
 

Figure 11.  Rain event.  Notice no ponding/runoff in the 

pervious concrete gutter. 

 

Figure 12.  Pervious concrete parking lot, private business, 

during rain event.  Note no ponding of rainfall. 
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Figure 13.  Installation of porous asphalt parking lot at the 

City’s new Airport Park, south parking lot. 

 

Figure 14.  Rain event.  Airport Park’s porous asphalt south parking 

lot. 
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Table 1.  Water Quality Changes – Bacteria 

 

Table 2.  Water Quality Changes – General Minerals 
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Table 3.  Water Quality Changes – Metals 

 

Table 4.  Water Quality Changes – Miscellaneous 
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Table 5.  Water Quality Changes – Nitrogen, Phosphorous 
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Abstract 

 

Under rapidly growing water demand and the potential prolonged drought due to 

climate changes, a long-term sustainable water supply must be assured. This study 

develops a generally applicable decision support system (DSS) tool as an aid in the 

planning of long-term water supply. The model incorporates multiple water sources 

(ex, ground water, surface water, natural and artificial recharge), users (ex, municipal, 

agricultural, industrial, and natural evapotranspiration), and water qualities (ex, raw 

water from sources, treated potable and reclaimed water). In addition, sustainability 

indicators are developed and applied in general water system to quantify future water 

supply sustainability based on multiple scenarios (representing  future conditions of 

water supply and demand) utilizing the developed DSS model. The DSS model and 

sustainability quantification indices will support the public and stakeholders in 

decision making process through the scenario analysis representing potential future 

water conditions. The application of the DSS model will be demonstrated through a 

case study on the regional water supply system in Tucson, AZ. 

 

INTRODUCTION 
 

Southern Arizona is faced with a water shortage problem due to its finite ground 

water sources and rapidly growing communities. Long-term water availability is a 

concern for water utilities and communities. To aid in improving locations with high 

demand for potable water and a high dependency on groundwater, the state of 

Arizona has set-up five active management areas (AMAs). Having no water overdraft 

is the main goal of the AMAs, allowing them to preserve limited groundwater for 

sustainable water future. Overdraft, or groundwater mining, is then defined by having 

a larger withdrawal, pumping, than the recharge amount, artificial or natural recharge. 

However, less ground water mining is not enough to show the systems overall 

direction. Different parameters and indices must be formulated to be able to 

understand and evaluate the AMA’s long term water supply sustainability. The 

sustainability indicators for water supplies can predict overages and shortages in the 

different water sources, allowing for decisions to be made pertaining to groundwater 

and surface water yields. These indices can then help with the planning for future 

changing conditions including community growth and climate related changes.  

This study focuses on Tucson Active Management Area (TAMA), one of the five 

Arizona AMAs, and looks at sustainability of both users and sources. Previous studies 
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have only focused on one side presenting indicators for either the demand or the 

supply (Hashimoto et al. 1982a; Cai et al. 2002). The index parameters used here are 

similar to those from Hasimoto et al. (1982a), but have been modified to fit and adapt 

to a large scale water supply system for both user and sources. Apart from this, the 

indicators can be seen as a time series and certain periods of time can be compared, 

rather than having a single variable representing the completed simulation. This 

model also examines “safe-yield” at a certain time period by restricting groundwater 

mining that is missing in previous studies. Kang and Lansey (2010) did not propose 

the use of safe-yield but instead allowed for groundwater mining to be infinite. 

 

METHODOLOGY 

 

To further understand and quantitatively evaluate system’s water availability, various 

indices have been defined. These indices can be used to see current and future 

abilities of systems for sustainable water supply. Different parameters are defined for 

the two different sides, supply and demand. The supply side is then defined as the 

source. It can be a ground water or surface water. The demand side refers to the user, 

such as municipal, industrial, and agricultural which require a certain amount of 

supply. The TAMA system is considered to be operating in a satisfactory state for the 

supply when the amount of water that is being replenished, naturally or artificially, 

meets or exceeds the amount of water that is being withdrawn for the year in 

question; and is satisfactory for the demand, the users, when the users demand is fully 

met. Ideally both the supply and demand would remain in satisfactory terms.  

  

 

Reliability 

Reliability is defined as the probability for a system to be in a satisfactory state. For 

the user’s side, a satisfactory state is achieved when the total user demand is met. 

