
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(U.S. Environmental Protection Agency, 1997) 

The 1nethod of least squares finds the prediction line that minimizes the sum of the 

residuals, which are the observed values minus the predicted values. 

Once a linear regression model has been formed, the model is analyzed. The 

analysis includes the t-statistic, the correlation coefficient, the coefficient of 

detem1ination, the F statistic, and the standard error of estimate. The t-statistic is 

calculated by dividing /30 and /31 by their standard error (SE). 



1 (xY SE(/30 )=s -+
n SSx 

where 

s = standard error of the regression, which is 
equal to the standard deviation of the residuals 

1 n 2 

s= - Lei 
n -2 i=I 

e =residual error, which is equal to actual minus 
predicted 

e = Yi - Y 
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(U.S. Environmental Protection Agency, 1997) 

This value is then compared to values from the t-distribution. The higher the value of the 

t-statistic, the greater the significance and the smaller the associated p-value. For the 

constant, (/30), the t-statistic tests the significance of the difference of the constant from 

zero. The other t-statistic tests the significance of the slope, (/31), or in other words and in 

this case, the significance of the correlation between the independent variable and the 

annual water use. The coefficient of determination, R2
, is the proportion of the total 

variation in the dependent variable accounted for by the independent variable. 
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where 

n. 

ssy = LY: -n(y)2 

i= l 

and 

II 

SSE= Le,~ 
i=l 

The value of R2 ranges between zero and one. A value of one would indicate that all the 

observed y values are on the regression line. The correlation coefficient, R, is the 

correlation (strength of the linear relationship) between the independent variable and the 

dependent variable, and is the square root of R2
• The value of R ranges from negative one 

to positive one, with zero indicating no correlation. The F-statistic evaluates the overall 

1nodel and is indicative of how much the independent variable helps to explain the 

variation in the dependent variable. It is used to test the hypothesis that the slope, (/31) , is 

zero. Lastly, the standard error of estimate is the square root of the residual mean square 

and indicates how variable the estimates of annual water use will be. "The standard error 

of estimate is the average (quadratic mean) of the deviations about the line of regression" 

(Arkin and Colton, 1970). 
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5. 7 Multiple Linear Regression Analysis 

A multiple linear regression model was formed using SYST AT's backward and 

forward stepwise method to find the best independent variables for predicting water use. 

Backward stepwise regression begins will all the variables in the model, while forward 

stepwise regression begins with no variables in the model and with each step allows the 

user to add variables. A multiple linear regression model takes the form of 

Analysis of the linear regression n1odel did not include the adjusted squared multiple R 

and the tolerance value. These values are only relevant in multiple linear regressions. 

The equation for the adjusted squared multiple R is: 

n = number of cases 
p = number of predictors including the constant 

(SYSTAT, 1997) 

The tolerance is one minus the correlation coefficient of a predictor and the remaining 

predictors in the 1nodel. The closer this value is to zero the more the variables show 

multicollinearity, which can affect the accuracy of the model. 

In addition to the analysis of the regression models, the residuals (actual annual 

water use minus predicted annual water use) were analyzed for each regression model and 

the DWR's model. This analysis included the median, mean, standard deviation, 

coefficient of variance, skewness and percent bias. Having already defined the median 
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and mean, the standard deviation, s, is defined as the spread of values or the degree of 

dispersion in each distribution. 

s= 

The coefficient of variation is defined as the standard deviation divided by the mean. 

Skewness, g, measures the symmetry of the sample distribution with the equation: 

n 11 (x. - x) 3 

g= L __:_l_ 
(n -1)(n- 2) i= l s 3 

Lastly, percent bias is the predicted value minus the observed value divided by the 

observed value, multiplied by 100. 

The survey results, including percentages, means and medians, along with the 

results of the model analysis and the linear and multiple regressions follow in Chapter 

Six. Knowing that the hypothesis of similar distributions, means and medians was not 

rejected, it can be stated with confidence that the results found in the next chapter are 

representative of the new single family home population (built after 1991) in the Tucson 

AMA. 
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CHAPTER SIX 

RESULTS 

6.1 Survey Results 

The descriptive statistics follow in questionnaire format: 

1. When was your house built? 
n = 645 
year responses percentage 
1992 71 11.0 
1993 137 21.2 
1994 197 30.5 
1995 150 23.3 
1996 88 13.6 
1997 2 0.3 
mean = 1994 
median = 1994 

2. Do you have a swimming pool? 
n = 648 

responses percentage 
yes 105 16.0 
no 542 84.0 

If yes, when was your pool installed? 
n = 100 
year responses percentage 
1992 6 6.0 
1993 7 7.0 
1994 21 21.0 
1995 32 32.0 
1996 31 31.0 
1997 3 3.0 

Do you have a swimming pool cover? 
n = 103 

responses percentage 
y 61 59.2 
no 42 40.8 



If yes, what months do you use the pool cover? 
n = 61 
month 
January 
Feb mary 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Yearly average usage of pool cover 
n = 61 
mean = 6 months 
median = 6 months 

responses 
27 
28 
31 
38 
32 
24 
20 
22 
39 
38 
28 
26 

3. Do you have an outdoor hot tub, sauna, Jacuzzi, pond or fountain? 
n = 644 

yes 
no 

If yes, do you usually keep it covered? 
n = 132 

yes 
no 

responses 
135 
509 

responses 
72 
60 

4. Do you have an indoor hot tub, sauna or Jacuzzi? 
n = 639 

yes 
no 

responses 
48 
591 

5. Do you have an outdoor misting system? 
n = 642 

yes 
no 

responses 
78 
564 

If yes, how many times per week do you use it during the summer? 
n = 70 
mean = 4 times per week 
median = 3 times per week 

percentage 
44.3 
45 .9 
50.8 
62.3 
52.5 
39.3 
32.8 
36.1 
63.9 
62.3 
45.9 
42.6 

percentage 
21.0 
79.0 

percentage 
55.0 
45.0 

percentage 
7.5 
92.5 

percentage 
12.0 
88 .0 

88 



6. Is your landscaping maintained regularly by professionals? 
n = 645 

yes 
no 

7. Do you have turf grass that you water? 
11 = 644 

yes 
no 

responses 
67 
578 

responses 
179 
465 

If yes, how many square feet is the area that you water? 
n = 172 
mean = 5 63 square feet 
median= 500 square feet 

8. Which of the following, if any, do you have in your yard? 
n = 645 

garden 
vegetable 
herb 
mmual flower 

responses 
246 
77 
53 
206 

What is the total square footage of the vegetable/flower/herb gardens in your yard? 
11 = 225 
mean = 182 square feet 
median = 60 square feet 

9. Number and type of plants on your lot. 

percentage 
10.4 
89.6 

percentage 
27.8 
72.2 

percentage 
0.4 
11.9 
8.2 
31.9 

David Johnson of the Arizona Department of Water Resources Tucson Active Management Area 
organized plant survey data according to type and water demands. 
n = 519 
plants trees gmdcvrs accents shrubs vmes 
low water use mean 6.0 1.0 4.0 4.0 1.0 

median 3.0 0.0 1.0 2.0 0.0 
medium water use mean 0.0 4.0 1.0 6.0 2.0 

median 0.0 0.0 0.0 3.0 0.0 
high water use mean 2.0 4.0 0.0 0.0 0.0 

median 1.0 1.0 0.0 0.0 0.0 
total number of plants plants other than trees 
n = 519 n = 519 
mean = 29 plants per lot mean = 22 plants per lot 
median = 19 plants per lot median = 13 plants per lot 

