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Abstract:  As demand for freshwater resources rises, the importance of conservation and 

preservation of ground-water resources become necessary, especially in coastal areas 

where large-scale seawater intrusion is a risk.  A hydrologic balance model that employs 

historic records of precipitation, reference evapotranspiration estimates and future 

scenarios of withdrawal rates is developed and used to forecast future groundwater 

levels.  These model forecasts are examined with a lens on the likelihood of 'dangerous' 

aquifer depletion (i.e. a level that promotes sea water intrusion).  This model uses the 

Central Coastal Plain Capacity Use Area (CCPCUA) in eastern North Carolina as a case 

study.  This case study is selected here because of (i) ground water level data availability 

prior to and post- imposed reductions of groundwater withdrawal rates (per capita), (ii) 

long-term historic records of rainfall and estimated of reference evapotranspiration.    

In this first-order analysis, a logical starting point in model development is to assume 

that the network of regional aquifers within CCPCUA are perfectly connected and 

equally accessible to pumping, the water level within the aquifer is uniform (but not 

steady) and the aquifer hydraulic properties (such as specific yield) are uniform in 

space.  Under those idealized conditions, the hydrologic balance at this large-scale can 

be treated as 'lumped' in space - so that water level redistribution in space within the 

aquifer is highly efficient and only temporal dynamics of the water levels in this lumped 

representation need to be accounted for.  The impact of specific yield, initial water 

depth, total population and its projection, per capita consumption (and its future 

regulation), precipitation rates, reference evapotranspiration rates and sea level rise on 

aquifer depletion are examined.  The MP demonstrates how various management 

scenarios intended to mitigate groundwater resource depletion can be examined and 

cross-compared via model-assisted simulations, even in such idealized model-world. 
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I.  Introduction 

	  
The reduction of water from an aquifer at a rate faster than the rate at which it is being 

recharged leads to an overall reduction in the volume of water in the aquifer.  This 

reduction can cause significant problems to populations that rely upon the aquifer 

system as their source of freshwater due not only to a reduction in the available supply 

to meet a communities demand but also in the water quality of this available supply.   

Due to these concerns, a model was developed here to provide communities a regional 

view at how changes in water policy and other measures can assist in the prevention of 

depletion. 

 

The threat of aquifer depletion is real in the United States and many aquifer systems are 

in danger of losing a saturation level needed to prevent the intrusion of seawater into 

the aquifer.  In Figure 1 below, the highlighted areas of the map show the underwater 

aquifer regions in the United States that are currently in danger of ground water 

depletion (Galloway, 1999).  These areas that are in danger are significant in size and 

have led many communities to consider policy actions that attempt to curb the threat of 

aquifer depletion.  By taking a lumped hydrologic balance model approach, this project 

helps identify how effective different measures would be on preventing aquifer 

depletion at a regional scale before a policy decision is developed. 

 

 

Figure 1:  Areas of the United States in Danger of Aquifer Depletion 

(USGS Circular 1182) 
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In coastal aquifer systems the threats associated with depletion of fresh ground water is 

compounded by the coinciding movement of saline water into the aquifer (Land, et. al, 

2004).  As the freshwater is removed by pumping in excess of the recharge rate, adjacent 

saline water systems are able to encroach into the formerly freshwater system.  This 

raises the overall salinity of the aquifer and when unabated can lead to a permanent 

change of an aquifer from fresh to saline ground water. 

  

As the salinity of the water in an aquifer system increases, the costs associated with 

treating the water to be used as freshwater also increase (Knapp, 2006).  These higher 

costs include the building of new water treatment infrastructure as well as an increase in 

water treatment operating costs.  At a certain aquifer head depletion point, the water in 

an aquifer system that is experiencing seawater intrusion will no longer be able to be 

used as a freshwater source.  When the salinity reaches a level where it is no longer 

feasible or efficient to desalinate the water, the water resources in the aquifer can no 

longer be used to meet a communities demand for fresh water.  This can have an 

irreversible effect on a community’s ability to remain economically viable, especially in 

areas that rely on freshwater sources for commercial and agricultural uses. 

 

Central Coastal Plain Capacity Use Area (CCPCUA) as a Case Study:   

In recognition of the potential impacts of aquifer depletion in the eastern portion of 

North Carolina, the state decided to implement rules that would reduce the total 

amount of water being removed from aquifers in the area.  These rules, known as the 

Central Coastal Plain Capacity Use Area (CCPCUA), came into effect in August of 2002 

and include a phased reduction in the amount of groundwater, which can be removed 

(North Carolina General Statute. § 143-215.13). The overall goal of the policy is to limit 

the amount of aquifer depletion and prevent saltwater intrusion through reductions in 

withdrawals. 