Reliability for an individual user is defined as; ∑ ∑ݐ݁݉ ݏ݅ ݀݊ܽ݉݁݀ ݏݎܻܽ݁ ݏݎܻܽ݁ . (1) 

Each year is checked to determine that the years demand has been met. If it has been 

met, the year is given a value of 1, otherwise the year is given a value of 0. These 

values are then summed and divided by the total amount of years to date. Since 

reliability is done yearly, it can be checked as a reliability to date. As a reliability for 

all users, the same equation is seen, however two separate equations are used, one 

which showing an overall reliability and the other the magnitude of reliability. For all 

users, the reliability equation is given by; ∑ܻ݁ܽݐ݁݉ ݏ݅ ݀݊ܽ݉݁݀ ݏݎ݁ݏݑ ݈݈ܽ ݏݎ∑ ݏݎܻܽ݁ . (2) 

Equation 2 shows that all the users must have their demand met in order for the 

denominator to receive a value of 1. This equation is an extreme case and fails to 

show the magnitude of failure. The second reliability equation for all users shows the 

magnitude of the reliability as; ∑ ∑ݐ݁݉ ݀݊ܽ݉݁ܦ ݀݊ܽ݉݁݀ ݈ܽݐ݋ܶ . (3) 
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Equation 3 is used yearly. In this case the sum of the demand met is the demand met 

for the year in question of all users divided by the sum of the total demand for that 

year. Both equations should be read differently; for example, a value for equation 2 at 

year 20 will show the reliability over the twenty years, while in equation 3, a value at 

year 20 will show the reliability for all users in that year.  

 

For the source, reliability follows the equation, ∑ ܴ݁ݏݎܻܽ݁ ݄݀݁ݏ݈݅݊݁݌∑ ݏݎܻܽ݁ . (4) 

As with the user, a replenished year will be given a value of 1 and a mined year will 

be given a value of 0. The replenished years are summed to the year in question and 

then divided by sum of the year to date to determine the reliability to that year. A year 

that has no mined nor replenished water is considered satisfactory and given a value 

of 1. 

 

Resilience 

Resilience is defined as the quickness of a system to recover from failure once it has 

failed. Resilience for the users follows the equation, ∑ܰݐ݁݉ ݐ݋݊ ݏ݅ ݀݊ܽ݉݁݀ ݏݎ݁ݏݑ ݏݎܻܽ݁∑ݏݐ݊݁݀݅ܿ݊ܫ ݂݋ ݎܾ݁݉ݑ . (5) 
For an individual user, an incident is defined as not meeting the user’s demand. While 

in a failure state, a string of consecutive years will be defined as in the same incident. 

It is not until the user reaches a satisfactory year that the incident will end and a new 

failure will then dictate the second incident. The inverse of the resilience equation 

will give the average years it will take the individual user to return from a failure. For 

all of the users, the equation is similar and consists of an extreme and conservative 

value. The conservative equation is ∑ܰݏݐ݊݁݀݅ܿ݊ܫ ݂݋ ݎܾ݁݉ݑ∑ ݏ݈݂݅ܽ ݎ݁ݏݑ ݈݁݃݊݅ݏ ܽ ݏݎܻܽ݁ . (6) 

In this case an incident is defined in the same way as it is for an individual user; 

however an incident will occur when any of the user fails and the incident will 

continue until all of the users reach a satisfactory state. In this case it is possible for 

one user to begin the incident and another user to fail and prolong it. In an extreme 

resilience, the equation is ∑ܰݏݐ݊݁݀݅ܿ݊ܫ ݂݋ ݎܾ݁݉ݑ∑ ݈݂݅ܽ ݏݎ݁ݏݑ ݈݈ܽ ݏݎܻܽ݁ . (7) 
In equation 7 an incident will not begin until all of the users are in a failure state and 

continue until any one of the users reaches a satisfactory state. The inverse of the 

extreme resilience will then depict the average years it will take system to return from 

a failure state where all of its users have experienced failure. 

In the source, resilience is calculated by the equation, ∑ܰݏݎܽ݁ݕ ݂݋ ݎܾ݁݉ݑܰ∑ݏݐ݊݁݀݅ܿ݊ܫ ݂݋ ݎܾ݁݉ݑ ݂݈ܽ݅݁݀ . (8) 

For the source, an incident is defined as a year with mined water. This incident will 

continue as long as the failure occurs and can only be ended by a satisfactory year. 

All of the values for resilience are normalized and can have a range of values between 

1 and 0 with higher values being favored. In resilience, a value of 0 can only be 
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obtained if the system fails every year of the simulation and a value of 1 will be 

achieved by having no failures or a single year failure followed by a recovery next 

year. 