89 
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10. Circle the diagram that best represents the amount (density) of vegetation (trees, shmbs, small plants) 
on your lot. 
n = 630 
density 
low 
medium low 
medium high 
high 

responses 
87 
323 
187 
33 

11 . Which of the following ways do you water your yard? 
n = 645 
method 
drip irrigation 
sprinkler on garden hose 
gray water 
garden hose 
in-ground sprinkler 
roof top water harvesting 

responses 
551 
66 
6 
231 
130 
28 

12. Is your watering system controlled by a timer? 
n = 622 

yes 
no 

responses 
389 
232 

If yes, do you know how to reset the timer? 
n = 385 

yes 
no 

responses 
366 
19 

If yes, how many times a year do you reset the timer? 
n = 352 

monthly 
twice a year 
four times a year 

responses 
25 
186 
141 

percentage 
13.8 
51.3 
29.7 
5.2 

percentage 
85.4 
10.2 
0.9 
35.8 
20.2 
4.3 

percentage 
62.6 
37.4 

percentage 
95.1 
4.9 

percentage 
7.1 
52.8 
40.1 

13. Indicate any landscape changes that have occurred on your lot during the time you have lived there. 
n = 643 
added responses percentage 
pond 20 3.1 
trees 336 52.3 
drip irrigation 263 40.9 
swinm1ing pool 56 8.7 
turf grass 129 20.1 
Jacuzzi 58 9.0 
sluubs 309 48 .1 
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removed responses percentage 

pond 9 1.4 
trees 5 0.8 
drip inigation 0.2 
swimming pool 6 0.9 
turf grass 13 2.0 
Jacuzzi 8 1.2 
shrubs 9 1.4 

14. Indicate any plans you have to alter your landscape in the future. 
n = 643 
additions responses percentage 
pond 14 2.2 
trees 166 25.8 
drip irrigation 91 14.2 
swimming pool 34 5.3 
turf grass 61 9.5 
Jacuzzi 48 7.5 
shrubs 181 28.1 

removals responses percentage 
pond 0 0.0 
trees 0 0.0 
drip irrigation 0.2 
swinuning pool 0.2 
turf grass 5 0.8 
Jacuzzi 0 0.0 
shrubs 2 0.3 

15 . What is the square footage of your lot? 
n = 485 
mean = 20873 square feet 
median= 7000 square feet 

16. What is the square footage of your home? 
n = 607 
mean = 211 0 square feet 
median = 1800 square feet 

17. Which of the following indoor water treatments do you use? 
n = 643 

responses percentage 
reverse osmosis 94 14.6 
other in-home treatment 33 5.1 
water softener 140 21.8 
filter on tap 91 14.2 



18. Is your house on a septic system? 
n = 616 

yes 
no 

responses 
80 
536 

19. Which of the following do you use to cool your home? 
11 = 643 

evaporative cooler 
air conditioner 

responses 
92 
599 

20. How long have you lived in southern Arizona? 
n = 618 
number of years 
up to 1 0 years 
11 to 20 years 
21 to 30 years 
3 1 to 40 years 
41 to 50 years 
51 to 60 years 
61 to 70 years 

21. How many people live in your home? 
n = 624 
number of people 
1 
2 
3 
4 
5 
6 
7 
8 

responses 
346 
121 
81 
50 
12 
5 
3 

responses 
75 
285 
110 
115 
30 
5 
2 
2 

22 . How many children under the age of 18 live in your home? 
n = 620 
number of children 
no children 
one child 
two children 
three children 
four children 
five children 

responses 
391 
88 
114 
20 
6 
1 

percentage 
13.0 
87.0 

percentage 
14.3 
93 .2 

percentage 
56 
19.6 
13.1 
8.1 
1.9 
0.8 
0.5 

percentage 
12 
45 .7 
17.6 
18.4 
4.8 
.8 
.3 
.3 

percentage 
63 .1 
14.2 
18.4 
3.2 
1.0 
0.2 
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Sotne of the above statistics were used in the Third Management Plan's new 

single family home exterior water use model to determine a portion of the municipal 
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target rates. How these statistics were incorporated into the DWR's exterior water use 

model for use in the Third Management Plan is explained in Section 6.3. The additional 

statistical analysis performed on the returned survey data will follow. 

6.2 The Model 

For management of municipal water, the DWR separates municipal water use into 

residential and nonresidential sectors. Residential water use is broken down into single 

family and multi-family categories. The DWR further classifies water use in these 

categories into interior and exterior water requirements. Water that enters the sewage 

system is counted as interior usage and contributes to effluent that n1ay be reused or 

recharged. Examples of exterior uses include landscape irrigation, filling and 

maintenance of pools and hot tubs, and cooling with an evaporative cooler. Exterior uses 

do not result in any byproduct - water is evaporated or consumed by the plants. Indoor 

use is relatively constant and depends on the number of people in the housing unit, 

whereas, outdoor water use varies greatly depending on the type of landscape and the 

tin1e of year. For these reasons, the DWR models interior and exterior water demands 

separately. 

The model used by the DWR to predict the exterior water demands of new single 

family homes for the Tucson AMAin the Second Management Plan is as follows: 



Pool Use 

EXTERIOR WATER USE MODEL 
FOR NEW DEVELOPMENT 

Evaporative Cooler Use 

Landscape use 

TOTAL 

GPHUD 

28.6 

11.7 

37.5 
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(DWR, 1991) 

The water demand for single family homes in new developments is in gallons per housing 

unit per day (GPHUD) which for the Second Management Plan was converted into the 

GPCD rate "based on the number of persons per housing unit for the particular service 

area" (DWR, 1991). If one assumes 2.84 persons per household, as was done for the 

above model, the 78 GPHUD rate equates to 27.5 GPCD. 17 Appendix B demonstrates 

how these GPHUD rates were determined and shows various alternative landscaping 

designs achieving this target rate. 

6.3 Model Changes As Result of Survey 

As previously stated, one of the objectives of this research is to use the 

information from the exterior water use survey to verify and update the Second 

Management Plan's Exterior Water Use Model For New Development for use in the 

Third Management Plan. The data collected from the survey did alter the parameters of 

16 77 .8 GPHUD is equal to 28,397 gallons per year 
17 27.5 GPCD is equal to 10,038 gallons per capita per year. 
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the model. Only the information and data pertaining to the revisions of the model are 

discussed. 

The Tucson AMA' s model to be used for determining the target rates of exterior 

water demands in new single family homes in the Third Management Plan is as follows: 

EXTERIOR WATER USE MODEL FOR NEW SINGLE FAMILY 
RESIDENTIAL DEVELOPMENT 

Pool Use 

Spa Use 

Evaporative Cooling 

Landscape Watering 

Single Family Residential Exterior Total 

Model Use Rate 

12 GPHUD 

3 GPHUD 

5 GPHUD 

73 GPHUD 

93 GPHUD 

(DWR, 1998) 

A detailed explanation of the assumptions used by the DWR to determine the GPHUD 

target rate for the exterior water use of new single family homes follows in Appendix C. 

In the Second Management Plan, water savings from swimming pool covers were 

assumed to be 9,853 gallons per year. This was based on the premise that all pool owners 

use a cover 100% of the time throughout the months September to May. New data 

received from the exterior water use survey reveals that only 59.2% of the new single 

fatnily home population use a pool cover. The information from the survey also indicated 

that pool covers are used predominantly during October through April. The DWR's new 
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single fmnily home exterior water use model was altered to reflect the percentage of pool 

cover users, the shortened pool cover season, and the change in water savings. 

It was estimated from the survey data that approximately 16% of single family 

homeowners have a swimming pool. An additional 34 respondents indicated they plan to 

add a swimming pool in the future. The DWR decided, therefore, to assume 21 o/o of the 

new single family homeowner population have a swimming pool. Therefore, the total 

am1ual water demand for swimming pools is estimated by the DWR's model to be 4,393 

gallons per year, or 12 GPHUD. This amount replaces the values in the Second 

Management Plan of28.6 GPHUD for homeowners using a pool cover and 55.6 GPHUD 

for those who do not use a pool cover. This amount decreases significantly in the model 

for the Third Management Plan. 

Unlike the Second Management Plan's model, the Third Management Plan's 

exterior water use model estimates the water demands of outdoor spas. The survey data 

indicates that 21 o/o of the population have a spa and 55% of those spa owners use a cover. 

The DWR assumes use of the spa cover from October to April. The total amount of 

water needed for spas for single family housing units is estimated to be 1,148 gallons per 

year or 3.15 GPHUD. 

The Second Management Plan's New Residential Model for Exterior Use 

estimated that 63.5o/o of single family homeowners used only evaporative coolers, while 

19.5% used only an air conditioner. Approximately 16.1% of the water consumers were 

estitnated to use both. The 1997 survey data indicates that single family homeowners 
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who use only evaporative coolers as a means of cooling has dropped significantly to 

3.9o/o, while 85%, a dramatic increase, are estimated to use only an air conditioner. The 

percentage of homes with both evaporative coolers and air conditioners has dropped to 

14.3%. In the Third Management Plan, the assumed total amount of water consumption 

for single family housing units with evaporative coolers was calculated to be 1,649 

gallons per year or 4.5 GPHUD. This is a significant drop from the 11.7 GPHUD 

allocated in the Second Management Plan which is due to the decrease in users of 

evaporative coolers. 