 

There are a total of nine different aquifers in the CCPCUA regulation affected area as 

can be seen diagramed in Figure 2 below (Golden, 2002).  Each of these aquifers has 
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different geologic structure and related aquifer properties such as porosity and 

storativity, and also varies greatly in depth across the entire CCPCUA area.  To assess 

the effects of policy changes on the aquifer water volume, many different measurements 

would need to be made across the entire range of the aquifer to see specific effects on 

very small areas that would not be efficient on a regional level.   

 

 

Figure 2:  CCPCUA Aquifers 
 

The key component of the CCPCUA regulations is the reduction of allowable 

groundwater withdrawals over a period of 16 years based on an approved base rate 

(ABR).  This base rate was determined by the larger of a person’s withdrawals from 

calendar year 1997 or from August 1, 1999 to July 31, 2000 (North Carolina General 

Statute. § 143-215.13).  The reductions were split into three phases with phase one 

consisting of a 25% reduction in withdrawals from the ABR, phase two consisting of a 

50% reduction of withdrawals from the ABR and finally phase three requiring a 75% 

reduction of ABR withdrawals.  Phase one ended in 2008, phase two ends in 2013 and 

phase three will end in 2018.  A unique component of this regulation is that it allows 

communities to bank water withdrawals, meaning they can earn withdrawal credits for 

later use if they exceed reductions for any period of time.  This 'banking' concept makes 
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it a more reasonable and attainable goal for communities to adapt to by increasing 

efficiencies and finding alternate sources of freshwater during the period of reductions 

without the threat of penalty. 

 

A key component of effectiveness of these restrictions is the accurate monitoring and 

reporting of all withdrawals in the CCPCUA.  The regulation requires all withdrawals of 

over 10,000 gallons per day to be reported and uses this reported information to verify 

compliance with the rule.  In order to evaluate the success of the regulation a series of 

monitoring wells throughout the area are monitored daily.  As of 2011, ground water 

levels seen in the systems aquifers have responded positively to the regulations with 

levels increasing over 45m since the introduction of the rules and over 30m since the 

beginning of phase two of the regulations (Wilson, 2011).  Ground water levels have not 

been this high since 1983 and shows that the restrictions have been effective in curbing 

aquifer depletion. 

 

The amount of available data, both pre and post policy initiation, in addition to the 

specific withdrawal limitations make the CCPCUA an ideal case study for assessment of 

this hydrologic model.  With actual results in addition to accurate baseline conditions 

available, the model and its parameters could be validated with this case study. 
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II. Methods 

 

Model Description:   

The foundation for this model is a water balance of inflows and outflows within the 

entire aquifer systems.  The aquifer system is modeled as a distinct volume that has 

uniform properties and an initial saturation level corresponding to the mean initial head 

sampled from the largest aquifers in the study area.  At this large scale, lateral water 

movement can be ignored, and the only input (or gains) to the system is the water added 

form precipitation. Outputs (or losses) include evapotranspiration, withdrawals from 

pumping and surface runoff of water that does not infiltrate into the aquifer system and 

is lost.  In Figure 3 below, a diagram of the hydrologic balance system is shown 

displaying the main inputs and outputs to the system. 

 
 

 
 
 

Figure 3:  Hydrologic Balance Model Diagram 
 

 
 

The driving equation for this model is shown in Equation (1).   

 

(1) dHw

dt
= P(t)!ET (t)!Qs (t)!Qp(t)
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This equation determines the change in water head per change in time is a function of 

precipitation (P), evapotranspiration (ET), surface runoff loses  ( sQ ) and anthropogenic 

pumping withdrawals ( pQ ).  The imbalance in Lateral fluxes is ignored.  Also, 

precipitation that is intercepted and re-evaporated can be readily accounted by reducing 

P if known.  This model is simplified to only these key variables to determine a general 

regional reaction of an aquifer system to any changes in sQ mapped onto a policy 

scenario.  Each individual variable is discussed in detail .The use of this type of 

hydrologic balance model is not unique to this model but has been used and accepted by 

others when trying to determine a water budget for communities.  Figure 4 shows how 

the North Carolina Division of Water Resources when determining coastal areas water 

budgets has applied this concept and is similar to the theory that this model is based 

upon. 

 

 
 

Figure 4:  Sample Hydrologic Balance for Eastern North Carolina 
 

Lumped Model:   

To provide a regional view of the effectiveness of distinct changes in variables from the 

driving model equation, a lumped model combining the characteristics of all aquifer 
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systems in an area was employed.  This method utilizes an oversimplification of the 

characteristics of each individual aquifer system, but allows for a reasonable 

interpretation of the effects on the system as a whole.   