 

Vulnerability 

Vulnerability is defined as the magnitude of failure. The vulnerability of the system is 

calculated on a yearly basis. For the individual users, vulnerability follows the 

equations as; 1 െ ݀݊ܽ݉݁݀ ݏݎ݁ݏܷݐ݁݉ ݐ݋݊ ݀݊ܽ݉݁ܦ . (9) 

For this equation the demand not met refers to the amount of the user demand that has 

not been met for the year in question. It is normalized by dividing the demand not met 

by the user’s total demand for the year. To make value of 1 be favored, it is 

subtracted from 1 thus the vulnerability ranges from 0 to 1 with higher value being 

favored, which is consistent with other indicators. Vulnerability is compared yearly to 

the previous year for a minimum. Due to this, once the user’s total demand has not 

been met, it will reach a vulnerability of 0. For all users, vulnerability follows the 

equation as; 1 െ ݀݊ܽ݉݁݀ ݏݎ݁ݏݑ ݈ܽݐ݋ܶݐ݁݉ ݐ݋݊ ݀݊ܽ݉݁݀ ݏݎ݁ݏݑ ݈݈ܣ . (10) 

The sum of demand not met is calculated for the year in question of all the users and 

is normalized by dividing it by the sum of all users demand for the year. Same as the 

individual users, vulnerability is checked yearly and only takes the minimum value to 

date, thus it is not able to increase. For the source side, vulnerability is calculated by 

the equation as; 1 െ ݀݊ܽ݉݁ܦ ݏݎܻܽ݁|ݐ݂݅ܿ݅݁ܦ| . (11) 

For the groundwater source, a deficit is defined as ground water mining. Ground 

water mining occurs when the ground water pumping exceed that years recharge. The 

years demand is then used to normalize the vulnerability between a value of 0 to 1 

with the value of 1 depiction zero ground water mining and no vulnerability of the 

source.  

 

Sustainability 

Sustainability is then referred to as the long-term system ability of achieving a 

satisfactory state. Sustainability for the user is then calculated as;  1 െ ∑ ∑௧ݐ݁݉ ݐ݋݊ ݀݊ܽ݉݁ܦ ௧݀݊ܽ݉݁ܦ ݏݎ݁ݏܷ . (12) 

The sustainability of the user is an accumulation of the demand not met over time 

divided by the sum of the user total demand over time. Sustainability, therefore, 

differs from all of the other index parameters since it accumulates its value over time 

and is not based annually. The sustainability of all the users can be defined as  1 െ ∑ ௧ݐ݁݉ ݐ݋݊ ݀݊ܽ݉݁݀ ݈ܽݐ݋ܶ ∑ ௧݀݊ܽ݉݁݀ ݈ܽݐ݋ܶ . (13) 

The sustainability of all the users is the defined as the accumulation of all of the user 

demand not met. The accumulated total demand of the users is the use to normalize 

sustainability. Sustainability is then normalized between 1 and 0 where 1 is preferred 
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indicating that the total demand is met. For the source, the sustainability is defined 

by; 1 െ ∑|ݐ݂݅ܿ݅݁ܦ|∑ ݁݃ݎ݄ܴܽܿ݁ . (14) 

The deficit in the equation refers to the amount of water that has been excessively 

withdrawn from the aquifer. The range of the sources sustainability is from 1 to -∞. A 

value of 0 indicates that to date the amount of water over mined is equal to the total 

amount of water recharged. If there is no deficit, the value is then 1 and preferred. 

The sustainability of the source shows a trend rather than an amount and the 

increasing sustainability shows a system that is improving over time even if there is 

still a deficit.  

 

Decision Support System (DSS) Model 

These metrics are then calculated by the use of a decision support system (DSS) 

model developed using Microsoft Excel; Figure 1 shows an excerpt page of the model 

where the several input parameters may be added to the DSS model. Different inputs 

for the DSS include names for the users with different variables for each user aiding 

the model in predicting future conditions. Each users demand can be calculated by 

either an initial population or quantity to find its demand. If an initial population is 

chosen, a population growth rate and per-capita-use for the initial year as well as 

target values can be added at year 50 and year 100 after the initial year.  

 

 
Figure 1. DSS model sample page where user input may be added 

 

Input parameters also have the option of including an uncertainty value (random 

deviation). If this is chosen, a normal distribution random number generator will add 

the error depending on that year value (mean) and user choice of uncertainty level 

(%). Here a standard deviation of 10% of the mean value (CV=σ/µ=0.1) is used to 

represent parameter uncertainty. However if the initial demand amount is chosen 

instead of a population, a yearly increase or decrease can be chosen for the user; this 

yearly change can be in the form of value, a set amount, or percent of the previous 

year’s demand. The yearly increase and decrease amount can then have an 

uncertainty associated to each value. On the supply side, each ground water and 

surface water source can then be selected. Different recharge, evapotranspiration and 
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