Assumptions of the landscaping water requirements for the Third Management 

Plan's exterior water use model are based on the percentage of the population with, and 

the water demand estimates of the average turfgrass area, garden area, and number and 

type of plants. From survey results, the average turfgrass area is estimated to be 500 

square feet and approximately 27.8o/o of the single family homeowners have turfgrass. 

The percentage of single family homeowners with gardens was also included in the Third 

Managetnent Plan's exterior water use model. Approximately 38% reported having a 

garden, and the average garden area is 60 square feet. The average number of trees found 

on lots of single family homeowners are: 1.6 high water use species, 0.4 medium water 

use species, and 5.9 low water use species. The average number of shrubs, accents, 

groundcovers, and vines found are: 1.0 high water use species, 12.0 medium water use 

species, and 8.6 low water use species. The total vegetation water requirements (turf, 
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gardens, plants) were added to determine an amount of 26,7 49 gallons of water required 

per year, which equates to 73 GPHUD. 

The GPHUD amount for landscaping alone (73 GPHUD) is close to the target rate 

which was set for the Second Management Plan, 77.8 GPHUD. The overall total target 

rate estimated for the Third Management Plan's Exterior Water Use Model For New 

Residential Development Single Family Units is 93 GPHUD. Intuitively, this increase in 

the target rate for new single family homeowners seems to go against the purpose of the 

management plan to bring the Tucson AMA closer to safe yield. However, the data, 

research and time that the D WR incorporated into and devoted to creating this model -

the higher GPHUD must be a more accurate and realistic target rate. The DWR used 

more information to characterize each of the determinants used in the Third Management 

Plan's model. Existing determinants were updated to reflect current trends, and 

additional information such as the percentage of the population with outdoor spas and 

gardens was incorporated into the model. With all this information included in the model, 

it should be representative of the exterior water use of new single family homeowners 

within the Tucson AMA. 

6.4 Further Analysis 

Several other interesting water use characteristics were found from the survey 

data. Approximately 85o/o of single family homeowners water via drip irrigation. This is 

a substantial difference from the 1 °/o noted in the (1983) Woodard and Rasmussen study. 
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The use of in-ground sprinklers has also increased from approximately 12o/o to 20o/o. The 

popularity of sprinklers and hoses is increasing as well from 22% to 46%. Although 

more homeowners are using a more efficient method of irrigation (drip irrigation), it 

appears that the use of all types of watering methods is increasing. This type of 

information gained from the exterior water use survey is priceless to water providers and 

planners alike. Encouraging, and to the credit of providers and planners, is the shift to 

drip irrigation. Education, regarding watering methods, has obviously been targeted 

appropriately and the techniques used should be continued. However, from the survey 

information, plam1ers and providers must address the increase in overall watering 

methods. 

One of the objectives of this research is to determine if and why water use is 

increasing over time for new single family homes (with low flow plumbing devices). To 

see if water use increases with the age of the home, the respondents' data was categorized 

by the year the house was built and plotted against annual water use (See Figure 6.1 ). 

The graph shows a general trend - on average, the older the home the more water is uses, 

with the exception of 1995, which seems to be an anomalous year. A similar graph using 

the age of the home and the number of plants on the lot was plotted (See Figure 6.2). 

One would think, the older the home, the more vegetation. As can be seen from the 

graph, this is the case, except again for 1995. 
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Other variables were analyzed to see if they influenced water use over time. The 

data, broken down by the age of the home, showed that the older the home the greater the 

percentage of single family homeowners with turfgrass (See Figure 6.3). From the 

survey, using the homeowners estimate of vegetation density on their lot, one can see a 

definite trend (See Figure 6.4). Respondents of the newer homes report higher 

percentages of low and medium-low vegetation densities, while respondents of the older 

homes report a higher percentage of medium high vegetation densities. The data 

confirms the trend expected: older hotnes (with low flow devices) are using more water 

over time and contributing to this are the increases in vegetation and turfgrass. 

I _._percentage with twfgrass 13 

10~--------------------------------------------------

sr----------------------------------------------------: 

0~--------------~----------------~--------------~ 
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Figure 6.3 Percentage of single family homes with turfgrass 
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Delving deeper into the information provided by those survey respondents with 

turfgrass, approximately 57% have children under 18 living in the home. Knowing the 

number of children per household, which was provided by the survey, it was determined 

that the percentage of homeowners with turfgrass increases up to two children, then 

begins to decline (See Table 6.1 ). In light of this information, residential developments 

could provide common areas with turfgrass and playgrounds. Not only might this 

eliminate the desire of individual homeowners to have their own patch of turfgrass, but 

with one designated area, watering methods could be controlled by management, 

allowing for better efficiency. In fact, with the retention/detention requirements in force 
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by the City of Tucson and Pima County, developments could be designed so that 

stormwater runoff drained to these common areas to turfgrass and other landscaping 

vegetation. This would not only achieve the requirements of retention/detention, but also 

reduce the water demand, even if inconsistently due to the sporadic nature of precipitation 

in the Tucson AMA. 

Table 6.1 Children and turfgrass 

children in home 
1 
2 
3 
4 

homes with turfgrass 
32% 
53% 
45% 
17% 

The survey asked for the year the house was built, and if there was a pool on the 

lot, the year it was installed. According to the responses, 52% of the homeowners put in 

a pool within the first year of having their house built. Approximately 30% input a pool 

within the second year, and 12% within the third year. This represents yet another 

opportunity for planners and providers. Clearly, since the majority of homebuyers 1nake 

decisions on having a pool within the first year of building, the titning for 

education/intervention on water conservation is before the purchase or at least within the 

first few months after purchase of the home. 

One of the benefits of conducting a survey is receiving information you would not 

be able to access otherwise -- this is the case with the next bit of information. Although 

not a question asked, respondents indicated along the borders of the survey that while 



104 

they owned pool covers, they often do not use them because of their difficulty. This 

information, along with the information on pool and turfgrass installation is helpful and 

insightful to planners. There is an obvious need for intervention with the developers and 

homebuyers alike. The potential for water savings could be substantial if developers 

included community pools and common turfgrass areas in their developments and if pool 

covers were made n1ore user friendly and mandatory. 

6.5 Interior, Peak Exterior, and Total Peak Demand 

In an effort to characterize exterior water use of single family homes built after 

1991 the data were analyzed further. As similar studies have done, the interior water 

demand, the total peak demand, and the exterior peak demand were determined. Interior 

water demand was assun1ed to be the amount of water used in the month of lowest water 

use. The total peak demand was assumed to be the month with the highest water use. 

The exterior peak detnand was calculated to be the difference between the total peak 

demand and the interior water demand. 

To determine these three values, for every month through July 1995 to June 1996, 

the respondents' mean monthly water use was calculated. Only those respondents with a 

record of 12 n1onths of water use were included- a total of 405 respondents. The mean 

value in gallons per month was divided by 30 days18 to get gallons per day. 

18 Thirty days is the average billing cycle of Tucson Water. 
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The month of February had the lowest water use and was therefore evaluated to 

determine an interior water demand with a mean value of 188 gallons per day and a 

median value of 150 gallons per day. May showed the highest water usage and was used 

to determine the total peak demand with a mean of 395 gallons per day and a median of 

299 gallons per day. From these values the mean peak outdoor demand was calculated to 

be 207 gallons per day and 149 gallons per day for the median. 19 

These values differ from those reported in the (1983) Woodard and Rasmussen 

study. Indoor uses were found to be 231 GPHUD (median 199). Approximately, 510 

GPHUD (median 431) was the value found for total peak water demand. The average 

peak outdoor use was 282 GPHUD (median 208) (Woodard and Rasmussen, 1983). Over 

the past 14 years, the interior water demand, the total peak demand, and the exterior peak 

demand have declined. 