 
 

The amount of loses to the aquifer system due to surface runoff was modeled using an 

adaptation of the rational method, given as   

 

 

(2) 

 

The sQ  was also considered a complete loss and that once water became surface runoff 

it would no longer be able to re-enter the aquifer system.  As seen in Equation 2, the 

amount of impervious area (or urban) used in the rational formula was modeled as the 

percentage of total area.  The land type constant C, was modeled with a value of unity, 

as that value is related to impervious surfaces (Novotny, 2003).  For other surface cover 

values, see Appendix 1 for details.  

 

The most important term in terms of policy impact is ground water pumping rate as a 

function of per capita use, population, aquifer area and storativity, given as   

 

 

(3) 

where percapitaQ is the per-capita water loss, )(tPop total population serviced by the 

aquifer system, aqA is the aquifer area,  yS is the storativity. 

The objective of the model here is to determine how different changes in regional 

policies imposed upon pQ impact aquifer state wH .  While area and storativity remain 

constant and population restrictions may not be realistic, changes to per capita water use 

are easily foreseeable policy actions. 

 

T

Urban

s

A
AA

AiCQ

=

××=

Qp(t) =
Qpercapita !Pop(t)

Aaq ! Sy
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Parameterization of the Model:   

The parameters that are utilized in the model are based either upon a historical record or 

data or from an amalgamation of total properties using the lumped model theory.  For 

parameters that were based on historical data, it is assumed in the model that historical 

trends of the past, such as precipitation statistics, will hold true in the future.  All other 

parameters were determined by taking a lumped representative average of actual 

current parameter values, such as initial head and storativity.  While these values are not 

precise for the entirety of individual areas within the modeled area they do provide a 

regional prospective of the entire aquifer system. 

 

Application of Case Study:   

As previously mentioned the CCPCUA rules provide an effective case study to validate 

the effectiveness of the model in evaluating the effects of changes to parameters on the 

overall drawdown of water within an aquifer system.  In order to adapt the model to the 

CCPCUA conditions, the variables in the model were set as a baseline to the initial 

conditions of that aquifer area.   

 

The determination of impervious area as an estimation of the amount of urban area was 

developed for the model using ArcMap GIS software.  As described in the discussion of 

Equation 2, urban area was used as a representation of impervious area and all water 

that was modeled as surface runoff was kept as a complete loss to the aquifer system.  

The intensity was derived from historic precipitation records and adjusted from a daily 

value to a mean storm length of two hours, consistent with storm length experienced in 

the CCPCUA region.  We should also note that the 2-hour storm is likely to be longer 

than the anticipated concentration time needed in the application of the rational method. 

A graphic representation of the urban area in the CCPCUA region can be seen in Figure 

5.  Due to the slow growth and predominantly rural nature of the case study area, with 

only 4% of the area being urban, this variable was held constant in the model.  For future 

scenarios in areas where there is growth or decay in the amount of urban area, this 

variable can be easily adapted to those conditions.  Rapid gain or loss of urban area 

could have a significant effect on the amount of recharge that an aquifer system receives 

as the greater the amount of urban area and impervious surfaces the larger the amount 
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of losses that the system experiences.  For areas that are experiencing rapid urbanization, 

regulations that temper that growth would be a potential policy solution to help prevent 

aquifer depletion.  The reduction of urban area is a much more difficult process, to 

change an impervious surface back into a pervious one and is not likely to be a popular 

or cost effective method of preventing depletion of ground water resources. 

 

 

Figure 5:  Urban Areas in CCPCUA Region 
 

 

Extracting a representative sample of well data from across the entire aquifer area and 

then determining an average depth provided the parameterization of initial depth (i.e. 

)0(wH ) for the case study.  While the initial depth in the model is important in the sense 

that increases and decreases can be seen as changes in other variables, this estimation 

allowed for a representation of the initial case study realities.  The other importance of 

the initial depth is that certain triggers could be established for the increase or reduction 

of withdrawal restrictions based on head level.  A community with an aquifer head of 

1,000 m may be less concerned with a 5 m drop in head compared to a community with 

an initial head of 50 m.  These triggers can also help establish a level of danger for 
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current aquifer depletion and be used similarly to the color coded warnings for air 

quality to inform the community of the danger of depletion in addition to encouraging 

them to participate in water conservation and efficiency projects. 

 

The CCPCUA region as previously mentioned has an extensive system of monitored 

wells across the entire area.  Figure 6 shows some examples of how the well data is 

stored and displayed.  With a color code representing the depth and elevation for each 

aquifer at each well site in addition to the width of unsaturated geologic formations an 

overall average aquifer depth for the system was developed and applied to the model.  

