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ABSTRACT 
This study assesses the effects of a changing climate and population growth on water resources 

by modeling groundwater supplies in the Tucson Active Management Area. The finite-difference 

flow model, Modflow, is used to incorporate agricultural, municipal, and industrial well pumping 

along with natural and artificial recharge. This study expands on a Modflow model created by 

the Arizona Department of Water Resources to determine the impacts from limited water 

supplies and increased demand (Mason and Bota, 2006). Groundwater conditions and pumping 

in the Upper Santa Cruz and Avra Valley sub-basins are modeled starting in the year 1940 and 

continue to 2009. The model predicts pumping and recharge for the period of 2010 to 2050. 

During this projection period, nine scenarios based on various climate and population conditions 

are evaluated.  

Climate impacts are reflected in the amount of recharge entering the groundwater system. Local 

and regional climate conditions are incorporated since a large portion of the Tucson water supply 

is provided by the Colorado River water delivered along the Central Arizona Project (CAP). A 

decrease of 10% to the mean natural flow in the Colorado River over the next 50 years is used to 

predict Colorado River flows and shortages.  Additionally, a 20% streamflow reduction case and 

two scenarios that evaluate the local and regional shortages individually are presented. 

Operational rules for the deliveries of the CAP water during shortage conditions are utilized to 

represent the system.  

The percentage of population growth is varied around the current case, which is extrapolated 

from data provided by the Arizona Department of Water Resources. Water demand is based 

upon the initial population, annual population growth, and gallons per capita day, which is a 
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measurement of water use per person. The three population scenarios are limited growth, current 

case, and high growth.  

Results indicate groundwater depletion conditions are the worst during the high growth/shortage 

scenarios and best for the limited growth scenario. The change in storage of the aquifer is greatly 

driven by the pumping, which is dependent on population. For the shortage condition, the decline 

in natural recharge has a much larger effect on the change in water storage compared to the 

artificial recharge reductions due to shortages of CAP water.  
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1.0 INTRODUCTION 

Tucson, Arizona is the second largest metropolitan area in Arizona and is home to the University 

of Arizona, Davis-Monthan Air Force Base, a variety of advanced technology companies, and 

agriculture. A key to supporting this development and an influx of people in Tucson has been a 

reliable supply of water. In a semi-arid environment with limited precipitation, historically the 

main water source has been groundwater. It was only after the Central Arizona Project was 

completed and starting delivering a renewable supply of water from the Colorado River that 

surface water became a major contributor to local water supplies. As population continues to 

grow and the effects of climate change start to become more distinct, demand for water will 

increase, which may strain the water supply.  

In this study, a groundwater flow model of the Tucson Active Management Area (AMA) was 

adapted to evaluate nine scenarios based on climate and population. Climate influences the 

amount of recharge that infiltrates the aquifer and population is directly related to the amount of 

water pumped from the aquifer. Based on the aquifer inflows and outflows, groundwater 

depletion is calculated and used as the main evaluation factor in determining the likely outcomes 

of the various scenarios.  

1.1 PURPOSE AND SCOPE 

Models are simplified representations of a system that enable reasoning and testable predictions. 

When using a groundwater flow model, the goal is to gain increased understanding of how 

climate and population impact groundwater conditions. For a semi-arid environment, water is an 

extremely precious resource, so this model is especially beneficial for resource planning 

purposes.  
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Since future climate and population are both unknown, scenarios are helpful in determining a 

range of possible outcomes. This study tests six scenarios with three variations in population and 

two climate conditions. The population scenarios range from limited growth to high growth. For 

the climate portion, the first scenario is one with recharge continuing as historically seen and the 

second is with reduced recharge. The hypothesis is that the high growth with reduced recharge 

scenario will show significantly greater groundwater depletion compared to the other scenarios. 

It is expected that population growth, instead of climate changes, will have the greatest influence 

on the groundwater depletion.   

To evaluate these scenarios, a groundwater flow model in the program Modflow was utilized. 

The model was necessary to determine the temporal and spatial variations that result from 

changed recharge and pumping conditions. A comparison of the results from each scenario 

provides insight into which factors are influencing the change in groundwater conditions.  

Much of the historical data was provided by a model that the Arizona Department of Water 

Resources (ADWR) created in 2006. While previous studies have been performed to evaluate the 

Tucson AMA’s groundwater, this study assesses the effects of climate change and population 

growth on water supplies out to the year 2050. The scope of this study involves making 

projections for future population growth, estimating the timing and distribution of water 

shortages based on climatic factors, updating projected data with observed data, and evaluating 

the various scenarios, temporally and spatially, to determine the factors that will greatly 

influence future water management.   
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1.2 ACTIVE MANAGEMENT AREAS 

1.2.1 GROUNDWATER MANAGEMENT ACT 

In 1980, the Arizona legislature passed innovative legislation in an effort to preserve water 

resources throughout the state. The 1980 Groundwater Management Act was necessary because 

Arizonans have historically pumped groundwater faster than it has been replaced, a condition 

known as overdraft (Overview). Groundwater overdraft is a significant problem because: 

1.  The cost of pumping groundwater increases as the water table drops. 

2. Water quality can suffer as water is pumped from greater depths because additional salts 

and minerals may be encountered. 

3. Land subsidence can occur where there are cracks or fissures in the earth’s surface, which 

can damage roads and building foundations.   

4. It may lead to eventual loss of supply. 

The Groundwater Management Code (Code) has three primary goals. The first is to control 

severe overdraft. It also provides a means to allocate limited groundwater resources, which is the 

second goad. The third goal is to augment Arizona’s groundwater through water supply 

development. Additionally the Code created a management framework, and the Arizona 

Department of Water Resources (ADWR) was established to ensure that these goals were 

achieved.  

Throughout the state, there are a variety of groundwater conditions ranging from locations with 

an ample supply to areas with severe overdraft. This is taken into account by the Code with the 

three levels of management. The lowest level of management includes general provisions that 

apply statewide. The middle level is designated as Irrigation Non-Expansion Areas (INAs). Then 



15 

 

 

 

in locations where groundwater overdraft is the greatest, extensive provisions have been enacted 

and these areas are designated as Active Management Areas (AMAs).  

 

Figure 1: Active Management Areas 

The boundaries of INAs and AMAs are not based on political lines of cities or counties but 

instead groundwater basins and sub-basins, which can be seen in Figure 1. Initially four AMAs 
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were created: Phoenix, Pinal, Prescott, and Tucson. Then, in 1994 the Santa Cruz AMA was 

formed. The INAs are Douglas, Joseph City, and Harquahala, which are rural farming areas 

(Overview). 

Approximately 80% of the state’s population is located within the five Active Management 

Areas. Due to the high population and subsequent high water use, 70% of Arizona’s overdraft is 

within the AMAs (Overview). For the Phoenix, Prescott, and Tucson AMAs the water 

management goal is to attain safe-yield by the year 2025. Safe-yield is defined by ADWR as a 

“... groundwater management goal which attempts to achieve, and therefore maintain, a long-

term balance between the amount of groundwater withdrawn in an active management area and 

the annual amount of natural and artificial recharge in the active management area” (Mason 

and Bota, 2006). The Santa Cruz AMA has the goal of maintaining safe-yield and preventing 

long-term local water table declines. Unlike the other four AMAs, the Pinal AMA has the goal of 

extending the life of the agricultural economy for as long as feasible.  

Within the active management areas, the Arizona Department of Water Resources monitors 

groundwater pumping and requires a permit for pumping groundwater. The exception is when 

the maximum pump capacity is 35 gallons per minute, which is considered an exempt well. Also 

known as a domestic well, these exempt wells must be registered with ADWR but have fewer 

requirements.   

The definition of safe-yield presented above neglects natural discharge processes that occur 

within a physical system. The full allotment of recharged water is not necessarily available for 

pumping since evapotranspiration and groundwater flow can cause the recharged water to no 

longer be available in that specific location. Along with this, to fully recover all of the recharged 
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water, an infinite number of pumping wells would be needed in the area. So, without these 

natural discharge processes considered, the amount of water that is available for pumping is 

overestimated.  

1.2.2 TUCSON AMA 

This study focuses on the Tucson Active Management Area, which has implemented mandatory 

conservation requirements for agriculture, industrial, and municipal water users with the goal of 

reaching safe-yield. Along with conservation, the use of renewable surface water supplies has 

been important. These renewable supplies include water delivered through the Central Arizona 

Project and the reuse of effluent.  

The Tucson AMA extends for 3,869 square miles (Figure 2). Within this AMA, there are mid to 

high elevation mountains and a broad alluvial basin. The elevation ranges from 1,770 feet in the 

north portion of the AMA near Picacho Peak to 9,452 feet at Mt. Wrightson in the Santa Rita 

Mountains (Arizona, 2010). 

1.2.2.1 SUB-BASINS 

The Tucson AMA is located in the Sonoran Desert sub-providence of the Basin and Range 

physiographic province. The area consists of two parallel north-south alluvial basins that are 

separated by block-faulted mountains (Mason and Bota, 2006). These two alluvial basins divide 

the AMA into two sub-basins, the Upper Santa Cruz (USC) and Avra Valley sub-basin.  

The Tucson metropolitan area is located within the Upper Santa Cruz sub-basin. Long-term 

water level declines and land subsidence have been seen within this sub-basin due to 

groundwater pumping for municipal and irrigation demands. The main source of surface water in  
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Figure 2: Tucson Active Management Area 

Source: Arizona Water Atlas, 2010 
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the USC sub-basin is the Santa Cruz River, which enters the Tucson AMA from the South and 

leaves the sub-basin between the Tucson and Tortolita Mountains. The Santa Cruz River is 

ephemeral for most of its Tucson reach. Local rainfall events are necessary to create flows in 

most of the Santa Cruz River except in the riverbed downstream of two Pima County Waste 

Water Treatment Plants. Effluent from the waste water treatment plants enters the river and 

creates a perennial reach of the river. In the winter months, this effluent is sufficient enough to 

maintain surface water flows all the way to the Tucson AMA – Pinal AMA boundary.   

The Avra Valley sub-basin contains the Altar and Avra Valleys. The Altar Valley is located in 

the southern part of the alluvial valley while the Avra Valley is in the north. Sparse development 

has occurred in the Altar Valley section of the sub-basin. In the Avra Valley, the land has been 

extensively developed for agriculture and residential purposes. Due to this development, long-

term water level declines have been recorded in the central and northern portions of the sub-

basin as a result of groundwater pumping. The surface water sources in this sub-basin include the 

Santa Cruz River in the north and the ephemeral Altar and Brawley Washes in the south. The 

Altar Valley drains into the Altar Wash, which is renamed the Brawley Wash when it enters the 

Avra Valley part of the sub-basin. 

1.2.2.2 GROUNDWATER CONDITIONS IN THE TUCSON AMA 

To evaluate the groundwater conditions, many aspects need to be taken into account including 

the aquifer, hydrogeology, number of wells, well yields, natural recharge and artificial recharge. 

The hydrogeology of the sub-basins influences the flow of groundwater. Figures 3 and 4 present 

the generalized geologic cross-sections of the Upper Santa Cruz and Avra Valley sub-basins. 
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Within the Tucson AMA there is wide variety of igneous, metamorphic, and sedimentary rocks. 

The mountains surrounding Tucson generally yield little water because of their crystalline and 

sedimentary rock composition so they are not considered in this study (Mason and Bota, 2006). 

For the basin-fill areas, the composition is largely consolidated to unconsolidated sedimentary 

material (Mason and Bota, 2006). This basin-fill deposit ranges in thickness from thin near the 

mountains to 9,000 feet in Avra Valley and 11,200 feet in the Upper Santa Cruz sub-basin 

(Hanson and Benedict, 1994). Based on hydrogeologic characteristics the basin-fill has been 

divided into the lower basin-fill and upper basin-fill.  

The upper basin-fill extends throughout both sub-basins and ranges from hundreds of feet to 

1,000 feet thick (Mason and Bota, 2006). The upper Tinaja beds, Fort Lowell Formation, and 

surficial alluvium deposits are present here (Anderson, 1987). The surficial alluvial deposits are 

also knows as the Younger Alluvium, but are not considered hydrologically important in this 

study because it has a limited extent and pumping since 1940 has caused water level declines to 

drain much of the Younger Alluvium. The Fort Lowell Formation has a thickness up to 400 feet 

of gravel, sand, and clayey silt and is located throughout most of the USC sub-basin and in the 

northern Avra Valley sub-basin (Anderson, 1988).  Generally the Fort Lowell Formation is under 

unconfined or water table conditions. The upper Tinaja beds are several feet thick, composed of 

unconsolidated to slightly cemented gravels, sands, and clayey silts (Mason and Bota, 2006). 