6.6 General Comparisons 

General comparisons of the survey variables were also conducted. When looking 

at average exterior water demands/0 respondents with a pool without a pool cover 

consume 159% more water per year(~ 71,020 gallons) than homeowners without a pool, 

and those with a pool and pool cover use approximately 37,234 more gallons or 83 o/o 

19 Calculating these daily values in this way leaves plenty of room for error. For instance, the monthly 
water usage amounts are actually billing cycles, which range from 29 to 31 days, and sometimes even 32 
days. Thirty days is usually the norm, thus, this was the cycle assumed for determining the average daily 
water use . The distribution of the monthly water use for all respondents was not known, therefore, as was 
described in Chapter Five, the mean may not be a representative statistic. 
20 Exterior water use = annual water use - 12(the lowest monthly average water use) 
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more water than homeowners without a pooL Pools without a cover require 

approxi1nately 41 o/o more water than pools with a cover (an additional 33,786 gallons per 

year). 

Single family ho1neowners with turfgrass use 41% more water (18,434 gallons) 

on an annual basis than those without. When comparing the water use of homeowners 

with only a pool who used a cover to those with only turfgrass, their annual exterior water 

consumption is 30% greater (18,800 gallons). Intuitively, as one would expect 

ho1neowners with both a pool and turfgrass use more water than those with one or the 

other or neither. 

To determine what differences were statistically significant on these comparisons, 

Mann Whitney U tests were run with a chosen a-level of 0.05. The null hypothesis that 

the exterior water use of the two groups being compared was similar was rejected 

(meaning the difference in water use was statistically significant) when comparing 

homeowners with pools to those without pools (p = 0.000). When comparing the water 

use requirements of single family homes with pools that have covers versus those with 

pools without covers, a p-value of 0.190 was reported. The null hypothesis of similar 

water use for homeowners with turfgrass and homeowners without turfgrass was rejected 

(p = 0.000). When comparing the average exterior water use of respondents with pools 

and pool covers to those with turfgrass, the null hypothesis of similarity was rejected (p = 

0.033), indicating the difference is statistically significant. 
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Despite the reported p-value when comparing the water use of homeowners with a 

pool and no cover versus homeowners with a pool and a cover, the savings achieved from 

using a pool cover certainly add up. Suppose a population of new single family 

hon1eowners has 7,000 members. From the exterior water use survey we know that 16% 

of those members have a pool (approximately 1, 120 homes). Of those 1,120 homes, 60o/o 

use a pool cover (672), leaving 442 members of that population who do not use a cover. 

If those 442 homeowners used a pool cover, there could be potential savings of 

approximately 14.9 million gallons of water per year (33, 786 gallons per year multiplied 

by 442 homes). 

Gained from the survey the information of the percentage of the population with 

pools, pool covers, turfgrass, and other variables, along with the respondents' average 

annual water use, gives firm evidence and justification to planners and providers on 

where they need to focus their attention and efforts for conservation. This information is 

invaluable, especially in a situation as in the Tucson AMA where providers must meet 

target rates. Often, providers question the feasibility of reaching their target rates. This 

data will help to demonstrate where and how much water can be saved. 

6. 7 Regression Analysis Results 

It is often assumed, and past data have indicated, the higher the income and value 

of the home, the greater the water use. According to the (1983) Woodard and Rasmussen 

study, for every $1,000 increase in home value, peak outdoor use increases by 1. 5 gallons 
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per day. Therefore, to see if the value of the home influenced the amount of water 

consumed for the 1997 survey respondents, a linear regression was run. Home value was 

not one of the questions asked on the survey, therefore, this information was accessed for 

each respondent's residence from the website of the Pima County's Tax Assessor Office. 

How well this independent variable predicts annual water use is of interest because of its 

ease of accessibility. This data may be a quick, alternate predictor of annual water use 

when funds or time are lacking for in-depth research. 

Using only half the data (199) for purposes of validation, the value of the hmne 

was regressed against the dependent variable of annual water use. The resulting model is: 

annual water use= 63,386.611 + 0.305(value of the home). 

Table 6.2 shows the analysis of the linear regression model. With p-values equal to 0.000 

for the t-statistics, /30 and /3, are significantly different from zero. The value for the 

correlation coefficient, R, is 0.443, and shows the strength of the linear relationship 

between the value of the home and annual water use. The value for the coefficient of 

determination, R 2
, is 0.196 and is the proportion of the total variation in annual water use 

accounted for by the value of the home. Therefore, 20% of the variability in annual water 

use can be explained by the value of the home. The F-statistic, a value of 47.8, is an 

overall indication of how much the value of the home helps to explain annual water use. 

The p-value of 0.000 is for the hypothesis that the slope of the regression line is zero and 

because it is less than 0.05, this hypothesis is rejected, indicating the linear regression 

model is significant. 



Table 6.2 Analysis of Linear Regression Model 

t -statistic constant (/30) 

t-statistic home value (/3,) 
R 
R2 
F -statistic 
standard error of estitnate 

9.009 
6.914 
0.443 
0.196 
47.805 
50,478 

p = 0.000 
p = 0.000 

p = 0.000 
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Again, using the same half of the data (199) for validation purposes, independent 

variables were juggled in and out of the multiple linear regression model to detennine the 

combination of independent variables which predicted annual water use the best for the 

variables and water data supplied by the survey. The following model emerged: 

annual water use 

55,205.263 
+ 
0.143(value ofhome) 
+ 
17,361.008(number of children under 18 in home) 
+ 
275.795(total number of plants on lot) 
+ 
40,690.395(pool) 

The p-values for the t-statistic for all the independent variables of the multiple linear 

regression n1odel indicate that they are significantly different from zero. The tolerance 

levels of all the variables are close to one, therefore, multicollinearity is not an issue. The 

linear relationship, R, between the independent variables and annual water use is 0.648. 

The adjusted R2 shows that 41% of the variability in annual water use is due to the 
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independent variables in the tnodel. The hypothesis that the slope of the regression line is 

zero is rejected at the p = 0.000 level, indicating that this multiple linear regression 1nodel 

is significant. 

Table 6.3 Analysis of Multiple Linear Regression Model 

gal/year tolerance t -statistic p-value 
value ofho1ne 0.143 0.803 3.382 0.001 
children under 18 in home 17,361.008 0.987 5.596 0.000 
# of plants on lot 275.795 0.913 2.686 0.008 
pool 40,690.395 0.815 4.404 0.000 

R 0.648 
R2 0.420 
adjusted R2 0.405 
standard error of estimate 41,289.570 
F -statistic 28.782 p = 0.000 

The above two regression models were validated by ascertaining their accuracy on 

the other half (145) of the data. Statistics were computed on the difference value between 

the actual annual water use and the predicted annual water use on a house by house basis 

(See Table 6.4). From these statistics, it can be seen that the linear regression model 

using the value of the home for prediction, on average, on a house by house basis, 

overpredicts annual water use by 969 gallons per year. The multiple linear regression 

model, on average, by household, underpredicts by 1,1 71 gallons per year. 



Table 6.4 Statistics of difference between actual values and predicted values of annual 
water use 

value of home multiple linear regression 
Nutnber of cases 145 145 
Minimum -87,249 -127,572 
Maximum 524,790 490,331 
Median -18,311 -11,801 
Mean ofDifference -969 1,171 
Standard deviation 69,700 63,865 
Coefficient of Variation -72.0 54.5 
Skewness 3.94 4.02 
Percent bias -41 -36.5 
Standard ErrorofEstimate 50,478 41,290 
Minitnum Residual -117,263 -150,528 
Maximum Residual 247,728 465,460 

Overall, the predictions for each model are as follows: 

Table 6.5 Overall predictions for each model in gallons per year 

Predicted 
Actual 
Difference 

value of home 
14,993,684 
14,853,200 
140,484 

--------------------~ 

multiple linear regression 
14,683,371 
14,853,200 
-169,829 
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The average error of the validated set for both the linear and multiple linear 

regression falls within plus or minus two times the regression standard error. Knowing 

that the above two models are reasonable from the validation, using all of the data, the 

two regression 1nodels were formed again. The resulting linear regression model is: 



annual water use= 55,126.232 + 0.349(value of the home). 

Table 6.6 Analysis of Linear Regression Model 

t-statistic constant (/30) 

t-statistic home value (/JJ 
R 
R2 
F -statistic 
standard error of estimate 

9.708 
9.773 
0.446 
0.199 
95.511 
58,140 

p = 0.000 
p = 0.000 

p = 0.000 
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The linear regression model shows that for every $10,000 increase in home value, 

the annual water demand increases by 3,490 gallons per year, or 9.6 gallons per day. For 

every $1,000 increase in home value, annual water demand increases by 349 gallons per 

year or approximately 1.0 gallon per day. Recall from the Woodard and Rasmussen 

study an increase of 1.5 gallons per day for every $1,000 increase in home value 

(Woodard and Rasmussen, 1983). It appears that the value of the home continues to 

influence water use, (the higher the home value, the greater the water use). 

The multiple linear regression model that resulted is: 

annual water use 

44,659.168 
+ 
0.182(value ofhome) 
+ 
20,471.989(number of children under 18 in home) 
+ 
40,9.842(total number of plants on lot) 
+ 
36,097 .932(pool) 



Table 6. 7 Analysis of Multiple Linear Regression Model 

value of home 
children under 18 in home 
# of plants on lot 
pool 

R 
R2 
adjusted R2 

standard error of estimate 
F -statistic 

gal/year 
0.182 
20,471.989 
409.842 
46,097.932 

0.619 
0.383 
0.375 
52608 
47.288 

tolerance 
0.717 
0.966 
0.882 
0.786 

p = 0.000 
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t-statistic p-value 
4.494 0.000 
6.939 0.000 
4.359 0.000 
4.093 0.000 

The above two regression models and the DWR model were run using all the data. 

Statistics were computed on the residuals (See Table 6.8). From these statistics it can be 

seen that the DWR model underpredicts on average by 14,140 gallons per year. 

Table 6.8 Statistical Analysis of Residuals 

value of home multiple DWR21 

Number of cases 387 310 398 
Mini1num -123,621 -150,528 -81,453 
Maximum 523,670 465,461 536,587 
Median -9397 -5,771 367 
Mean 0 0 14,140 
Standard deviation 58,064 52,266 61 ,826 
Coefficient of Variation 3.26 X 1015 -1.55 X 1015 4.3 
Skewness 2.8 2.9 3.1 
Percent bias 13.6 

2 1 Calculation for DWR model is shown in Appendix D. 
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A graphical presentation of the residuals (actual annual water use m1nus 

predicted) is presented with a histograms. In addition, a scatterplot shows actual annual 

water use versus predicted annual water use. Visually, it can be seen from these graphs 

how accurate the models are at predicting. More importantly, the scatterplots show the 

respondents for which the regression models overpredicted annual water use. The DWR 

should learn more about the water use characteristics of these homeowners. 
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Figure 6.5 Linear Regression Model: (a) Histogram and (b) scatterplot showing actual 
annual water use versus predicted annual water use 
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Figure 6.6 Multiple Linear Regression Model: (a) Histogram and (b) scatterplot 
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The linear regression model is a fairly good predictor of annual water use. This is 

important, because this information accessed from the county tax office could be used as 

a quick predictor for water consumption when money or time is lacking. The multiple 

linear regression model is even a better predictor and could be used with confidence when 

estimates of annual water use are necessary. 
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Figure 6. 7 DWR Model: Histogram of difference between actual and predicted annual 
water use 

According to the prediction of the DWR model, when using the water use of the 

survey respondents, new single family homes would need to reduce their total water use 

(indoor and outdoor) by 13.6% to reach the Third Management Plan's target rate. The 

DWR states that on a house by house basis, this target rate may not be met. However, 

they believe overall, for an entire service area, when including multi-family residences, 

the overall rate including all municipal sectors could be met. It is the responsibility of the 

water provider to take measures to make this happen either through education or 

incentive programs. That is where the other information gained from the survey and 

other surveys becomes useful. 

Other linear regressions were run using the variables from the survey data 

collected as the independent variables and the annual water use as the dependent variable. 

The independent variables that seemed to have the most influence on single-family water 

consumption were: the area of the turfgrass, whether or not the homeowner had a pool, 
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the size of the lot, the number of people living in the home, the watering method (in

ground sprinkler), the total number of plants on the lot and the number of children under 

18 in the home. For every square foot of turfgrass, a single family homeowner's total 

water demand increases by 51 gallons per year (p = 0.001). So, for a 500 square foot area 

of turfgrass, which is the 1nedian value determined from the survey responses, the water 

requirement would be approximately 25,500 gallons per year. With every square foot 

increase in lot size, water use grows by 0.481 gallons (p = 0.000). For example, a one 

acre lot will average 20,952 gallons per year of water use, whereas a one and one-half 

acre lot will require approximately 31,429 gallons of water per year. Having an in

ground sprinkler requires on average 50,638 gallons of water per year (p = 0.000). For 

each person living in the home, approximately 18,159 gallons of water per year (p = 

0.000) are required . . Each plant on the lot, increases the annual water demand by 700 

gallons per year (p = 0.000). 

All of this information can help planners and providers not only in the Tucson 

AMA, but in other arid and semi -arid regions as well. Having the survey responses along 

with the respondent's water data allows one to determine not only how much water each 

of these variables requires, but also how much water potentially could be saved in the 

future. Also, an added benefit of a survey like this is the answered questions, such as the 

difficulty in using pool covers, which were not even asked. Conclusions regarding this 

research are made in the following chapter and recommendations for future research are 

suggested. 
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CHAPTER SEVEN 

CONCLUSIONS 

In late 1996, the opportunity arose to characterize the water demands of "new" 22 

single family homeowners within the Tucson AMA for the DWR. Tom Arnold of Tucson 

Water and a member of the Municipal Technical Advisory Committee took a cursory 

look at the 1995 water use of homes built after 1991 (all of which had low flow plumbing 

devices). Arnold found that the water use of these single family homes was less than the 

water use of homes built before 1992 (without the required low flow plumbing devices). 

However, over time, the water use of these newer homes was increasing. The DWR 

wanted to know why. It is deemed their responsibility by the GMA to manage the water 

use of the Tucson AMA and to ensure the goal of safe yield is met by 2025. In addition, 

the DWR wanted the determinants of the Second Management Plan's exterior water use 

model for new single family homes to be verified and updated. The instrument used to 

gain insight into the water use of single family homeowners was an exterior water use 

mail survey. The DWR, Tucson Water, Metro Water and the WRRC helped to create 

the survey that would supply the information necessary to answer the DWR's questions. 

The survey focused 1nainly on outdoor water use and was sent to a random sample of 

Tucson Water and Metro Water customers. The responses to the survey were analyzed 

and descriptive statistics were provided to the DWR to update their exterior water use 

model for new single family homes to use in the Third Management Plan. 

22 "New" referring to homes built after 1991 with low flow plumbing devices required by 
the City of Tucson and Pima County plumbing codes. 
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Several interesting discoveries caine from the data analysis, with the following 

infonnation showing the greatest potential for planners and providers. 

• There is an increase of water use over time in single family homes 
attributable to landscaping trends 

• The water savings from pool covers is tremendous, however, several 
survey respondents indicated they were difficult to use 

• Decisions regarding pools and turfgrass tend to be made as the house is 
being built 

• A linear regression model using the value of the home is a fairly good 
predictor of water use requirements, and the multivariate regression model 
using the value of the home, the number of children living in the home, the 
nun1ber of trees on the lot and whether or not there is a pool, is even a 
better predictor of annual water use requirements. 

The infom1ation gained from this survey is invaluable to water planners and 

providers. They now know that as the age of the home increases, so does its exterior 

water use demands. Several factors contribute to this. The density of vegetation on lots 

increases along with the age of the home. The percentage of homeowners with turfgrass 

increases with the age of the home. Although more than 50% of the homeowners who 

have pools install them at the time the house is built, the remaining percentage of 

homeowners that have pools add them over the next few years, which contributes to the 

increase in water use over time. 

One of the most valuable aspects of conducting a mail survey is the information 

one receives that was not specifically asked for, but is vital for planning purposes. A 

perfect example is, survey respondents indicated that pool covers were a hassle and 

difficult to use. Knowing which respondents have a pool and which have a pool with a 

cover, and knowing each group's water use, a comparison of their annual water use 
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requirements showed a potential savings of over 30,000 gallons per year per household 

when using a pool cover. This is an area where planners could focus on change - seeing 

that pool covers are more made more user friendly, and as with low flow plumbing 

devices, requiring they become mandatory. Considering the percentage of new single 

family homeowners with pools, substantial amounts of water could be saved from these 

two simple changes. 