This part of the aquifer has become more important as water level declines have reduced the 

thickness of the Fort Lowell Formation, especially in the southern portion of the Avra Valley 

sub-basin.   

The lower basin-fill contains thousands of feet of conglomerates, gravels, sands, silts, clayey 

silts, and mudstones (Mason and Bota, 2006). Within the lower basin-fill are the middle and 



21 

 

 

 

lower Tinaja beds and the Pantano Formation. The Tinaja beds are hundreds to thousands of feet 

thick but produce only a moderate amount of water (Davidson, 1973).  The Pantano Formation is 

estimated to be several thousands of feet thick (Davidson, 1973). The thickness of the Pantano 

Formation is largely unknown because it is deeply buried under the Tinaja beds. Due to this 

depth, this unit is generally not an important water bearing unit.  

 

 

Figure 3: Upper Santa Cruz Sub-basin Generalized Hydrogeologic Cross-section 

Source: (Mason and Bota, 2006) 
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Figure 4: Avra Valley Sub-basin Generalized Hydrogeologic Cross-section 

Source: (Mason and Bota, 2006) 
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The most productive units within the Tucson AMA regional aquifer, which contain the most high 

capacity wells, are the Fort Lowell Formation and the upper Tinaja Beds. Groundwater in the 

regional aquifer is generally unconfined or partially confined to depths of about 1,000 feet 

(Hanson, 1989). Confining conditions in the aquifer do occur at localized areas where fine 

grained materials in basin-fill sediments exist. Localized perched zones are also present in the 

regional aquifer.  

The flow of groundwater in the Upper Santa Cruz sub-basin travels from the mountains in the 

Eastern portion of the AMA boundary toward the center of the AMA, then North-Northwest. 

Groundwater in the Avra Valley sub-basin flows South to North. A visual representation of this 

groundwater flow can be seen in Figure 5 with the arrows. 

In 1995 the groundwater overdraft had become so severe that the water table had been lowered 

by as much as 200 feet in the Upper Santa Cruz (USC) sub-basin and at least 150 feet in the 

agricultural areas of Avra Valley sub-basin (Mason and Bota, 2006). This loss of saturated 

aquifer thickness caused land subsidence and loss of well productivity in central Tucson and in 

the northern Avra Valley. 

1.3 CLIMATE 

The Tucson Active Management Area is located in a semi-arid environment. This means that the 

region receives precipitation below potential evapotranspiration. Due to this, the water supply is 

limited.  

Tucson is known for its hot summers and temperate winters. This desert climate has two major 

seasons  summer and winter. The average monthly maximum temperature in  une is  00.     ,  
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Figure 5: Groundwater Flow and Water Level Changes 

Source: Arizona Water Atlas, 2010 



25 

 

 

 

with highs reaching        , and lows averaging   .     . In December the monthly minimum 

temperature is between   .8     and   .      ( ational,  0   . 

Precipitation in Tucson follows a bimodal pattern, with peak precipitation in the summer months 

during monsoon storms and then a secondary peak during the winter months. The average 

monthly precipitation values in Table 1 show this pattern since over 2 inches of rainfall occur in 

both July and August then just over 0.9 inches in December and January. The remaining months 

have much lower average precipitation values, as low as 0.20 inches. The summer monsoon 

storms create the highest seasonal rainfall, but can be localized high-intensity, short duration 

thunderstorms. The average annual rainfall is 11.59 inches (National, 2013). In Marana, which is 

just north of Tucson, annual precipitation has been as low as 8 inches. The amount of 

precipitation greatly increases in the mountainous parts of the AMA. At Mount Lemmon the 

average annual rainfall is 38 inches (Arizona, 2010). Snow also falls in these mountains. This 

snow and rain becomes streamflow, which has the potential to recharge the aquifer.  

Even though the region has greater precipitation values than most semi-arid regions, it also has 

many more sunny days. On average, Tucson has 350 sunny days each year. This means that there 

is a greater potential for evapotranspiration.  

Month Jan Feb Mar April May June July Aug Sept Oct Nov Dec Annual 

Rainfall 

Normals 

(inches) 

0.94 0.86 

 

0.73 

 

0.31 

 

0.23 0.20 2.25 2.39 1.29 0.89 0.57 0.93 11.59 

Table 1: Average Monthly Precipitation Values (1981-2010) 

Data provided by National Weather Service http://www.wrh.noaa.gov/twc/climate/tus.php 

Projections of the future climate in the Tucson region show increased temperatures (Seager and 

Vecchi, 2010). On average, the temperature has increased by about 2 degrees Fahrenheit since 
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1970 (Guido, 2011). The effect of higher temperatures on the water supply is an increase in 

evapotranspiration. This loss of liquid water from the soil or plants to the air means that more 

water will be needed at a specific site to ensure that water percolates to the aquifer and to ensure 

plant growth. It is expected that average global temperatures will increase by        to   .       by 

2100 based on various climate models (NRC, 2010).  This change could have dramatic effects on 

water supplies.  

1.4 THE COLORADO RIVER  

Across seven states and two countries, 27 million people rely on water from the Colorado River. 

The River is governed by the “Law of the River”, which is a collection of over  0 court 

decisions, interstate compacts, international treaties, and other legislation. The Law of the River 

allocates 7.5 million acre-feet (MAF) of water per year to the Upper Basin states, which include 

Colorado, Utah, Wyoming, and New Mexico. The Lower Basin states are also allocated 7.5 

MAF, which is distributed to California, Nevada, and Arizona. Along with this, Mexico receives 

1.5 MAF of water every year. When combined, this totals to 16.5 MAF in the Colorado River.   

Data from gaged streamflow collected by the United States Bureau of Reclamation (USBR) 

since 1906 estimates that the annual streamflow in the river averages 15.1 MAF. Considering 

tree ring reconstructions dating back to 1512, the average annual streamflow may be as low as 

13.5 MAF (Christensen et al., 2004). The Colorado River allocations were set during a time of 

abundant flows, but historically there is less water available than allocated. The effect of this 

discrepancy has been minimal till now since some of the states have been extracting less water 

than their full allocation. In the coming years this buffer may no longer exist and water shortages 

may occur.  
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1.4.1 LAKE MEAD  

In 1936, the Hoover Dam was constructed in the Lower Colorado River Basin, near Las Vegas, 

Nevada (Figure 6). The water behind this dam formed Lake Mead, which is the largest man-

made reservoir in the United States. The lake has 1.50 MAF of storage capacity for flood control, 

2.38 MAF available for sedimentation control, 15.85 MAF for the joint use of water supply, 

irrigation and power, and 10.02 MAF for inactive storage (USBR, 2008).  

The elevation and consequently the amount of storage in Lake Mead has varied greatly over the 

past 50 years (Figure 7). From 1975 to 2000 there was an abundant flow of water in the Colorado 

River. Since 2000, there has been a steady decline in the amount of water stored in Lake Mead. 

The addition of water conservation efforts and an increase in precipitation has prevented the 

elevation in Lake Mead dropping to a critically low level, which would enact shortages along the 

Colorado River.   

1.4.2 CENTRAL ARIZONA PROJECT 

The Colorado River provides critical surface water supplies to the Tucson metropolitan area 

through the Central Arizona Project (CAP). According to the Boulder Canyon Project Act of 

1928, Arizona has the right to 2.8 million acre feet of Colorado River water per year. The 

Colorado River does not travel through the major population centers in Arizona though. It was 

necessary to build a canal that would transport the water from its source to cities were it was 

needed. In 1946 the Central Arizona Project Association was created and lobbied Congress to 

authorize construction of a canal. Finally in 1968, President Lyndon B. Johnson signed a bill 

approving construction of the CAP. The construction began at Lake Havasu in 1973 and took 22 

years for the 336 mile long canal to reach Tucson at a cost of over $3.6 billion.  
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Figure 6: Colorado River Basin 

Source: Colorado River Commission of Nevada (http://crc.nv.gov/index.asp?m=maps) 

 
Figure 7: Lake Mead Historical Water Levels 

Source: http://www.arachnoid.com/NaturalResources/ Vertical axis: Feet about mean sea level 
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Direct delivery of the CAP water lasted only a very short time in 1992 because of customer 

complaints. Water discoloration, bad odors, and flavors were among the main problems with the 

water. Many of these issues were caused by the mineral composition of the new water reacting 

with old pipes. To resolve this, much of the CAP water is now mixed with groundwater before 

delivery to customers.  

The CAP provides 1.5 million acre-feet per year of Colorado River water to Maricopa, Pinal, and 

Pima counties. The water travels through a system of aqueducts, tunnels, pumping plants and 

pipelines. This water is a critical water supply source for over 5 million people in Arizona.  

1.4.2.1 ARIZONA WATER BANKING AUTHORITY 

The Arizona Water Banking Authority (AWBA) was established to increase utilization of 

Arizona’s annual entitlement of Colorado River water and create long-term storage credits. Since 

1996, AWBA has been storing or “banking” unused Colorado River water so that it can be used 

in times of shortage. This helps to fulfill the water management objectives of the state, benefits 

municipal and industrial water users, stores water as part of water rights settlement agreements 

among Indian communities, and assists Nevada and California through interstate water banking.  

Water is delivered through the Central Arizona Project to underground storage facilities (USF) or 

groundwater saving facilities (GSF) in Central and Southern Arizona. The water for the USFs is 

considered direct recharge since the water is stored underground in aquifers. Indirect or in lieu 

recharge occurs when irrigation districts use CAP water in lieu of pumping groundwater at 

groundwater saving facilities.  The AWBA then accrues long-term storage credits that can be 

recovered in times of shortage in the future. Table 2 lists the recharge facilities within the Tucson 

AMA. 
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Facility Type Permit Capacity 

(acre-feet) 

Delivered   

(acre-feet) 

Avra Valley USF 11,000 1,000 

Lower Santa Cruz USF 50,000 11,010 

SAVSARP USF 60,000 15,000 

Pima Mine Road USF 30,000 600 

BKW Farms GSF 14,316 200 

Cortaro-Marana ID GSF 20,000 1,339 

Kai Farms- Red Rock GSF 11,231 1,851 

Tucson AMA Total 196,547 34,000 

  Table 2: Recharge Partners and Water Deliveries for 2012  

Source: AWBA Annual Plan of Operation 2013 (Arizona, 2012) 

 

The AWBA has three funding sources to pay for water delivery and storage costs. These include 

fees for groundwater pumping within the Phoenix, Pinal, and Tucson Active Management Areas. 

This money can only be used in the AMA where the fees are collected. The next funding source 

is from a 4 cent ad valorem property tax, which also can only be used to benefit the county in 

which the tax is levied. In addition, general fund appropriation from the Arizona State 

Legislature can add funds, but this has not occurred for many years.  

From its inception to the end of 2011, the AWBA has accrued approximately 3.7 million acre-

feet of credits at a cost of nearly $290 million (Arizona Water, 2012). For 2011, the Tucson 

AMA stored 36,873 acre-feet of water and according to the AWBA’s  0   Plan of Operation it 

is estimated that 34,000 acre-feet of water will be stored in 2012. The three factors that 

determine how much water will be stored are the availability of storage capacity, funds, and 

water. Currently the limiting factor for additional water storage in the Tucson AMA is the 

amount of funding. On January 1, 2017, the statute for the 4 cent tax will expire, which may 

leave the withdrawal fee as the only funding source. Although the statute could be extended, this 
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is not guaranteed in an uncertain future, so the AWBA assumes that excess storage in the Tucson 

AMA will end in the year 2016.  

1.4.3 THE COLORADO RIVER AND CLIMATE CHANGE 

The effects of a change in climate could have a dramatic impact on the Colorado River water 

supplies. Research has been shown that “for each  .7 degree   (  degree Celsius  rise in 

temperature, runoff will decrease between 2 and 8 percent in the Colorado River basin (Guido, 

2011). To put that number in perspective, if the Southwest warmed by 4 degrees F, reductions in 

the Colorado River could be as much as 2.8 million acre-feet, which equals Arizona’s total 

Colorado River water entitlements” (Guido,  0   .  Runoff will be dramatically affected because 

of the increase in evaporation. Water is not only evaporated in the Colorado River and along the 

Central Arizona Project, but evaporation and sublimation from the snowpack in the Rocky 

Mountains will also occur. An increase in temperature would induce earlier melting of snow in 

the mountains that supply the water to the Colorado River. The snow turned to runoff in the 

rivers would have the potential to evaporate. Sublimation, where water is transformed from its 

solid phase as snow into a gas, could occur more because of increased temperatures, which 

would further reduce the streamflow in the Colorado River. 

The earlier timing of melting would also affect water management operating procedures on the 

Colorado River. Approximately 70 percent of the annual runoff in the Colorado River is supplied 

by high elevation snow pack in the Rocky Mountains (Christensen, 2004). Currently the 

snowpack melts in the spring and supplies water for the summer months, which is usually needed 

to last into the fall before the winter rains begin. If the snow melts earlier in the season, then 

more water will need to be stored for its use in the late summer and fall. If stored in above 

ground storage reservoirs, then the potential for evaporation increases.       
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Numerous climate models have been developed that project the future water supply on the 

Colorado River. Table 3 provides a selection of the studies that have been conducted and the 

reductions that are predicted for the Colorado River. The results consistently show that climate 

will be warmer and drier in the future. This leads to reduced river flow and water delivery 

shortfalls.  

Source Streamflow Reduction 

Christensen et al. (2004) 18% 

Milly et el. (2005) 10-25% 

Seager et al. (2007) 15-20% 

Christensen and Lettenmaier (2006) 6-7% 

McCabe and Wolock (2007) 8-17% 

US Bureau of Reclamation (2012) 9% 

Table 3: Colorado River Studies with Estimated Streamflow Reductions Due to Climate Change 

1.4.4 WATER SHORTAGE 

Arizona holds a “junior” priority water entitlement to the Colorado River, which means that 

water deliveries to Arizona would be decreased first if a water shortage occurred. The shortage 

designation is based on the water elevation in Lake Mead, as shown by the Lake Mead 

operational elevations (Figure 8). The U.S. Bureau of Reclamation monitors the water elevation 

in Lake Mead, and if the elevation is projected to be at or below 1,075 feet and at or above 1,050 

feet on January 1
st
, 7.167 million acre-feet (MAF) will be apportioned to the Lower Division 

states. This would be a decrease from the 7.5 MAF of water currently distributed to Arizona, 

California, and Nevada. In this scenario, Arizona would be apportioned 2.48 MAF instead of 2.5 

MAF. Due to the agreement of the Colorado River Basin Project Act of 1968, which authorized 

the construction of the Central Arizona Project, the CAP water supply priority is subordinate to 

California’s apportionment in times of shortage. This means that during shortage, the CAP 

supply will be reduced to zero before California is required to receive reduced flows.  
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The second level of shortages to the Colorado River will occur when the Lake Mead elevation is 

below 1,050 feet but at or above 1,025 feet. This would result in Arizona receiving 2.4 MAF of 

Colorado River water. In the most severe scenario where the water elevation is below 1,025 feet, 

Arizona would receive 2.32 MAF. In all of these shortage conditions, California would receive 

its full 4.4 MAF allotment of Colorado River water because it is a senior priority water right 

holder. Table 4 below details the reduced allocations that the CAP, other parts of Arizona not 

connected to the CAP, Nevada, and Mexico would receive in all three of the shortage scenarios.     

 

Figure 8: Lake Mead Operational Elevations 

 

Entity Level 1 (1,075’) Level 2 (1,050’) Level 3 (1,025’) 

CAP 320,000 400,000 480,000 

Other Arizona 32,000 40,000 48,000 

Nevada 13,000 17,000 20,000 

Mexico 67,000 83,000 100,000 

Table 4: Colorado River Shortage Allocations 



34 

 

 

 

The graphic below, Figure 9, shows the impacts to the CAP water supplies due to a shortage of 

water supplies along the Colorado River. First, reductions would be in effect for excess water 

deliveries and recharge operations.  The entities that receive excess water do not have a long 

term water contract with the CAP. The Central Arizona Water Conservation District and water 

user enter into a contract for excess water that allocates water delivery one year at a time. This 

CAP excess water supply is expected to decline significantly in upcoming years. Currently, 

excess water is delivered to turf, nurseries, and other municipal and industrial customers without 

long term water contracts. In a time of shortage, all of the excess water rights could be forfeited. 

The Arizona Water Banking Authority and Central Arizona Groundwater Replenishment District 

(CAGRD) are recharge projects, which will also be ceased in a time of water shortage. Similar to 

the AWBA (described in section 1.4.2.1), CAGRD recharges CAP water. CAGRD provides a 

method for property owners and water providers to demonstrate a 100-year assured water supply.  

CAGRD recharges the amount of groundwater that is pumped or delivered to its members which 

exceed the assured water supply pumping limitation. In a time of shortage this recharge, along  

 
Figure 9: CAP Delivery Priority Levels 
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with the Arizona Water Banking Authority water, would no longer be replenished into the 

aquifer.  

The water available for excess contracts has been decreasing because more municipal and 

industrial long term contracts have been approved and these entities have been requesting their 

full allocations in the recent years. Considering this, there is less of a buffer before agriculture is 

affected by a water shortage situation. Currently agriculture has an allocation of 400,000 acre-

feet of water in Arizona. In 2017, this allocation reduces to 300,000. It is expected that the 

100,000 acre-feet of water will be transferred to the Arizona Water Banking Authority. For the 

study time period, the three categories that will be affected by shortages are the excess water 

users, recharge projects, and agricultural users. The full CAP reduction will be fulfilled by these 

entities reducing or forfeiting their allocations.  

Although not expected, in the event that the excess water, recharged water, and agricultural 

water is exhausted, then municipal and industrial subcontracts along with Indian contracts would 

have to be reduced. This scenario is not considered in this study. The highest CAP delivery 

priority is reserved for the Ak-Chin Indian Community water deliveries based on the Gila River 

Indian Settlement Agreement.  

1.5 POPULATION 

Arizona is ranked in the top 10 for the states with the fastest population growth rate for 2010 to 

2012. Tucson and the surrounding areas contribute to this growth. According to the United States 

Census Bureau, the City of Tucson had a population of 520,097 as of April 2010. As population 

continues to increase, water demand can also be expected to rise. The future municipal sector 

water demand is dependent on population growth rates and gallons consumed per capita per day 
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(GPCD).  The GPCD is used to describe the average rate of domestic and commercial water 

demand. This number is calculated by water providers as the total water used, excluding water 

for industrial processes, divided by the population served. The GPCD varies for each water 

provider depending on the size of the water system, cost of water, and efficiency measures. Since 

the GPCD is calculated by using the total water withdrawn, not delivered, it encompasses water 

losses in the process of treatment and delivery. While population is difficult to control, lowering 

the GPCD is an additional way for water providers to decrease water demand.  The goal is to 

increase water efficiency through conservation measures and minimizing water losses during 

delivery. With the population and GPCD, water demand can be determined.   
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2.0 PREVIOUS STUDIES 

Many past modeling efforts have been conducted to investigate the Tucson region’s geology, 

hydrogeology, and water resources since the early   00’s. Travers and Mock developed the first 

Arizona Department of Water Resources (ADWR) groundwater model of the Upper Santa Cruz 

Basin and the Avra Valley in 1984 (Travers, 1984). More recently, the Arizona Department of 

Water Resources (ADWR) and the United States Geological Survey (USGS) released reports 

about the Tucson AMA region. The most recent and important work for this study was 

conducted by ADWR in 2006. This study involved the development of a regional groundwater 

flow model of the Tucson Active Management Area. The model combined existing regional 

models developed by USGS and ADWR and integrated updated modeling capabilities in order to 

determine if safe yield would be achieved in the modeling timeframe. The information from this 

ADWR model is used as the basis of the model presented in this study.   
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3.0 CONCEPTUAL MODEL 

The basis of this study is to evaluate the effects of changes in recharge and pumping due to 

population growth and climate change. Recharge is directly related to the Tucson water supply 

while pumping is a reflection of the Tucson water demand. Climate is a major factor for 

determining the amount of recharge in the AMA. The aspects that influence pumping are 

population in the Tucson AMA and water management practices. The influence diagram below 

in Figure 10 depicts these relationships. 

 

 

 

 

Figure 10: Groundwater Depletion Influence Diagram 

3.1 CLIMATE 

In Southern Arizona, groundwater has historically accounted for the majority of the total water 

supplies, totaling 98% in 1985. Since then groundwater has decreased to approximately 64% of 

the AMA water supplies used according to 2006 data (Tucson, 2012). The semi-arid climate 

limits the amount of sustained surface water because of high evaporation rates. Since there is so 

much dependence on groundwater, recharge of the aquifer is incredibly important. With this 

recharged water, the aquifer is replenished. The Tucson AMA has two sources of water for 

recharge, which is depicted in Figure 11. The first is natural recharge. This involves the local 

precipitation that infiltrates streambeds and precipitation in the mountains that contributes to 

mountain-front recharge. For artificial recharge, the main source is Colorado River water 
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delivered via the Central Arizona Project, with effluent as a minor component. Impacts to 

regional climate could greatly affect the amount of water that is available for artificial recharge.   

 

 

 

 

Figure 11: Climate Influence Diagram 

Central Arizona Project water travels from the central Rocky Mountains to southern Tucson. 

Changes to the regional weather in Colorado or Wyoming can impact water supplies in Arizona. 

A decrease in precipitation or an increase in the temperature in Colorado or Wyoming, or along 

the Colorado River, may decrease the amount of water available in Tucson. First of all, snow in 

the Rocky Mountains or Wind River Mountains melts and drains into the Colorado River to 

provide much of the water available in the River. Any change in the snowpack would impact the 

amount of water entering the Colorado River.  Temperature affects both the snow and rain 

because of its influence on evapotranspiration. With the snow, rising temperatures in the spring 

each year cause snowmelt. This is a critical process because that water is needed in the summer 

months when the water from local winter storms has been depleted.  An increase in temperature 

could cause the snowmelt to occur earlier in the season. This would mean that the water would 

have to be stored for a longer duration before being put to use. For the surface water, temperature 

increases would cause the evapotranspiration (ET) rate to rise. More water would be transformed 

from the liquid phase to the gaseous phase and not be available for use. The water that is not lost 

to ET travels along the Colorado River and Central Arizona Project. The majority of the CAP 
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water is not put to direct use because of water quality concerns but instead is artificially 

recharged. Then the water is pumped and treated to meet water demands. 

 

 

 

 

 

 

 

 

 

 

Figure 12: Detailed Climate Influence Diagram 

Local weather conditions are also dictated by the temperature and precipitation. In the Tucson 

AMA snow is not a major contribution to the water supply, instead precipitation occurs in 

summer and winter storms. The summer thunderstorms are fast, intense downpours of rain 

causing runoff in streams. The winter storms provide more natural recharge because they are 

typically longer storms that allow water to permeate the soil and percolate down. These 

temperature and precipitation affects are diagramed in Figure 12.  
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Figure 13: Flow Chart of Shortage Procedures 

When the climatic factors cause severe reductions to the Colorado River runoff, shortages will 

occur. Figure 13 displays a flow chart of the shortage procedures that will occur for a Colorado 

River shortage scenario.  

3.2 POPULATION 

On the water demand side, the main influences are population and management techniques. 

Population is dependent on migration patterns. From 1950 to 2000, the population in Pima 
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County has increased by 497% (Population). These changes in population greatly affect water 

demand because each person needs water to survive, so water consumption continues to increase. 

Since there is a finite water supply available in the Tucson AMA, water managers have tried to 

enact conservations practices that decrease the gallons per capita per day (GPCD), which is the 

average amount of water that a person used in a day. The total water demand is calculated by 

multiplying the population by the GPCD, which is depicted in Figure 14. 

 

 

 

 

Figure 14: Population Influence Diagram 
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4.0 GROUNDWATER FLOW SYSTEM 

4.1 INFLOWS 

Inflows to the Tucson AMA occur as mountain front recharge, stream infiltration, infiltration of 

effluent in the Santa Cruz River, deep percolation of excess agricultural irrigation water, and 

underflow from the Santa Cruz AMA. Another major addition to the water supply is Central 

Arizona Project (CAP) surface water. The CAP water is used directly or indirectly for 

agricultural, industrial and municipal purposes as well as being recharged to the aquifer 

artificially. The artificial recharge facilities are located in both the Avra Valley and the Upper 

Santa Cruz sub-basins. Additional information about the artificial recharge facilities will be 

discussed in section 8.3.  

Mountain front recharge occurs because of precipitation in the mountains surrounding Tucson. 

This precipitation is the largest source of natural inflows in the Tucson AMA.    

4.2 OUTFLOWS 

Water is discharged from the aquifer through pumping, evapotranspiration, and underflow into 

the Pinal AMA. In addition to this, in the winter some water travels out of the Tucson AMA as 

surface water in the Santa Cruz River.  