From the survey, the majority (52%) of respondents with pools indicated that they 

put in their pools in at the same time as building their house. Knowing this type of 

information, plmmers and providers should focus on early intervention with developers 

and homeowners. Not only early intervention, but also encouraging common areas of 

turfgrass and a community pool in residential areas, as opposed to every lot having their 

own pool and turfgrass area. This would decrease water use significantly. Developers 

could promote these residential communities as water-conscious developments - where 

everyone is helping to conserve water. Not only would this be beneficial to the residents, 

instilling a sense of pride and community, but also it would look excellent for the 

developer. Most importantly, it would save water. If individuals think that they even 

have a small chance of making a difference, who knows what could be accomplished. 

These last two issues are certainly areas in which planners should be focusing and where 

enonnous strides could be made in water conservation. 

Both the regression models formed from the survey data were good predictors of 

annual water use requirements. Conveniently, when time and money are limited, one can 

use the value of the home to estimate its water use requirements. For an even better 
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estimate, the multivariate model could be used. Perhaps, more beneficial would be for 

the DWR to focus its efforts on learning more about the respondents for which these 

models were overpredicting, possibly by sending a follow-up survey to determine what 

these folks are doing "right". 

As always in hindsight, questions would have been asked that were not and those 

that were asked would have been rephrased. In particular: when asking if homeowners 

have a swimming pool, it would have been helpful to have them report the size of the 

pool. This would have allowed for the irrigable acres to be better estimated since other 

variables such as turfgrass and garden area were given along with the amount and type of 

vegetation. When asking the homeowner to indicate the density of the total vegetation, 

more may have been done with the results of this question if beneath the diagrams were 

ranges for the density amount. Questions such as income and house value would have 

been included. Also of benefit would have been a question on whether the respondent 

was a year round resident. It seems almost necessary to do a separate questionnaire on 

the type and number of vegetation. This was quite a confusing question and a lot of work 

was required to organize the data received from it. 

Despite these issues, much was gained from the exterior water use survey. The 

data and conclusions from this research will give insight into the water requirements of 

new single family homeowners and bring the Tucson AMA one step closer to reaching 

safe yield. 

Men and nature must work hand in hand. 
The throwing out of balance of the resources of nature 

throws out of balance also the lives of men. 
Franklin D. Roosevelt 
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APPENDIX A 



1. When was your house built? 

2. Do you have a swimming pool? 

yes no 
l 

If yes, when was your pool installed? 

month ---'--- year 

Do you have a swimming pool cover? 

yes 
l 

no 

If yes, what months do you use the pool 
cover? (circle all the months that apply) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

3. Do you have an outdoor hot tub, sauna, 
Jacuzzi, pond or fountain? 

yes no 
l 

If yes, do you usually keep it covered? 

yes no 

4. Do you have an indoor hot tub, sauna or Jacuzzi? 

yes no 

5. Do you have an outdoor misting system? 

yes 
l 

no 

If yes, how many times per week do you use 
it during the summer? 

6. Is your landscaping maintained regularly by 
professionals? 

yes no 

7. Do you have turf grass that you water? 

yes 
l 

no 

If yes, how many square feet is the area that 
you water? 

sq.ft. 

8. Which of the following, if any, do you have in 
your yard? (circle all that apply) 

vegetable garden annual flower garden 

herb garden none 

What is the total square footage of the 
vegetable/flower/herb gardens in your yard? 

sq. ft. 

Water Use at Address in Ccf ( l Ccf=7 48 gals 

Jan Feb Mar Apr May June July 

25 26 21 20 20 21 18 

rl, 

11 
L. 

! J 

9. Mark the number of plants on your lot in the 
space next to the type of plant. (If you have 
plants not listed, please add them) 

TREES 
_ acacja/mesquite/palo verde 

citrus 
_ eucalyptus 
_ palm 
_ pine 
_ sycamore 

ash 
_ crape myrtle 
_ flowering plum 
_ california pepper 

southern I ive oak 
cottonwood 

_ southern magnolia 
_ raphiolepsis 

GROUNOCOVERS 
_ dalea greggii 
_ rosemary 
_ myoporum 

banksia rose 
_ trailing lantana · 

ACCENTS 

ocotillo 
_ agave 
_ desert spoon 
_ hesperaloe 
_ penstemon 

SHRUBS 
_ fairy duster 

mexican bird of 
paradise 

_ pomegranate 
_ hopbush 

cassia 
_ juniper 

nandina 
_ autumn sage 
_ xylosma 

oleander 
rose 

_ gardenia 
_ texas ranger 

VINES 
_ queen's wreath 

cat's claw 
_ bougainvillea 
_ star jasmine 
_ honeysuckle 

califomia fan palm 
mexican fan plam 
philodendron 
mountain marigold 

I 0. Circle the diagram that best represents the 
amount ( density) of vegetation (trees, shrubs, 

small plants) on your lot. 

DD 
X XX XXXXXX 

X X X X X XXX X XX 
X X XX XX XX 

X X XX XXX XXX 
X X X X X XXX XX XX 

a b C d 

over 
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your yard? (circle all that apply) sq. · I :j I --
drip irrigation 

sprinkler on garden hose 

gray water 

garden hose 

in ground sprinkler 

roof top water 
harvesting 

12. Is your watering system controlled by a timer ? 

yes 
l 

no 

If yes, do you know how to reset the timer? 

yes no 
l 

If yes, how many times a year do you reset 
the timer? 

twice a year 

monthly 

four times a year 

don't know how lo reset 

13. Indicate any landscape changes that have occurred 
on your lot during the time you have lived there. 
( circle all items added and cross out items 
removed) 

pond drip irrigation turf grass shrubs 

trees swimming pool Jacuzzi none 

14. Indicate any plans you have to alter your 
landscape in the future. ( circle all items to be 
added and cross out items to be removed) 

pond drip irrigation turfgrass shrubs 

trees swimming pool Jacuzzi none 

16. What is the square footage of your home? 
______ sq.ft. 

17. Which of the following indoor water 
treatments do you use? (circle all that apply) 

reverse osmosis system water softener 

other in-home treatment filter on tap 
system 

none 

18. ls your house on a septic system? 

yes no 

19. Which of the following do you use to cool 
your home? (circle all that apply) 

l 

I
• evaporative cooler air conditioner I "l' 

~-------------------------'! Ii 

20. How long have you lived in southern 
Arizona? 

21. How many people live in your home? 

22. How many children under the age of 18 
live in your home? 

Thank you! 

J 
[ 

,\ 

Helping to Predict the Water 
Needs of Tucson 

Please read the questions 
thoroughly and answer all that 
apply to you. If you wish to 
comment on any question or 
qualify your answer, please use 
the margins or a separate piece of 
paper. 

Please return this questionnaire to 
the University of Arizona in the 
postage paid envelope provided. 

Thank you for your assistance. 



APPENDIXB 

NEW DEVELOPMENT MODEL- SINGLE FAMILY EXTERIOR 

TUCSON AMA 

EXTERIOR: 78 GPHUD (gallons per housing unit per day) 

78 GPHUD = 27.5 GPCD (for average Pima County household of2.84 people) 

EVAPORATIVE COOLING1 

6,000 gallons per housing unit per year 

6,000 + 365 = 16.4 GPHUD 

63.5% have evaporative coolers only x 16.4 GPHUD = 10.4 GPHUD 

19.5% have air conditioning only 

16.1 % have both (assume 50% of evaporative use) x 8.2 GPHUD = 1.3 

Total evaporative cooling requirement is 11.7 GPHUD 

77.8 GPHUD (total exterior)- 11.7 GPHUD = 66.1 GPHUD Available 

POOL2 

400 sq. ft. pool = 16,291 gal (NET POND EVAP) 

1,430 gal (BACKFLUSH 

2.565 gal (REFILL) 

20,286 gaVyr = 55.6 GPHUD 

Assume Use Of Pool Cover 100% (Sept- May) saves 9,853 gal. 

Total Pool Use= 10,433 gallyr = 28.6 GPHUD 

With Pool Cover: 66.1 GPHUD- 28.6 GPHUD = 37.5 GPHUD 

Without Pool Cover: 66.1 GPHUD- 55.6 GPHUD = 10.5 GPHUD 
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1 Information used in this calculation is from Woodard, Gary C. and Rasmussen, Todd C. , "Residential 
Water Demand: a Micro Analysis Using Survey Data," Hydrology and Water Resources in Arizona and 
the SW, Vol. 14, 1984; and from cooling degree day information from the University of Arizona weather 
station, with assistance from Gary Woodard. Additional information was collected from Casa Del Agua by 
Martin Karpiscak. 