4.3 STORAGE 

Water is stored in the ground after being recharged into the aquifer. Groundwater pumping 

decreased the amount of water is storage. The storage capacity is dependent on the assumptions 

in the model regarding the depth to bedrock and aquifer specific yield values for each cell.  
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4.4 STEADY STATE PERIOD - PREDEVELOPMENT 

The Tucson region was in dynamic equilibrium prior to 1900 since the long-term natural 

recharge was balanced with the long-term natural discharge. Groundwater withdrawals were 

mainly domestic and accounted for a small amount. The first irrigation wells were constructed in 

the Upper Santa Cruz sub-basin in the early 1900s to supplement surface water in the Santa Cruz 

River (Hanson and Benedict, 1994). By the 1920s irrigated agriculture began in the Avra Valley 

sub-basin near Marana, Arizona and then in 1937 high capacity irrigation wells began being 

drilled in the Avra Valley sub-basin (Andrews, 1937).  

Dynamic equilibrium continued until about 1940 according to a number of previous studies. The 

pumping was relatively constant, averaging 35,000 acre-feet per year from 1920 to 1940 (Mason 

and Bota, 2006). At this pumping amount, the inflows and outflows balanced due to a decrease 

in evapotranspiration from riparian areas and a small loss of aquifer storage at pumping centers. 

Research conducted at that time indicated that water level declines were relatively small so it is 

assumed that there were no serious changes made to the regional aquifer (Schwalen and Shaw, 

1957). The 1940 state of the Tucson AMA represents predevelopment times and is used as the 

initial condition for the model in this study.   

4.5 TRANSIENT PERIOD 

Since 1941, groundwater development has occurred which has caused groundwater demand to 

exceed natural recharge. For the time period 1941 to 2009, pumping and recharge in the Tucson 

AMA were modeled using recorded data. Future predictions were used to develop the model for 

the years 2010 to 2050.  
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Due to the amount of pumped water that has exceeded recharge and the fact that the pumping 

recovery of recharged water is not 100% efficient, groundwater overdraft has occurred in the 

years after 1941. The annual estimated pumpage in the Tucson AMA in 1941 was 60,000 acre-

feet but this rose to 490,000 acre-feet in the mid-1970s (Mason and Bota, 2006). By 2000, the 

annual withdrawals have steadied to approximately 265,000 acre-feet.  

The effect of this pumping has been the creation of cones of depression, which is where the 

water table has been lowered around supply wells. One of these cones developed in the City of 

Tucson’s central well field, which is located in the central part of the USC sub-basin and under 

the central part of Tucson. Another cone of depression formed due to agricultural, industrial, and 

municipal pumping in the Sahuarita-Green Valley area. Along with these distinct cones of 

depression, widespread water level declines have occurred in many other parts of the Tucson 

AMA.    
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5.0 NUMERICAL MODEL 

5.1 MODELING APPROACH  

To evaluate groundwater depletion within the Tucson AMA for various growth and climate 

scenarios, a Modflow model was utilized. The study area is 3,250 square miles in the Tucson 

AMA. The boundaries can be seen in Figure 15. Starting in the year 1940, the model simulated 

the steady state groundwater flow. Beginning in 1941, development increased and the model was 

considered to be a transient system.  Annual stress periods were continued until 2050. The model 

units of length are feet and time is in days. To simulate three-dimensional groundwater flow, the 

regional aquifer was divided into three layers. The model is able to simulate artificial and natural 

recharge, underflows into and out of the AMA, effluent releases into the Santa Cruz River, 

evapotranspiration, and groundwater pumpage.   

5.2 MODFLOW 

The modeling code used to simulate the Tucson AMA groundwater flow is the Modular Three-

Dimensional Finite Difference Groundwater Flow Model known as Modflow. This program was 

developed by the United States Geological Survey (Harbaugh et al., 2000). It has the capability 

to simulate specific hydraulic features and water stress, while also allowing interconnection 

between multiple hydraulic units. The Modflow code is widely used and accepted as a means to 

simulate groundwater flow. Due to the Arizona Department of Water Resources development of 

the base model before the updated  008 version of Modflow, this study’s model runs on 

Modflow 2000.  The code is written in the Fortran programming language.  
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Figure 15: Tucson AMA Model Study Area 

Source: Mason and Bota, 2006 
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5.3 MODEL DEVELOPMENT 

The model study area is divided into a grid consisting of 130 rows and 100 columns, with each 

cell side as 0.5 miles in length and containing 160 acres. From east to west the distance is 50 

miles and 65 miles north to south.  

In Modflow, three types of cells are designated. These include no-flow cells, variable head cells, 

and constant head cells. The no-flow cells are considered inactive and not involved in model 

processes. These represent bedrock areas or locations where the groundwater flow is parallel to a 

model boundary. Variable head cells are active cells that simulate saturated portions of the model 

to determine the simulated water levels throughout time. For the constant head cells, the 

simulated model heads remain constant for a specified time period. This enables groundwater 

underflow into or out of the study area to be simulated.  

The model utilizes three layers to simulate the major aquifers in the Tucson AMA. The upper 

basin-fill and upper portion of the lower basin-fill are the only areas considered hydrologically 

significant. Since bedrock yields only a small amount of water for wells, it is not considered to 

be part of the active model. Layer 1 in the model represents the saturated portion of the Younger 

Alluvium and Fort Lowell Formation. This layer extends to the surface in the USC and Avra 

Valley sub-basins and is modeled as an unconfined water table aquifer. Below this layer is the 

upper Tinaja beds, which is modeled as layer 2. This is represented as a convertible layer in the 

model so that cells can convert from confined to unconfined conditions depending on the head in 

the cell. During the simulation if the head in a cell falls below the top of the cell, then the cell 

converts to water table conditions. In this situation, the transmissivity is calculated based on the 

conductivity and the saturated thickness. Layer 3 simulates the water bearing areas in the middle 

and lower Tinaja beds and the Pantano Formation. This layer is a convertible layer with a 
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specified transmissivity. The water level changes in this level are assumed to be small compared 

to the total saturated thickness. This layer is present throughout the entire aquifer system but is 

considered to be the least productive layer of the aquifer.  

5.3.1 MODFLOW PACKAGES 

For Modflow to run, a numerical solver and various independent packages are necessary to 

model hydrologic processes such as surface flow, groundwater flow, and evapotranspiration. In 

this model, the packages include: Basic (BAS), Block-Centered Flow (BCF), Discretization 

(DIS), Well (WEL), Recharge (RCH), Evapotranspiration (EVT), and the Time-Variant 

Specified- Head (CHD) packages. The numerical solvers are the Strongly Implicit Procedure 

(SIP) and the Preconditioned Conjugate Gradient Procedure (PCG). Below is a description of the 

packages and the role that they have in the model. 

- Basic (BAS) package: In this file the initial head in each cell and the boundary conditions 

of the aquifer are defined.  

- Block Centered Flow (BCF) package: Computes the conductance between the center 

node of one cell to an adjacent cell. For each layer, the hydraulic conductivity or 

transmissivity is specified.  

- Discretization (DIS) package: This file defines the horizontal, vertical, and time 

discretizations. In other words, it determines the size of the grid, the cells, and the time 

steps.  

- Evapotranspiration (ET) package: Simulates the effect of direct evaporation and plant 

transpiration by removing water from saturated groundwater.  

- Output Control (OC) package: Defines the data and format that will be output. This can 

include head, water budget, and drawdown for specified stress periods.  
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- Preconditioned Conjugate Gradient (PCG) package: Numerical solver used to solve large 

systems of linear finite-difference groundwater flow equations. This solver is utilized in 

the transient time periods.  

- Recharge (RCH) package: Simulates surface distributed recharge. 

- Strongly Implicit Procedure (SIP) package: Method for solving a large system of 

simultaneous linear equations by iteration. The user specifies the number of iterations, 

iteration seed, and the maximum number of outer iterations. This numerical solver is used 

for the year 1940, which is the steady state time period.  

- Time-Variant Specified Head (CHD) package: Simulates time-varying specified heads, 

which allows boundary fluxes to vary throughout time based on the hydraulic gradient 

between the specified head and variable heads within the model.  

- Well (WEL) package: This package simulates discharge and recharge of water from 

wells.  

5.4 BOUNDARY CONDITIONS 

The model boundaries are based on the hydrologic conditions. The model was simplified by 

choosing boundaries along mountain fronts and at points of underflow into and out of the Tucson 

AMA. This does not coincide with the AMA boundary at all points but is relatively close.  

The mountain front boundaries are represented as no-flow boundaries. To account for the water 

from mountain front recharge, a specified flux boundary was used and the cells for recharge were 

assigned using Modflow’s Recharge Package. Groundwater underflow from the Santa Cruz 

AMA to the Tucson AMA was simulated using the Time-Variant Specified-Head (CHD) 

Package in Modflow. This allows the inflows to change as water levels near the boundary 

fluctuate. The groundwater enters the Tucson AMA through a gap between the Rincon and Santa 
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Rita Mountains. The CHD Package was also used to simulate the groundwater outflows of the 

model in the northern Avra Valley to the Pinal AMA. This takes place between the Silver Bell 

and Picacho Mountains. For the model boundary in the Altar Valley, which is located in the 

southern part of the Avra Valley sub-basin, the water levels were generally stable so specified 

fluxes were defined in the Well Package.  Figure 16 shows the cells that have a constant head 

inflow and outflow and specific flux inflows.  
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Figure 16: Model Boundary Conditions and Recharge Cells 

Source: Mason and Bota, 2006 
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6.0 MODEL DATA 

The Arizona Department of Water Resources (ADWR) provided a wealth of knowledge for this 

study. The ADWR 2006 regional groundwater flow model was used as the base model. That 

model incorporated water level data, well location and construction records, estimated and 

measured pumpage totals, annual effluent release data, crop census data, and aquifer test results. 

For more details about the base model data see (Mason and Bota, 2006).  

Aquifer parameters, including hydraulic conductivity and storage values, were assumed to be the 

same values as the ADWR model. The range of hydraulic conductivity values for layer 1 are 

between 2 to 300 feet per day (ft/d) and layer 2 has values from 1 to 139 ft/d. For layer 3, the 

transmissivity ranges from 30 feet squared per day (ft
2
/d) to10,000 ft

2
/d.  The ADWR model 

provides a spatial distribution of these values (Mason and Bota, 2006).  

6.1 PUMPAGE DATA 

The ADWR model based the location and volume of well pumpage on the ADWR Well Registry 

and Groundwater Site Inventory (GWSI).  For the period of 2000- 000 , ADWR’s model 

predicted the groundwater pumping but the observed data has become available since then. For 

this study the annual pumping totals for each well were updated with observed data from the 

State Well Registry database. 

6.2 EVAPOTRANSPIRATION 

For the development of the initial model evapotranspiration (ET) distributions, ADWR used GIS 

techniques. ET is simulated only in Upper Santa Cruz sub-basin because water levels in the Avra 

Valley are generally too deep to support riparian vegetation. The maximum ET occurs at the 

surface elevation and the ET extinction depth is    feet below the cell’s land surface elevation.   



54 

 

 

 

6.3 NATURAL RECHARGE  

Mountain-front recharge and stream infiltration in the ADWR model were based on values 

provided by Hanson and Benedict (1994).  The stream infiltration values were assigned to cells 

by multiplying the percentage of the river length per cell by the infiltration value in the Hanson 

and Benedict (1994) model.  

6.4 INCIDENTAL RECHARGE  

This aspect of recharge results from excess water applied to crops, which is not consumed by the 

crop, evaporated, or lost to soil moisture so it drains into the aquifer. This deep percolation of 

irrigation recharge can take many years depending on the irrigation techniques, cropping history, 

subsurface geology, and depth to water table (Mason and Bota, 2006). In this model, the lag time 

to account for percolation travel time is necessary since Modflow has no provision for 

unsaturated flow. In Modflow, the recharged water instantaneously reaches the water table and 

does not take into account the depth to the water table. Based on calculation by ADWR, the 

average lag-time in the Avra Valley sub-basin was 10 years and 5 years in the USC sub-basin.  