LANDSCAPING3 

38 GPHUD AVAILABLE FOR LANDSCAPING= 13,870 gal/yr 

HIGHWATERUSE 

6 TREES 

11 SHRUBS/GROUNDCOVERS 

LOWWATERUSE 

10 TREES 

29 SHRUBS/GROUNDCOVERS 

8,424 gal/yr 

5 346 gallyr 

13,770 gallyr 

7,800 gal/yr 

6 032 gallyr 

13,832 gal/yr 

ALTERNATIVE MODEL: NO POOL. LUSH XERISCAPE 

66 GPHUD Available For Landscaping= 24,090 gal/yr 

HIGH WATER USE 

12 TREES 

334 SHRUBS/GROUNDCOVERS 

LOW WATER USE 

20 TREES 

40 SHRUBS 

16,848 gallyr 

7 072 gal/yr 

23,920 gal/yr 

15,600 gal/yr 

8.320 gallyr 

23,920 gal/yr 
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2 Pool usage assumes 65.7 inches of evaporation based on pond evaporation less rainfall for this area (Gary 
Woodard) . Backflushing and refill information from local pool services (assumes one refill every seven 
years and 55 gpm backflush 26 times per year for one minute). 
, Quantities of water assumed in the high water use calculation are based on a drip inigation system and a 
generous irrigation regime: trees 27 gal/week, shrubs and groundcovers 9 gal/week. These amounts have 
been approved by the SAW ARA Outdoor Conservation Committee. The low water use calculation 
assumes 15 gal/week for trees and 4 gal/week for shrubs and groundcovers. It should be noted that hue 
low water use species may actually need no additional irrigation after establishment. Xeriscape design 
normally includes the "zoned inigation" concept where thirsty species are groped in high visibility areas 
for maximum impact. Thus, the models include significantly more vegetation if this concept is 
incorporated. 



ALTERNATIVE MODEL: XERISCAPE WITH LAWN 

66 GPHUD Available For Landscaping = 24,090 gal/yr 

400 sq. ft. lawn = 12,400 gallyr; 24,090 - 12,400 = 11 ,690 gal/yr 

HIGH WATER USE 

6 TREES 

6 SHRUBS/GROUNDCOVERS 

LOW WATER USE 

10 TREES 

18 SHRUBS/GROUNDCOVERS 

8,424 gal/yr 

2.916 gal/yr 

11 ,340 gallyr 

7,800 gal/yr 

3.744 gal/yr 

11 ,544 gallyr 
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APPENDIXC 

EXTERIOR WATER USE MODEL FOR NEW RESIDENTIAL DEVELOPMENT 
SINGLE FAMILY HOUSING UNITS 

TUCSON ACTIVE MANAGEMENT AREA 

SWIMMING POOLS 

Average Water Consumption 
1. Evaporation 1 

A. Average April 1986- March 1998 Reference Evapotranspiration (ETo) = 77.48 inches/yr 
B. Average January 1987- January 1998 Rainfall = 10.78 inches/yr 
C. Calculation: 

77.48 in/yr ETo- 10.78 inlyr rainfall = 66.70 in/yr 
66.70 inches per year I 12 feet per inches = 5.56 ft/yr 
400 square feet* 5.5583 ... ft/yr * 7.48 gal/cubic foot = 16,630.53 gallons/year 

2. Backwash2 

A. Recommended backwash 2 to 4 minutes 23 times a year at 75 to 85 gallons per minute 
B. Calculation: 

2 minutes * 7 5 gpm * 23 times/year = 3,450.00 gallons/year 

3. Maintenance Refill2 

A. Average pool size is 400 square feet of surface by 6 feet deep 
B. Allow for a refill once every ten years- ADWR assumption 
C. Calculation: 

400 * 6 = 2,400 * 7.48 = 17,952 .00 gallons per new pool 
17,952 gallons I 10 years = 1,795.00 gallons/year 

4. Initial Fill 
A. Average pool size is 400 square feet of surface by 6 feet deep 
B. Calculation: 

400 * 6 = 2,400 * 7.48 = 17,952.00 gallons 

5. Total Annual Demand 
A. Total Demand for Pool: 

Evaporation 
Backwash 
Initial Fill 
Maintenance Refill 

B. Savings from Pool cover: 1 

16,630.53 gallons/year 
3,450.00 gallons/year 

17,952.00 gallons/year 
1 795.20 gallons/year 

39,827.73 gallons/year 

1) Average Oct. - Apr. Reference Evapotranspiration (ETo) = 32.3 8 inches/yr 
2) Average Oct. - Apr. Rainfall = 6.36 inches/yr 
3) Calculation: 

32.38 in/yr ETo- 6.36 in/yr rainfall = 25.92 in/yr 
25.92 inches per year I 12 feet per inch = 2.16 ft/yr 
400 square feet * 2.16 ft/yr * 7.48 gal/cubic foot= 6,462. 72 gallons per year 
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1 ETo and rainfall from Arizona Meteorological Network, Tucson Station (www.ag.arizona.edu/AZMET) 
2 Data from National Spa and Pool Institute, ADWR Phoenix AMA telephone interview, December, 1995. 



Installation Rates3 

A. 21.36% of respondents to survey ofhousing units built 1992-1996 in Tucson Water and Metro 
Water District service areas have a pool or intend to install one. 

B. 3% of new housing install a pool per year. 
C. 59.22% of pool owners use a pool cover from October through April. 
D. Calculation: 

Evaporation 
Backwash 
Initial Fill 
Maintenance Refill 

Cover 

16,630.53 gallons/year * 21.36% 
3,450.00 gallons/year* 21.36% 

17,952 .00 gallons/year* 21.36% 
1,795.20 gallons/year* 21.36% 

6,462.72 gallons/year* 59.22% * 21.36% 

Demand per Housing Unit per Day 
4,393.72 gallons/year / 365 days/year= 12.04 GPHUD 

3,552.28 gallons/year 
736.92 gallons/year 
538.56 gallons/year 
383.45 gallons/year 

5,211.21 gallons/year 
-817.49 gallons/year 

4,393. 72 gallons/year 

3 Craft, Marti, data from exterior water use survey of single family residential housing built 1992-1996, 
Tucson Water and Metro Water district service areas, for ADWR, 1997. 
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Average Water Consumption 
1. Evaporation 1 

A. Average April 1986 - March 1998 Reference Evapotranspiration (ETo) = 77.48 inches/yr 
B. Average January 1987- January 1998 Rainfall= 10.78 inches/yr 
C. Calculation: 

77.48 in/yr ETo- 10.78 in/yr rainfall = 66.70 in/yr 
66.70 inches per year I 12 feet per inch = 5.56 ft/yr 
36 square feet* 5.5583 ... ft/yr * 7.48 gal/cubic foot = 1,496.75 gallons/year 

2. Maintenance Refill4 

A. Average spa size is 36 square feet of surface by 4 feet deep 
B. Allow for refill4 times per year 
C. Calculation: 

36 * 4 = 144 * 7.48 = 1,077.12 gallons* 4 = 4,308.48 gallons/year 

3. Total Annual Demand 
A. Total Demand for Spa: 

Evaporation 1,496.76 gallons/year 
Maintenance Refill4 308.48 gallons/year 

5,804.55 gallons/year 
B. Savings From Spa cover: 1 

1) Average Oct. - Apr. Reference Evapotranspiration (ETo) = 32.28 inches/yr 
2) Average Oct.- Apr. Rainfall = 6.36 inches/yr 
3) Calculation: 

32.28 in/yr ETo- 6.36 in/yr rainfall = 25.92 in/yr 
25.92 inches per year I 12 feet per inch = 2.16 ft/yr 
36 square feet* 2.16 ft/yr * 7.48 gal/cubic foot = 581.64 gallons per year 

Installation Rates3 

A. 20.93% of respondents to survey of housing units built 1992-1996 in Tucson Water and Metro 
Water District service areas have a spa or intend to install one. 