Mine tailing pond recharge and effluent recharge are also accounted for in the model. The 

estimates of the tailing pond recharge were developed by Travers and Mock (1984) and Hanson 

and Benedict (1994). This resulted in a tailings pond recharge of 20 percent of the total mine 

pumping and a lag time of 20 feet per year. The effluent released from Wastewater Treatment 

Plants enters the Santa Cruz River.  
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7.0 SIMULATION OF GROUNDWATER FLOW 

7.1 MODEL CALIBRATION  

The model calibration was performed by the Arizona Department of Water Resources during the 

development of the Tucson AMA base model for the steady state and transient time periods 

(Mason and Bota, 2006). In the calibration process, model inputs were varied within a reasonable 

range to obtain a match between model-simulated data and field-observed data. For specific 

details about the base model calibration, see the “Regional Groundwater  low Model of the 

Tucson Active Management Area Tucson, Arizona  Simulation and Application” by Mason and 

Bota (2006). The result of the calibration was a reduction in the error between the simulated and 

observed data. The model parameters varied included horizontal hydraulic conductivity, 

transmissivity, vertical leakage between layers, storage values, layer tops and bottoms, and initial 

head values. Along with this, the boundary conditions were adjusted using the Recharge and 

Time-Variant Specified Head (CHD) Packages of Modflow. The stresses imposed on the model 

from the Well, Recharge, and Evapotranspiration Packages were also evaluated. This involved 

making adjustments to constrain the amount of water entering and leaving the model.  

For the transient model calibration period of 1941 to 1999, adjustments were made to the model 

stresses, pumping and recharge, and the specific yield storage term. According to ADWR, the 

“final transient calibration met most of the selected calibration criteria and was able to generally 

reproduce historically observed water level declines and estimated storage changes” (Mason and 

Bota, 2006).  

The model was evaluated using weighted residuals, which is the difference between the 

interpolated model simulated head and observed water level. In the year 1999, 507 water level 
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measurements were used to create a water level map. This data was compared to the simulated 

water levels. The results of the residual calculations are shown in Table 5.  

 Mean 

Error 

Root Mean 

Square Error 

Mean Absolute 

Error 

Median Max Min Count 

Model-

Wide 

-2.2 18.5 12.6 -1.4 46 -126 507 

Avra -3.1 15.9 11.5 -0.9 46 -48 110 

USC -1.9 19.2 12.9 -0.8 45 -126 397 

Table 5: Weighted Residual Statistical Analysis of Head Values 

Note: All values in feet Source: Mason and Bota, 2006 

The low negative mean error of -2.2 feet indicates that the model slightly underestimated the 

aquifer conditions in 1999. The water level changes from 1940 to 1999 range from -25.5 feet to  

-192.7 feet. The error of 2.2 feet accounts for 9% and 1% of the water level changes, 

respectively. Spatial trends are also present in the data. In the northern part of the Avra Valley 

sub-basin the residuals are mostly negative while in the central section of the sub-basin, the 

majority of the residuals are positive. This means that the model generally underestimates the 

head values in the northern part of the sub-basin and overestimates the heads in the central area 

of the sub-basin.  

The volumetric water budget for the model from 1940 to 1999 is shown in Table 6. Both the 

cumulative values and the rates for 1999 are presented in the units of feet and days. Recharge is 

the dominating factor for water entering the system since the constant head and wells are an 

order of magnitude less than recharge. Similarly, for water exiting the aquifer, wells are the most 

important process since its value is an order of magnitude greater than the other factors.    



57 

 

 

 

 
Table 6: Volumetric Water Budget in 1999 

Note: Length units are feet and time units are days 

 

7.2 MODEL VALIDATION 

The model was evaluated by plotting the observed water levels for the current case scenario 

versus simulated water levels throughout the time from 1940 to 2009. Hydrographs for 11 wells 

were chosen because long-term water levels records were available from ADWR (Appendix A). 

In general, the simulated heads replicated the observed groundwater levels with reasonable 

accuracy. A majority of the hydrographs show long term water level declines from 1940 to the 

1970s. After this time, some of the wells stabilized or began to recover. Other wells continued to 

show water level declines up to 2009. The model was not able to replicate short term storm 

events that may have caused spikes in water levels. For hydrographs that did have a difference in 
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simulated and observed water levels, the slope of the simulated water level generally still 

paralleled the slope of the observed water level.  

A temporal comparison of the head residuals in Table 7 shows that the mean absolute error in the  

Model-Wide Residuals (ft) 

 Mean 

Error 

Mean Absolute 

Error 

Root Mean 

Square Error 

Max Min 

1960 4.9 8.9 14.0 65 -49 

1983 2.7 10.2 16.1 94 -77 

1999 -2.2 12.6 18.6 48 -126 

Avra Valley Residuals (ft) 

 Mean 

Error 

Mean Absolute 

Error 

Root Mean 

Square Error 

Max Min 

1960 5.7 15.0 20.0 65 -49 

1983 0.8 10.4 13.9 24 -54 

1999 -3.1 11.5 15.9 46 -49 

USC Residuals (ft) 

 Mean 

Error 

Mean Absolute 

Error 

Root Mean 

Square Error 

Max Min 

1960 4.8 8.0 12.9 41 -38 

1983 3.0 10.2 16.4 94 -77 

1999 -1.9 12.9 19.2 48 -126 

Table 7: Residual Values for the Model, Avra Valley, and USC 

Source: Mason and Bota, 2006 

 

model increases throughout time. In 1960 the model was slightly over estimating the water levels 

with a mean error of 4.9 feet but as time progressed, the mean error dropped to -2.2 feet. This 

indicates a slight under-simulation of the water levels in 1999.  The Avra Valley sub-basin does 

not follow this trend though. Instead, the mean absolute error is reduced from 1960 to 1983 and 

then slightly increases.  
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8.0 SCENARIOS SIMULATIONS 

The scenarios simulated in this thesis consisted of variations in the water supply and demand 

within the Tucson AMA, based on population and climate projections. The purpose of the 

scenarios was to determine a range of potential outcome for groundwater conditions as they 

respond to variations in climate and growth in the future.  Table 8 shows that these range from 

moderate to very high pumping, with and without water shortages occurring 

  Climate Scenario 

G
ro

w
th

 S
ce

n
a
ri

o
 

 Limited Growth with Shortage Scenario 

Pumping =Moderate 

Recharge = Low 

Limited Growth Scenario 

Pumping = Moderate 

Recharge = Normal 

 Current Case with Shortage Scenario 

Pumping = High 

Recharge = Low 

 Current Case Scenario 

Pumping = High 

Recharge = Normal 

 High Growth with Shortage Scenario 

Pumping = Very High 

Recharge = Low 

High Growth Scenario 

Pumping = Very High 

Recharge = Normal 

Table 8: Study Scenarios for Climate and Population 

The current case scenario, which incorporates a high pumping rate and normal recharge, presents 

the water management practices and climate that are occurring at this time, and continues those 

current practices into the future. The Arizona Department of Water Resources Regional 

Groundwater Flow Model of the Tucson Active Management Area was used as the main 

resource for determining the current practices (Mason and Bota, 2006). The ADWR model 

projected water flows until the year 2025. Using the assumptions that were stated in the ADWR 

model, this study extends those assumptions to 2050 for the current case.  It is assumed that 

recharge is steady so no changes were made to recharge in this case.  
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Considering the future predictions about climate change and the effects that it will have on the 

water supply, a water shortage is likely. The shortage scenario involves a decrease in natural and 

artificial recharge. Based on the previous studies in Table 3 about streamflow reductions due to 

climate change, a 10% decrease in flows was projected in this study. This runoff decrease affects 

both natural local recharge and Colorado River flows.  

The current case and shortage scenarios were both evaluated in three different growth scenarios. 

For high growth, a 40 percent increase in the annual population growth rate was implemented for 

2010 to 2050. The Tucson region is a rapidly growing area so this scenario shows how high 

growth for the next forty years will impact groundwater depletion.  

Since negative consequences are expected from additional pumping, limits on new housing 

construction and a greater emphasis on water efficiency may also occur, which would create 

limited growth or reduced demand through lower GPCD. With the limited growth /lower demand 

scenario, the annual population growth percentage will be reduced from the current scenario by 

40 percent. In this case, it is assumed that population growth slows to reduce the water use.    

In this study the correlation between climate and population are not considered. Even though 

climate may be a factor for migration, that influence is not represented in this study.  

8.1 WATER DEMAND 

The current case water demand is based on projections from ADWR that were estimated to 2025 

and those assumptions were extended to the year 2050 (Mason and Bota, 2006). This information 

included estimates for future water demands, timing of the demand, and sources of water supply 

for the projected demand. Much of this information was supplied by municipal and industrial 
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water providers and agencies to ADWR. Table 9 lists the water providers that are included for 

the Tucson AMA model.  

Industrial Sectors Municipal Sectors Agricultural Sectors 

ASARCO-Mission  AZ State Prison  Cortaro-Marana Irrigation District 

ASARCO-Silverbell  Davis-Monthath AFB  Farmers Investment Company 

Phelps-Dodge  University of Arizona  Avra Valley Irrigation District 

Tucson Electric Power AZ Water Company   

  Avra Water Company   

  Community Water Company   

  Eagle C.R. Water Company   

  Farmers Water Company   

  Forty-Niner Water Company   

  Flowing Wells Irrigation District   

  G.V. Water Company   

  Lago del Oro Water Company   

  Las Q.S. Water Company   

  Marana Water District   

  MDWID & Hub (Metro )   

  Native American domestic needs   

  Queen Creek Water Company   

  R. Sahuarita   

  Ray Water Company   

  Ridgeview Water Company   

  Spanish Trail Water Company   

  Thim U. & W.C.   

  Town of Marana   

  Town of Oro Valley   

  Tucson Water   

  Vail   

  Voyager Water Company   

Table 9: Tucson AMA Water Providers and Agencies 

The water demand varied for each municipal sector since this was tied to the population growth 

percentage and the expected water use. The water use is based on the gallons per capita per day 

(GPCD) from the Tucson Third Management Plan (Arizona, 1999). The population growth rate 
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was either supplied by the specific municipal provider or based on information from the 

application for an Assured Water Supply Designation or Certificate. 

The agricultural water demand was based on estimates made in the Third Management Plan. 

This assumed a reduction in irrigation acres by 50 percent between 1995 and 2025 and a slight 

increase in utilization rate (Arizona, 1999).  For the time period of 2025 to 2050, the irrigation 

acres continue to decrease but at a reduced rate, while the utilization continues to increase. Most 

of the small agricultural water users are assumed to go out of business because of economics and 

urbanization in the area.  

For the industrial sector in the Tucson AMA, metal ore mining is the primary water user. Since 

the water demand projections are based on economic and business projections at the mining sites 

and the business depends on world metal prices, which can be very volatile, these projections are 

a best guess at the future water demand. Other industrial water users are Tucson Electric Power 

and sand and gravel mines. For these entities, past water use histories and expected growth 

trends were used in the calculations.  

8.2 POPULATION 

The three population scenarios are limited growth, current case, and high growth. Equation 1 was 

used to calculate the population at time period t, based on the past population and the growth 

percentage,   .  

                 (Equation 1) 

Pt-1= population at time t-1,  αt = population growth percentage  
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Equation 2 details the population growth percentage term, αt, utilized in Equation 1, for the 

population scenarios. The limited growth and high growth scenarios were based on changes to 

the population growth percentage term. The percent population change,  , was -40% for the 

limited growth scenarios and +40% for the high growth case. These percent changes were made 

to the current case population growth percentage,   
 .  The current case population growth 

percentages for 2010-2025 were based upon estimates by ADWR and in the time period of 2025-

2050, the trends in the 2010-2025 percentages were continued to the year 2050 (Mason and Bota, 

2006).  

          
     (Equation 2) 

  = population growth percentage at time t,    = percent population change 

  
 = population growth percentage for the current case at time t   

 

The populations that were calculated using Equation 1 for the three scenarios are shown in 

Figure 17 for five year time intervals. In 2050 the population values range from 1,400,000 people 

to 1,950,000 people, for the limited and high growth shortages. The current case and these 

projections are within the reasonable estimates by the Pima Association of Governments of 

future population.   

Because many water providers were not able to supply information about future well locations, it 

was assumed that future demand in excess of existing well capacity was assigned to the same 

well.  
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Figure 17: Population Projections for the Tucson AMA 

8.3 WATER SUPPLY 

The water supplies for the model include groundwater, CAP surface water, and treated effluent. 

An assumption was made that no transfers of water rights would occur between holders. The 

renewable CAP surface water is a critical source of water in the projected scenarios. There is no 

direct delivery of CAP water for municipal use but water is recovered from various recharge 

facilities, which are listed in Table 10. The two types of recharge facilities in the Tucson AMA 

are groundwater savings facilities (GSF) and underground storage facilities (USF). A GSF is 

considered an indirect recharge facility because entities use CAP water instead of pumping 

groundwater. The amount of water that would have been pumped then becomes a long-term 

water storage credit for the Arizona Water Banking Authority. An underground storage facility 

differs from a GSF because the facility directly recharges CAP water and physically stores water 

in the aquifer.  
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Permit Type Project Name Description Permit Holder 

Underground 

Storage Facility  

Sweetwater Wastewater Treatment 

Plant 

Effluent recharge 

project 

City of Tucson 

Underground 

Storage Facility 

Santa Cruz Managed Recharge 

Facility 

Effluent recharge 

project 

City of Tucson / U.S. Bureau 

of Reclamation 

Underground 

Storage Facility 

Lower Santa Cruz Replenishment 

Project 

CAP surface water 

recharge project 

Central Arizona Water 

Conservation District 

(CAWCD) 

 Underground 

Storage Facility 

Central Avra Valley Storage and 

Recovery Project (CAVSARP) 

CAP surface water 

recharge project 

City of Tucson 

Underground 

Storage Facility 

Southern Avra Valley Storage and 

Recovery Project (SAVSARP) 

CAP surface water 

recharge project 

City of Tucson 

 Underground 

Storage Facility 

Marana High Plains Effluent 

Recharge Project 

Effluent recharge 

project 

Pima County Flood Control 

District 

 Underground 

Storage Facility Avra Valley Recharge Project 

CAP surface water 

recharge project 

CAWCD / Metro Water after 

2010 

 Underground 

Storage Facility Pima Mine Road Recharge Project 

CAP surface water 

recharge project 

CAWCD 

 Underground 

Storage Facility Robson Ranch Quail Creek 

Effluent recharge 

project 

Robson Ranch Quail Creek 

 Groundwater 

Savings 

Facility 

In Lieu recharge of CAP surface 

water to CMID lands 

Recharge CAP 

surface water 

Cortaro-Marana Irrigation 

District 

 Groundwater 

Savings 

Facility 

In Lieu recharge of CAP surface 

water to BKW & Milewide farms 

Recharge CAP 

surface water 

CAWCD 

 Groundwater 

Savings 

Facility 

In Lieu recharge of CAP surface 

water to Kia farms in Picacho 

Recharge CAP 

surface water 

Herb Kai 

 Groundwater 

Savings 

Facility 

In Lieu recharge of CAP surface 

water to Avra Valley Irrigation 

District 

Recharge CAP 

surface water 

Herb Kai 

 Groundwater 

Savings 

Facility 

In Lieu recharge of CAP surface 

water to Farmers Investment 

Company (FICO) 

Recharge CAP 

surface water 

FICO 

Table 10: Tucson AMA Permitted Recharge Projects 

There are three mechanisms to recharge the water in GSFs. The first is through infiltration 

basins, where water is spread over the land and infiltrates into the soil. The second method 

involves injection wells, which is where wells are used to forced water into the aquifer through 

the borehole of the well. Third, a managed USF is where water is discharged into a stream and 

naturally infiltrates into the aquifer. The groundwater savings facilities (GSF) are generally less 

expensive to operate than underground storage facilities (USF) so all of the available GSF 
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capacity was utilized for the projections. The remaining recharge was proportionally spread 

among the USF based on their capacity. This excludes the City of Tucson USF, which operates 

separately. Also, it was assumed that the impact of long-term versus short term credits and losses 

were negligible. 

8.4 EFFLUENT  

Future projections of effluent are based on historic data from the Pima County staff, including 

volumetric release data and discharge locations. An analysis of the data by ADWR determined 

that the effluent generation value was 79 gallons per person per day.  For each wastewater 

treatment facility, a net annual effluent discharge was calculated based on the projected 

population and effluent generation value, minus the estimated effluent reuse at a facility.  

8.5 CLIMATE  

Two aspects are taken into account for the climate scenarios: natural recharge and CAP 

shortages. With climate change it is expected that precipitation will decrease, which means that 

there will be less natural recharge locally occurring within the Tucson AMA. The CAP is also 

affected by climate through reductions in flows on the Colorado River.  

For natural recharge, it is assumed that there will be 10 % or 20% decrease in the water available 

over the 50 year period of 2010 to 2060. This is a linear relationship based on Equation 3, where 

Rt is the recharge at time t. R0 is the recharge value in 2010, while t0 is the year 2010. T is the 

year 2060. The term α is 0.  or 0.  depending which scenario is run, either the 10% or 20% 

shortage scenario.    

   
       

    
             (Equation 3) 
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The estimates of the timing of the CAP shortages are based on a study by Barnett and Pierce 

(2009). They explore the effects of climate changes in the Colorado River Basin and when these 

could cause the reservoir storage to be reduced to a point where shortage conditions are enacted. 

They estimated multiple time series of probabilities of future Colorado River water deliveries 

and water delivery shortages in order to provide quantitative information on the timing and size 

of future delivery shortfalls. The Colorado River Budget Model, a simple water budget model 

that calculates the net effect of inflows and outflows at a monthly time step, was used (Barnett 

and Pierce, 2009). In this model, the United States Bureau of Reclamation schedule of delivery 

cuts was included (USBR, 2007). The addition of these operational rules is critical for evaluation 

in this study.  Figure 18 below shows the probability of experiencing delivery shortages as a 

function of time. As time progresses, the likelihood and size of water delivery shortfalls increase 

rapidly. This is due to not only climate change, but also an increase in scheduled water 

deliveries.  

For the 10% reduction in Colorado River streamflow, mean annual delivery shortfalls reach 0.49 

billion cubic meters per year (bcm/yr), which is equivalent to 0.4 million acre-feet per year 

(MAF/yr), the designation for level 1 shortage, in the year 2021 (Figure 18).  As time continues, 

the Colorado River water supply continues to decrease without a drastic decrease in water 

demand. This results in a level 2 shortage. According to Figure 18, the average time for this to 

occur would be in 2032. The level 3 shortage designation follows in 2040 with a mean shortfall 

of 0.74 bcm/ year.  
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Figure 18: Mean Water Shortfalls in Lake Mead for a 10% Runoff Reduction 

Source: (Barnett and Pierce, 2009) 

Barnett and Pierce (2009) also evaluated a scenario with a 20% reduction in Colorado River 

streamflow (Figure 19). To further investigate the impacts of climate change on water 

groundwater depletion, a scenario for this thesis was developed that involved the current case 

population with a 20% reduction to both Colorado River flows and natural recharge in the 

Tucson area. This scenario is labeled as Current Case with 20% Shortage.  

The 20% reduction in the Colorado River streamflow has a large impact on the timing of the 

Lake Mead shortage designations. With these conditions, the level 1 shortage is enacted in the 

year 2017 and level 2 occurs in 2021 (Figure 19). The level 3 shortage follows quickly in 2025.  

As time progresses, the mean shortfall steadily increases and it is expected that additional 

shortage reductions would be needed along the Colorado River. Since the regulations for the 

additional shortage have not been decided, the model developed in this paper assumes that the 

level 3 shortages will continue until 2050, without further shortage reductions to the Tucson 

AMA. With this assumption, the projection is considered to be the best-case scenario for the 
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20% reduction in Colorado River streamflow. This is because the additional water shortages 

would likely impact municipal and industrial water users.  

 
Figure 19: Mean Water Shortfalls in Lake Mead for a 20% Runoff Reduction 

Source: (Barnett and Pierce, 2009) 

8.5.1 SHORTAGE ALLOCATION  

The shortages distributed to Central Arizona Project water users are based on the CAP delivery 

priority, shown in Figure 9. Once a level 1 shortage occurs, excess water users forfeit their water 

allocation. The Arizona Water Banking Authority (AWBA) and Central Arizona Groundwater 

Replenishment District then lose their water allocation due to the shortage. Due to financial 

reasons, the AWBA will no longer recharge and store water in the Tucson AMA beginning in the 

year 2017. Instead water will be recharged mostly in the Phoenix AMA, which is outside of the 

study area considered here. Agriculture is the next entity affected by CAP shortages. To achieve 

a 400,000 acre-foot reduction in CAP water allocation, it is estimated that a 38% reduction for 

CAP water delivered to agricultural water users is needed. This reduction amount is based upon 
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future delivery schedules from the Arizona Water Banking Authority and Central Arizona 

Project.  

To evaluate the groundwater depletion with these shortages, it is assumed that the agricultural 

entities continue to pump the same amount of water as the non-shortage cases, but the water 

source will be groundwater instead of CAP water. This means that the incidental recharge, which 

occurs as a result of water applied on crops and drains into the aquifer, is unchanged.  

The second level of CAP shortage causes a 65% reduction in agricultural water allocation. This 

is necessary to reach the 500,000 acre-foot reduction in lower basin states’ water. The level three 

shortage results in a 92% reduction in agricultural water allocation. The majority of this cut 

affects the Phoenix and Pinal AMAs because the prevalence of agriculture is much higher in 

those areas. At the level 3 shortage, the Tucson AMA agricultural shortage amounts to 2,732 

acre-feet of water in 2040 for the 10% streamflow reduction. With the 20% reduction, the level 3 

shortage accounts for 4, 250 acre-feet of water in 2025. This amount is higher since more 

agricultural entities are farming near Tucson in 2025 compared to 2040. In the later years, much 

of the agriculture occurs in the Phoenix and Pinal AMAs, instead of Tucson.  

For all of the shortage levels, municipal and industrial entities along with Indian contracts are not 

affected. No reductions to Tucson Water or any other municipal water providers were necessary.  

8.6 SCENARIO CALCULATIONS 

A series of spreadsheets were compiled that included information provided by ADWR, water 

providers and other selected agencies on the future water supply and demand projections. For the 

demand projections, 5 year stress periods for 2000-2050 were utilized. In each of these stress 

periods, the population and gallons per capita per day were used to calculate the water demand 
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for each water provider listed in Table 9. The demand was then distributed, based upon historical 

pumping, to the wells that are designated for that water user. During the population scenarios, the 

population growth rate percentage term was varied within these spreadsheets to influence the 

water demand.  

For the climate scenarios, variations were made to the agricultural demand spreadsheet and the 

natural recharge spreadsheet. All of the agricultural entities receiving CAP water experienced a 

reduction in the CAP allocation percentages based on the shortage level and the timing for 

shortage.  Also, the natural recharge spreadsheet, which associated the mountain-front recharge 

and natural stream infiltration to specific cells within the model, was edited to include the 10% 

or 20% reduction over the model time period.  

The computer program Matlab, was then used to format the data from these spreadsheets to a 

comma separated value file. This file was then processed using Winteracter, a GUI toolset for the 

Fortran programming language. The outputted data for the projection period stresses were 

appended to the transient model stresses (1941-1999) so that the model ran from 1940 to 2050.  
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9.0 RESULTS 

The results of the model include the water budgets and predicted water levels in the regional 

aquifer within the Tucson AMA study area. First, the results with variations in the climate 

aspects of the model are evaluated. This involves the comparison between the current case, 

current case with 10% shortage, and current case with 20% shortage. The population is constant 

throughout each of these scenarios, at the current case values, so that the effects of climate 

change can be determined.  

In addition, two scenarios are presented where only one aspect of the climate scenarios was 

varied, either the natural recharge or the CAP shortage for the 10% case. This was in order to 

independently analyze the effects from natural recharge shortages and the effects for CAP 

shortages.  

Next, the climate is unchanged and the results of the three population scenarios (limited growth, 

current case, and high growth) are evaluated. Following this, the six scenarios presented in Table 

8, which involve the three population scenarios and the shortage and non-shortage case are 

evaluated. The shortage considered was the 10% shortage case.  The results from the limited 

growth and high growth with shortage cases will be highlighted because those are the extreme 

cases. In addition to this, the aspects from the current case and high growth case will also be 

discussed. The results from the remaining scenarios are similar to the ones presented and 

additional results for these cases can be found in the Appendix.    

9.1 CLIMATE SCENARIO EVALUATION 

Using the current case population as a basis, the 10% and 20% reductions in Colorado River 

streamflow and natural recharge over a 50 year period were evaluated. As time progresses in the 

simulation, the deviation in the amount of water recharged between the scenarios grows. This is 
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because of the continued reduction in natural recharge with time. More information about this 

influence of natural recharge will be presented in the next section.   

Due to the CAP allocation shortages for agricultural entities, additional natural groundwater is 

pumped to meet demand. The reduced recharge and additional well pumping drives the 

difference in the cumulative change in storage shown in Figure 20. The 20% shortage case has a 

rapidly declining slope, which means that this scenario would have a severe impact on the 

groundwater depletion in the Tucson AMA.  