B. 54.55% of spa owners use a spa cover from October through April. 
C. Calculation: 
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Evaporation 
Maintenance Refill 

Cover 

1,496.75 gallons/year* 20.93% 
4,308.48 gallons/year* 20.93% 

581.64 gallons/year* 54.55% * 20.93% 

313.27 gallons/year 
901.7 6 gallons/year 

1,215.03 gallons/year 
-66.41 gallons/year 

1,148.62 gallons/year 

Demand per Housing Unit per Day 
1,148.62 gallons/year I 365 days/year = 3.15 GPHUD 

4 Data from ADWR, Tucson AMA, survey of Tucson Area spa owners, November, 1997. 



EVAPORATIVE COOLERS 

Average Water Consumption5 

1. Average water consumption per cooling season for evaporative coolers with a bleed-off system is 
19,889 gallons. 

2. Average water consumption per cooling season for evaporative coolers without a bleed-off system is 
8,131 gallons. 

3. 65.57% of coolers utilize a bleed-off system. 
4. 34.44% of coolers do not utilize a bleed-off system. 
5. Calculation: 

19,889 * 65 .57% = 

8,131 * 34.43% = 

Installation Rates3 

13 ,041.22 gallons 
2.799.50 gallons 

15,840.72 gallons 

1. 3.99% of respondents to survey ofhousing units built 1992-1996 in Tucson Water and Metro Water 
District service areas have only evaporative cooling. 

2. 10.7% have both evaporative and refrigeration cooling. 
3. Dual system owners utilize evaporative cooler three out of five cooling months. ADWR estimate. 
4. Calculation: 

15,840.72 gallons/year* 3.99% 
15,840.72 gallons/year* 10.70% * 3/5 

Demand per Housing Unit per Day 
1,649.02 gallons/year I 365 days/year= 4.52 GPHUD 

632.04 gallons/year 
1.016.98 gallons/year 
1,649.02 gallons/year 

5 Data from Karpiscak, M. , Babcock, T., France, G., Zauderer, J. , Hopf, S. and Foster, K., "Evaporative 
Cooler Water Use In Phoenix", Joumal, Vol. 90, Issue 4 (April, 1998), American Water Works 
Association. 
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LANDSCAPING 
Average Water Consumption 
1. Turf 

A. Average turf area for surveyed housing units built 1992-1996 is 500 square feee 
B. Water application at 75% of average annual reference evapotranspiration (77.48 inches) 1 

C. Effective rainfall at 25% of annual average (10.78 inches) 1 

D. Inigation efficiency for residential sprinkler systems at 75% 
E. Calculation: 

77.48 inches* 75% = 58.11 inches 
10.78 inches* 25% = 2.70 inches 
58.11 inches- 2.70 inches = 55.42 I 12 = 4.62 feet* 453 sq. ft.= 2,091.92 cu. ft. 
2,091.92 cu. ft.* 7.48 = 15,647.53 gallons I 75% = 20,863.38 gallons 

2. Garden 
A. Average garden area for surveyed housing units built 1992-1996 is 60 square feee 
B. Water application at 80% of average annual reference evapotranspiration (77 .48 inches) 1 

C. Effective rainfall at 25% of annual average (10.78 inches) 1 

D. Inigation efficiency for level basin or soaker hose watering at 85% 
E. Calculation: 

77.48 inches * 80% = 61.98 inches 
10.78 inches * 25% = 2. 70 inches 
61.98 inches- 2.70 inches= 59.29 I 12 = 4.94 feet* 60 sq. ft.= 296.44 cu. ft. 
296.44 cu. ft.* 7.48 = 2,217.38 gallons I 85% = 2,608.68 gallons 

3. Trees 
A. Average number of trees for surveyed housing units built 1992-1996 is 1.604 high water use 

species, 0.400 medium water use species, 5.777 low water use species.3 

B. Water application(% of average annual reference evapotranspiration, 77.48 inches) 1
'
6 

1) High water use evergreen species 58.0% 
2) Medium water evergreen use species 35.5% 

C. Water application(% of average Apr.-Sep. reference evapotranspiration, 53.25 inches) 1
'
6 

Low water use deciduous species 19.5% 
D. 14 foot average canopy diameter at maturity= water demand at 96 gallons/inch of ETtree6 

E. Effective rainfall at 25% of annual average (10.78 inches) or Apr.-Sep. average (4.73 inches) 1 

F. Irrigation efficiency = 70% drip inigation systems at 90% 
+ 30% basin inigation at 60% = 81% 

G. Calculation: 
77.48 inches* 58.0% = 44.94 inches 
77.48 inches* 35.5% = 27.51 inches 
53.25 inches* 19.5% = 10.38 inches 
10.78 inches* 25% = 2.70 inches, 4.73 inches* 25% = 1.18 inches 
44.94- 2.70 = 42.24 * 96 = 4,055.33 gallons * 1.60 trees= 6,503 .07 gallons 
27.5 1-2.70 = 24.81 * 96 = 2,333.82 gallons* 0.40 trees= 934.46 gallons 
10.38- 1.18 = 9.20 * 96 = 883.41 gallons* 5.78 trees= 5.103.38 gallons 

12,540.91 gallons 
12,540.91 gallons I 81% = 15,482.60 gallons 
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6 Pima County Cooperative Extension Service, Low4 Program, Landscape Water Conservation Workshop 
materials: "How to Develop a Drip Irrigation Schedule" and "Plant Water Requirements Tucson, 
Arizona", unpublished. 



4. Shrubs, accents, groundcovers vines 
A. Average number of plants for surveyed housing units built 1992-1996 is 1. 016 high water use 

species, 12.426 medium water use species, 8.857 low water use species.3 

B. Water application(% of average annual reference evapotranspiration, 77.48 inches) 1
'
6 

1) High water use evergreen species 58.0% 
2) Medium water use evergreen species 35.5% 
3) Low water use evergreen species 19.5% 

C. 4 foot average canopy diameter at maturity = water demand at 8 gallons/inch of ETplant6 

D. Effective rainfall at 25% of annual average (10.78 inches) 
E. Irrigation efficiency = 70% drip inigation systems at 90% 

+ 30% basin irrigation at 60% = 81 % 
F. Calculation: 

77.48 inches * 58.0% = 44.94 inches 
77.48 inches* 35.5% = 27.51 inches 
77.48 inches* 19.5% = 15.12 inches 
10.78 inches* 25% = 2.695 inches 
44.94- 2.695 = 42.25 * 8 = 337.94 gallons * 1.02 trees= 
27.51 - 2.695 = 24.82 * 8 = 194.48 gallons* 12.43 trees= 
15 .12-2.695 = 12.43 * 8 = 98.40 gallons* 8.86 trees = 

3,631.56 gallons I 81% = 4,483.41 gallons 

Installation Rates3 

343.33 gallons 
2,416. 72 gallons 

8 71.51 gallons 
3,631 .56 gallons 
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1. 27.75% of respondents to survey of housing units built 1992-1995 in Tucson Water and Metro Water 
District service areas have turf. 

2. 38.08% have a garden (flower, vegetable, herb). 
3. 100% installation of average tree, accent, shrub and groundcover frequency is assumed. 
4. Calculation : 

20,863.38 gallons/year* 27.75% = 
2,608.68 gallons/year* 38.08% = 

15,482.60 gallons/year* 100.00% = 
4,483.41 gallons/year* 100.00% = 

Demand per Housing Unit per Day 
26,748.98 gallons/year / 365 days/year = 73.29 GPHUD 

5,789.59 gallons/year 
993.38 gallons/year 

15,482.60 gallons/year 
4.483.41 gallons/year 

26,748.98 gallons/year 
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APPENDIXD 

Computation of Target Rates for Interior and Exterior Water Use 

Assume a new single family homeowner population of 7,000 in the Tucson AMA. 

The target rate for interior water use would be calculated by taking the population 

residing in those hon1es, 175,000, and multiplying that by the 57 GPCD rate, times 365 

days. This gives you a total interior water use rate of 3.6 x 109 gallons per year. The 

exterior water use target rate would be calculated by taking the number of homes, 7,000, 

and multiplying that by the 93 GPHUD rate, times 365 for a total exterior water use rate 

of 2.4 x 108 gallons per year. These rates in gallons per year would be added together 

and converted to acre-feet and added to the other sectors' target rates to determine the 

overall allotlnent for the residential sector. 
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