 
Figure 20: Cumulative Change in Storage for Climate Scenarios 

Table 11 details the cumulative water budget results for these scenarios. The difference in the 

cumulative recharge between the current case and current case with 20% shortage is over 

150,000 acre-feet of water. This is a substantial loss of water that is no longer recharged into the 

aquifer because of climate change.  
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Current 
Case 

Current Case 
with 10% 
Shortage 

Current Case 
with 20% 
Shortage 

          
In

 
Storage 1.23E+07 1.24E+07 1.26E+07 

Constant Head 2.48E+06 2.48E+06 2.49E+06 

Wells 1.13E+06 1.13E+06 1.13E+06 

Recharge 2.34E+07 2.33E+07 2.32E+07 

          

O
u

t 

Storage 3.35E+06 3.33E+06 3.26E+06 

Constant Head 1.81E+06 1.81E+06 1.80E+06 

Wells 3.36E+07 3.37E+07 3.39E+07 

ET 5.24E+05 5.21E+05 5.17E+05 

          

  Change in storage -9.00E+06 -9.11E+06 -9.34E+06 

Table 11: Cumulative Water Balance Results for the Current Case, Current Case with 10% 

Shortage, and Current Case with 20% Shortage Scenarios 

Note: All values are in acre-feet 

9.2 CLIMATE SHORTAGE COMPONENT ANALYSIS 

The shortage scenarios were further investigated to compare the effects of natural recharge 

shortage compared to artificial recharge shortage. The natural recharge shortage involved a 10% 

reduction in mountain-front recharge and local stream infiltration over 50 years. The artificial 

recharge component was based on CAP shortages due to a 10% reduction in Colorado River 

streamflow.   

Natural recharge shortage drives the overall shortage (Figure 21). The plot of the scenarios 

shows the line for the current case with shortage and the current case with natural recharge 

shortage line as following a similar, mostly overlapping, path. The similarities between the 

current case with shortage and the current case with natural recharge shortage scenarios can be 

seen in the cumulative water balance (Table 12). The main reason why reductions to CAP 

recharge do not have a large effect on the change in storage is that both the shortage and non-
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shortage scenarios discontinue recharging water through the Arizona Water Banking Authority 

(AWBA) just before 2020. This is represented as the large drop in the change in storage values in 

Figure 21. AWBA is no longer able to recharge water in the Tucson AMA because of financial 

reasons. Instead, AWBA recharges additional water in the Phoenix and Pinal AMAs. 

Additionally, the majority of the CAP allocation for agriculture is also located in the Phoenix and 

Pinal AMAs. This means that the three CAP levels of shortages have a small impact on the water 

supply in the Tucson AMA.    

 
Figure 21: Plot of Rate of Change in Storage for Shortage Scenarios 
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Current 
Case 

Current 
Case 
with 
10% 
Shortage 

Current 
Case 
with 10% 
Natural 
Recharge 
Shortage 

Current 
Case 
with 
10% CAP 
Shortage 

            

In
 

Storage 1.23E+07 1.24E+07 1.24E+07 1.23E+07 

Constant Head 2.48E+06 2.48E+06 2.48E+06 2.48E+06 

Wells 1.13E+06 1.13E+06 1.13E+06 1.13E+06 

Recharge 2.34E+07 2.33E+07 2.33E+07 2.34E+07 

            

O
u

t 

Storage 3.35E+06 3.33E+06 3.34E+06 3.34E+06 

Constant Head 1.81E+06 1.81E+06 1.81E+06 1.81E+06 

Wells 3.36E+07 3.37E+07 3.36E+07 3.37E+07 

ET 5.24E+05 5.21E+05 5.21E+05 5.24E+05 

            

  
Change in 
storage 

-
9.00E+06 

-
9.11E+06 

-
9.11E+06 

-
8.99E+06 

Table 12: Cumulative Water Balance Results for the Current Case, Current Case with 10% 

Shortage, Current Case with 10%Natural Recharge Shortage and Current Case with 10% CAP 

Shortage Scenarios 

Note: All values are in acre-feet 

 

9.3 POPULATION SCENARIO EVALUATION 

The three population scenarios were evaluated without any influence from climate changes. As 

expected, the high growth scenarios produced the highest water demand and a substantial 

increase in the amount of water pumped from the aquifer (Figure 22). The difference in the 

cumulative amount of water pumped between the high growth and limited growth scenarios is 

approximately 2,400,000 acre feet of water.  
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Figure 22: Annual Pumping for the Three Population Scenarios 

 

Figure 23: Annual Change in Storage for the Three Population Scenarios 

The annual change in storage for the three population scenarios from 2010 to 2050 are shown in 

Figure 23. While all of the scenarios have a negative change in storage, meaning that more water 



78 

 

 

 

is being pumped from the aquifer than replenished through recharge, the limited growth scenario 

shows the closest balance between the pumping and recharge. This is because the limited growth 

scenario has the lowest water demand considered in this study.  

9.4 WATER BUDGET FOR THE SIX SCENARIOS 

A water budget details the relationship between inputs and outputs of water in a study area. 

Table 13 shows the results of the cumulative water budget for the entire 110 stress periods of the 

model. This output of the model is useful for determining the aspects that influence the 

groundwater flow. Each of the water budget categories are discussed in the following sections. 

The shortages considered for these scenarios are the 10% reduction to natural and CAP water 

supplies.  

    
High 
Growth  

Current 
Case 

Limited 
Growth 

High 
Growth 
with 
Shortage 

Current 
Case with 
Shortage 

Limited 
Growth 
with 
Shortage 

                

In
 

Storage 1.26E+07 1.23E+07 1.22E+07 1.27E+07 1.24E+07 1.22E+07 

Constant Head 2.48E+06 2.48E+06 2.48E+06 2.48E+06 2.48E+06 2.48E+06 

Wells 1.13E+06 1.13E+06 1.13E+06 1.13E+06 1.13E+06 1.13E+06 

Recharge 2.45E+07 2.34E+07 2.24E+07 2.45E+07 2.33E+07 2.23E+07 

                

O
u

t 

Storage 3.45E+06 3.35E+06 3.27E+06 3.44E+06 3.33E+06 3.25E+06 

Constant Head 1.82E+06 1.81E+06 1.81E+06 1.81E+06 1.81E+06 1.80E+06 

Wells 3.49E+07 3.36E+07 3.25E+07 3.50E+07 3.37E+07 3.26E+07 

ET 5.24E+05 5.24E+05 5.25E+05 5.21E+05 5.21E+05 5.21E+05 

                

  Change in storage -9.12E+06 -9.00E+06 -8.89E+06 -9.23E+06 -9.11E+06 -9.00E+06 

Table 13: Water Budget Cumulative Results 

Note: All values are in acre-feet 

9.4.1 INFLOWS 

The simulated inflows consisted of recharge, inflows from the specified constant head along the 

model boundaries and underflow across the Santa Cruz – Tucson AMA boundaries, which is 
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input to the model in the Well Package of Modflow. The inflow storage term can be interpreted 

as a loss of water from the aquifer.  

9.4.1.1 RECHARGE 

The components of recharge included in the model are natural recharge, incidental recharge, 

effluent recharge, and mine tailing pond recharge. The natural recharge, which includes 

mountain-front recharge and stream infiltration, is constant throughout the non-shortage 

scenarios. During the shortage cases, a 10% reduction in both mountain front recharge and 

stream infiltration was implemented based upon Equation 3. The incidental recharge is a product 

of water that reaches the regional aquifer after use for agriculture, industrial, or municipal uses. 

This incidental recharge steadily increased until the mid-1980s but has continued to be an 

important aspect of the water balance. The impact of incidental recharge is especially important 

in the Avra Valley since there is a larger volume of agriculture water use in that area compared 

to the Upper Santa Cruz sub-basin. The effluent recharge released into the Santa Cruz River was 

distributed to cells along the river, downstream of the Ina and Roger Road Wastewater 

Treatment Plants. For the mine tailing pond recharge, the mines provided estimated pumpage 

and distribution to cells that contained the ponds.  

Figure 24 presents the time series of the annual recharge in the Tucson AMA for the current 

case. A spike in recharge occurred following the year 2000. This is because the delivery of CAP 

water was beginning to be recharged within the Tucson AMA. Prior to this time, natural recharge 

and incidental recharge were the main inputs contributing to overall recharge. After this major 

influx of water, local water entities have continued to recharge water in order to use their full 

allocation of CAP water. In the near future, many entities will be using or recharging their full 

allotment of CAP water, but as seen in Figure 24, the recharge continues to increase until 2050. 
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This is due to effluent and incidental recharge. As the population continues to grow, the recharge 

from these sources will also increase.  

 
Figure 24: Annual Rate of Recharge 

9.4.1.1.2 CONSTANT HEAD 

Groundwater underflow was simulated between the boundary of the Santa Cruz AMA and the 

Tucson AMA using the time-variant specified head package in Modflow. This package allows 

water inflows to change as water levels near the boundary fluctuate throughout the model time 

period. The simulated inflows have slightly increased since the 1960s. This reflects an increasing 

water table gradient. The water levels are relatively stable in the Santa Cruz AMA but water 

levels have decreased in the Tucson AMA due to pumping. The water input for the constant head 

boundary is an order of magnitude less than the recharge, but this is still considered a substantial 

contribution to the water in the Tucson AMA.  

9.4.1.1.3 WELLS 

Underflow into the Altar Valley was simulated using the well package. This simulated fluxes 

across selected model boundaries.  
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9.4.2 OUTFLOWS 

The simulated outflows from the model include pumpage from wells, evapotranspiration (ET), 

and boundary outflows simulated as constant head boundaries. The storage outflow is considered 

water gained by the aquifer.   

9.4.2.1 WELLS  

Since the mid-1980s municipal water demand has been increasing due to population growth. 

Pumping by the agricultural sector has steadily decreased, but this has not been enough to offset 

the increase in municipal water pumping.  

Well pumping is driven by population. As the population in the Tucson AMA grows, water 

pumping also increases, which can be seen in Figure 25.  

 

Figure 25: Annual Rate of Well Pumping 
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9.4.2.2 EVAPOTRANSPIRATION 

Evapotranspiration locations and rates were held constant throughout the scenarios (Mason and 

Bota, 2006). Declines in simulated ET occurred due to water level declines. As the water table 

becomes lower there is less water available in the soil for evaporation and transpiration. At a 

certain point, the water table depth increased to an amount greater than the extinction depth, 

which is the depth at which water is no longer available for evapotranspiration.  

9.4.2.3 CONSTANT HEAD 

The constant head package of Modflow simulated the groundwater outflow out of the Tucson 

AMA. The boundary flux has fluctuated since 1940. The flux declined from the 1950s to the 

1970s when there were water table declines in the Avra Valley. Since then, the water levels have 

recovered and the boundary flux has increased. 

9.4.3 CHANGE IN STORAGE 

All of the model scenarios resulted in net loss of storage in the aquifer. This totaled a loss of 9.23 

million acre feet of water for the high growth with 10% shortage scenario and a loss of 8.89 

million acre feet for the limited growth scenario. These two extremes show the range of change 

in storage values and Table 14 details the cumulative change in storage values for each scenario.  

  10% Shortage Normal Conditions 

Limited Growth -9.00E+06 -8.89E+06 

Current Case -9.11E+06 -9.00E+06 

High Growth -9.23E+06 -9.12E+06 

Table 14: Change in Storage Values for Each Scenario 

Note: All values in acre-feet 
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Figure 26 details the time series of the cumulative change in total storage in the Tucson AMA 

under each scenario. There is a steady decline in storage from 1940 to 2050 in every scenario. 

The short plateau where the shortage is not dropping quickly around the year 2000 is because of 

the influx of CAP water. This additional surface water was used to recharge the aquifer and its 

direct use provided an alternative to pumping groundwater.  Since that time, the water demand 

caused by population growth has continued and exceeded the total recharged water entering the 

Tucson AMA.  

 

Figure 26: Cumulative Change in Aquifer Storage 

Figure 27 is a plot of the rate of total annual storage change in acre-feet per year. In all of the 

scenarios, groundwater pumping exceeds recharge into the aquifer. The high growth with 

shortage scenario depicts the case with the most pumping and lowest recharge. The rate of 

change of storage continues to drop as the groundwater is depleted. Comparing the limited 

growth and high growth with shortage scenarios in 2050, there is a 16,635 acre-foot difference. 

That is enough water to supply 133,080 people water in that year. That is based on the Pacific 
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Institute’s estimate that   acre-foot of water supports two households of four people for a year 

(Water, 2013).  

The change in storage plot (Figure 27) also shows that the 10% recharge shortage is 

approximately equivalent to the 40% increase in population growth percentage. This is shown by 

the overlapping lines of the current case and the limited growth with shortage lines in the annual 

change in storage plot. This can also be seen in the similarities between the high growth and 

current case with shortage conditions. This plot shows that both recharge shortage and 

withdrawals due to population do have an effect on the change in aquifer storage. If recharge did 

not influence the aquifer storage then the two scenarios that involved the same population case, 

for example the limited growth and limited growth with shortage, would have a similar change in 

storage and be overlapping lines in Figure 27.  

 

Figure 27: Rate of Change in Aquifer Storage 
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9.5 WATER LEVEL CHANGES 

Spatial distributions of water level changes are a valuable tool for water managers since these 

detail locations where the water table is increasing or decreasing. In areas where groundwater 

depletion is occurring rapidly, subsidence is a concern. These are areas that should be monitored.  

The change in water level was calculated by subtracting the 1999 simulated heads from the 2050 

heads. In all of the scenarios the water levels near the recharge facilities are increasing. This is 

especially evident in the area surrounding Tucson Water’s Central Avra Valley Storage and 

Recovery Project (CAVSARP), Southern Avra Valley Storage and Recovery Project 

(SAVSARP), and Pima Mine Road Recharge Project. It is evident that the recharging of CAP 

water has altered large areas of the Tucson AMA regional aquifer. The scenarios also all show 

declining water levels to the east and north of the City of Tucson. This is due to new 

development in those areas that will require groundwater because CAP supplies are not 

available. The declining water levels near Green Valley are due to water pumping for mining 

activities.  

Figure 28 shows a map of the change in water levels for the current case scenario from 2000 to 

2050. This shows a range of water level changes from -125 to 175. Near recharge facilities the 

aquifer has benefited and gained water, while other locations have suffered from excess 

groundwater pumping. The areas that show the most severe groundwater depletion are Southeast 

of Tucson where increased development will rely on groundwater, and a cone of depression 

North of Green Valley, where mine pumping is utilizing groundwater.  

The next map (Figure 29) shows water level changes for the high growth with shortage and 

limited growth cases. These are the two extremes for the range of scenarios. Overall the water  
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Figure 28: Map Showing Projected Water Level Changes for Current Case Scenario, 2000-2050 

Pima Mine Road 

Recharge Project 

SAVSARP 

CAVSARP 
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Figure 29: Map Showing Projected Water Level Changes for High Growth with Shortage and 

Limited Growth Scenarios, 2000-2050 

SAVSARP 

CAVSARP 

Pima Mine Road 

Recharge Project 



88 

 

 

 

level changes are similar, but there are slight variations in the contours, especially near recharge 

facilities.  The maps of water level changes for all of the additional scenarios can be found in 

Appendix C. 

9.6 DEPTH TO WATER 

Model results also include depth to water calculations. For the current case scenario, shown in 

Figure 30, the depth to water ranges from 75 feet to 400 feet. The area southeast of Tucson has 

the greatest depth to water. This is consistent with the negative change in water level shown in 

Figure 28. 

The depth to water of the high growth with shortage and limited growth scenarios are plotted in 

Figure 31. As seen with the change in water level plots, there are slight variations between the 

two scenarios. The largest variations in the contours can be seen in the Avra Valley sub-basin 

and near Marana. Small differences can be seen between the other scenarios (Appendix D).     

The model also outputs head values. Contour maps for each of the scenarios can be found in 

Appendix B.  

The overall results of the six scenarios show that the high growth with shortage case negatively 

impacts the aquifer to the greatest extent. The limited growth scenario is the best case scenario 

for the Tucson AMA groundwater supply.  
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Figure 30: Map Showing Depth to Water for Current Case Scenario in 2050 
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Figure 31: Map Showing Depth to Water for High Growth with Shortage and Limited Growth 

Scenarios in 2050 



91 

 

 

 

10.0 CONCLUSIONS 

Sustaining a strong economy and development in the Tucson, Arizona region is highly dependent 

on the availability of water resources. In the past, naturally occurring groundwater from the 

regional aquifer was being steadily drained to provide growth to Tucson. With the advent of 

water supplies from the Colorado River via the Central Arizona Project, less natural groundwater 

has been consumed so the regional aquifer has recovered slightly. The amount of CAP water for 

Arizona is an amount that is likely to decline if climate change occurs. Furthermore, the 

population of the Tucson region seems likely to continue growing. With diminished CAP 

deliveries and continued population growth, groundwater will become a critical water source.  

This Modflow groundwater flow model was developed to evaluate the separate, and combined, 

effects of population growth and climate change on water supply in the Tucson AMA. Based 

upon comparisons with hydrographs and past groundwater flow data, this model is able to 

simulate the groundwater conditions relatively accurately. For the period of 1941 to 1999 the 

mean error, which is calculated as the difference between the model simulated head values and 

the observed head values, was calculated to be -2.2 feet. This error accounted for an error of up 

to 9% of the change in water levels from 1940 to 1999. 

This study has assessed how various population and climate scenarios will affect water resources 

in the future. The current case of the model was developed using assumptions from the Arizona 

Department of Water Resources. In this model, future pumping estimates, current recharge 

facilities, future CAP water allocations, and use of treated effluent projections, were utilized as 

inputs.  
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Although unlikely to occur because of past population growth trends, the limited growth scenario 

is the best case scenario considered in this study. In that scenarios the declining rate of storage 

change is low compared to the other scenarios, meaning that the balance between pumping and 

recharge is nearly equal. Nonetheless, recharge would need to continue to increase, or pumping 

would need to drop considerably to achieve safe yield. Even in this limited growth scenario, safe 

yield does not occur in the study time period and overdrafting of the aquifer continues to persist. 

For water managers, this fact is important because it means that groundwater depletion continues 

and has the potential to affect water supplies.   

In the instance of a 20% reduction in natural recharge and streamflow in the Colorado River over 

the period of simulation, large overdrafts can be expected since recharge is substantially lower 

than the other cases.  In this scenario, the CAP water allocation shortage starts in 2017 so the 

aquifer is stressed for an extended period of time. Also, since the third shortage begins in 2025, 

25 years are predicted to be under extreme shortage conditions. This is in addition to the 

reductions to natural recharge. Due to these factors, it is evident that the 20% reduction scenario 

would have a long and deep impact on the groundwater conditions in the region.  

Although the AMA as a whole does not reach safe yield in any of the scenarios, there are some 

areas within the AMA that do record positive aquifer storage changes. These locations are in the 

Avra Valley sub-basin, where recharge projects have drastically helped the water table recover 

from low levels. The Upper Santa Cruz sub-basin on the other hand continues to experience a net 

loss in aquifer storage. This storage loss outweighs the positive influence for the Avra Valley so 

that the overall AMA still experiences a loss in storage. This annual storage loss is much smaller 

than in the past though. Between 1960 and 1975 the annual storage loss ranged between              

-160,000 acre-feet per year and -180,000 acre-feet per year. At the end of this simulation period 
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in 2050, the rate of storage change is -53,000 acre-feet per year for the high growth with shortage 

case and as low as -36,500 acre-feet per year for the limited growth scenario.  

The scenarios were further investigated to determine how the aspects of natural recharge and 

artificial recharge individually influenced the results of the climate scenarios.  Natural recharge 

largely controlled the shortage scenario results. A 10% decrease in the natural stream infiltration 

and mountain front recharge drives the climate shortages in this study. If further shortages of 

CAP water occurred where the impact would influence municipal and industrial customers, then 

it is expected that the CAP shortage would outweigh the effects of natural climate change, but 

this possibility is not investigated here because the regulations for additional shortages have not 

been determined by the lower basin states.   

Overall, this study postulated that the main factors that controlled groundwater depletion for the 

scenarios were population growth and natural recharge. As population grows in the Tucson 

AMA, groundwater pumping also increases. Since Tucson has a finite allocation of CAP water, 

additional water demand above this allocation must be met with natural groundwater. As water 

demand increases, groundwater depletion and lowering of the water table can be expected to 

continue in the future. Future groundwater depletion could also be caused by a reduction in 

natural recharge. The mountain-front recharge and local stream infiltration do provide a valuable 

portion of the Tucson AMA water supply.  

10.1 MODEL LIMITATIONS 

The numerical groundwater flow model produces averaged conditions over the large study area. 

This study may not be suitable for site-specific applications. Due to the cell-size and localized 

data limitations, the model may not accurately simulate localized conditions.  
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In locations where more data was known, the model projections are expected to be more 

accurate. The model error was determined by comparing the observed heads to the model 

simulated head values. Much of the error was a result of small-scale heterogeneities within the 

aquifer that was not modeled because it is at a scale that is much smaller than the model cell size. 

To improve the overall accuracy of the model, better estimates of the model input data and more 

data points could be added. 

10.2 FUTURE WORK 

This model of the Tucson Active Management Area was developed to evaluate long-term water 

management scenarios. The population and climate scenarios provided a broad range of 

outcomes that indicate how the regional aquifer would be affected by changes in water supply 

and demand that are projections of what can be expected in the next 40 years.  Future work could 

include an investigation of the impact of climate change on local evapotranspiration. This study 

held the ET in the Tucson AMA constant throughout the scenarios, but it is likely that the ET 

rate will increase if temperatures increase. As for the regional effects of evapotranspiration, that 

aspect was included in the calculation for the reduction amount of Colorado River runoff. By 

modeling the local change in ET, it can be determined if this aspect will have an effect on the 

groundwater depletion.   

In addition to this, more research could be conducted on how the agricultural sector will react to 

reduced deliveries of CAP water. In this study, and in the ADWR model on which this one is 

based, agricultural water users are expected to revert to groundwater pumping to meet their water 

demand, but water users may not have the financial or physical ability to make this transition to 

acquiring groundwater. This would mean that agricultural land would become fallow and 
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unused. Hence, groundwater use would be decreased in certain areas, which would help the 

AMA reach its goal of safe yield.  
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APPENDIX A. SELECTED HYDROGRAPHS 

 
Figure 32: Hydrograph A, Well D-13-11 31CCC1 

 
Figure 33: Hydrograph B, Well D-15-11 05CCD 

 
Figure 34: Hydrograph C, Well D-10-10 05DAD 
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Figure 35: Hydrograph D, Well D-11-10 08DDD 

 
Figure 36: Hydrograph E, Well D-11-10 25DDA2 

 
Figure 37: Hydrograph F, Well D-12-11 12BDC 
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Figure 38: Hydrograph G, Well D-14-11 08CCC 

 
Figure 39: Hydrograph H, Well D-13-13 13BBA 

 
Figure 40: Hydrograph I, Well D-15-15 06BBB 
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Figure 41: Hydrograph J, Well D-16-13S02BBA2 

 
Figure 42: Hydrograph K, Well D-17-14 17DCC 
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APPENDIX B. MAPS OF SIMULATED HEAD VALUES 

  
Figure 43: Map Showing the Simulated Head Contours in 2050 for the Limited Growth Scenario 
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Figure 44: Map Showing the Simulated Head Contours in 2050 for the Current Case Scenario 
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Figure 45: Map Showing the Simulated Head Contours in 2050 for the High Growth Scenario 
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Figure 46: Map Showing the Simulated Head Contours in 2050 for the Limited Growth with 

Shortage Scenario 
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Figure 47: Map Showing the Simulated Head Contours in 2050 for the Current Case with 

Shortage Scenario 
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Figure 48: Map Showing the Simulated Head Contours in 2050 for the High Growth with 

Shortage Scenario 
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APPENDIX C. MAPS OF WATER LEVEL CHANGES 

 
Figure 49: Map Showing the Water Level Change for 2000 to 2050 for the Limited Growth 

Scenario 
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Figure 50: Map Showing the Water Level Change for 2000 to 2050 for the Current Case 

Scenario 



108 

 

 

 

 

Figure 51: Map Showing the Water Level Change for 2000 to 2050 for the High Growth 

Scenario 
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Figure 52: Map Showing the Water Level Change for 2000 to 2050 for the Limited Growth with 

Shortage Scenario 
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Figure 53: Map Showing the Water Level Change for 2000 to 2050 for the Current Case with 

Shortage Scenario 
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Figure 54: Map Showing the Water Level Change for 2000 to 2050 for the High Growth with 

Shortage Scenario 
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APPENDIX D. MAPS OF DEPTH TO WATER 

 

Figure 55: Map Showing the Depth to Water in 2050 for the Limited Growth Scenario 



113 

 

 

 

 

Figure 56: Map Showing the Depth to Water in 2050 for the Current Case Scenario 
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Figure 57: Map Showing the Depth to Water in 2050 for the High Growth Scenario 
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Figure 58: Map Showing the Depth to Water in 2050 for the Limited Growth with Shortage 

Scenario 
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Figure 59: Map Showing the Depth to Water in 2050 for the Current Case with Shortage 

Scenario 
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Figure 60: Map Showing the Depth to Water in 2050 for the High Growth with Shortage 

Scenario 
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