The two largest aquifer layers in the CCPCUA area are the Black Creek and Upper Cape 

Fear aquifers and there depths were used to form the modeled initial depth.  For a 

starting point to examine if the aquifer was experiencing recharge or depletion an initial 

saturation level of 75% was used in the model. 

 
 

	  
Figure 6:  Development of Initial Depth 

 
	    



A	  Hydrologic	  Balance	  Model	   14	  

	  

 

III. Results 

 

Impact of Precipitation and Evapotranspiration:   

The two large hydrologic fluxes - precipitation and evapotranspiration have a great 

effect on the amount of recharge in an aquifer and are the two variables that are least 

affected by local anthropogenic means.  Within the model the only water input into the 

system is precipitation and therefore its rate and quantity has a large impact on the 

ability of the aquifer to recharge.  To determine if anthropogenic changes in withdrawal 

rates and impermeable surfaces would have any effect on recharge, precipitation must 

first be shown to exceed evapotranspiration. 

 
As can be seen in Figure 7, there is a net gain in water due to just precipitation and 

evapotranspiration.  This shows that in the absence of any water pumping removals in 

the model or any loses due to run off the aquifer should be recharging.  This comes as 

positive news for policy makers as reductions in pumping and surface loses should 

allow natural recovery of the aquifer system. 

 
 

 

Figure 7:  )()( tETtP −∑ projected into the next 60 years 
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Sensitivity to Storativity:   

With a lumped model accounting for an average of storativities, a sensitivity analysis 

was conducted to determine yw SH ∂∂ / in time for various plausible choices of yS .  

Again, the intent here is to highlight the large uncertainty in the choice of yS for such a 

lumped model and its consequence on the conclusions drawn from the model analysis. 

 

Figure 8 shows a colormap of the impact of storativity values on the aquifers ability to 

recharge when restrictions based on the CCPCUA are applied.  The black line on the 

chart represents the condition where the aquifer remains at a constant level, while the 

area above the line undergoes recharge (i.e. 0/ >dtdHw ) and the area below the line 

experiences depletion ( 0/ <dtdHw ).  The impact of storativity can be seen in that there 

is a large variance in the ability to recharge as storativity varies. 

 

At high levels of storativity aquifers are more likely to respond to changes in policy, 

while at very low levels, these changes may have little effect.  Throughout the range of 

storativity values there is expected recharge with the levels of restrictions applied in the 

CCPCUA.  This shows that the restrictions may be even too severe and that a lesser 

restriction may be able to produce the same result of a prevention of depletion in the 

system.  In an area with very low storativities, these restrictions would need to be 

greater to induce a transition from depletion to recharge. 
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Figure 8:  Effect of Storativity on Head Drawdown 
 
 
 
 

The effects of storativity on an aquifers response to changes in withdrawals can also be 

seen in Figure 9, displaying a surface representation.  As the Storativity drops below 0.1, 

the aquifer remains in a state of depletion even with the CCPCUA restrictions in place.  

For an area with low storativities, a more severe level of restrictions would be required 

to have an impact on depletion prevention. 
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Figure 9:  Three Dimensional Representation of Effect of Storativity on Head 
Drawdown (Note the log-representation) 

 

The storativity of an aquifer system was found to be a variable that is important to the 

overall recharge of an aquifer and needs to be analyzed in detail when developing a 

policy solution to aquifer depletion prevention.  In areas where there are higher 

storativities, there is more opportunity for successful policy in promoting aquifer 

recharge where in areas of low storativity these policies must be more severe.  In these 

low storativity areas policy may not be an effective tool in restoring an aquifer and 

alternative sources of fresh water may be needed. 

 

Effectiveness of Withdrawal Limitations:   

One way that communities may try or have tried in the case of the CCPCUA is the 

establishment of limitations on the amount of water that can be withdrawn from an 

aquifer system.  The idea behind these policies are that a reduction of water being 

removed from the system due to pumping for anthropogenic uses will prevent 

depletion.  This concept is logical according to the hydrologic balance model due to the 

fact if less water is being taken out of the aquifer, more water will be able to remain in 
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the aquifer preventing depletion.  This dampening of depletion due to policy restrictions 

can be seen in Figure 10 with modeled conditions of CCPCUA rules applied and no 

restrictions applied.  The CCPUCA model shows a head level that remains relatively 

constant over a period of more than 50 years despite a growth in population, while the 

no restriction model shows almost a constant reduction in head over time with a very 

rapid decline occurring around 2050. 

 

These model results alone show that head is very receptive to changes in withdrawals 

due to pumping, with an overall difference in head larger than 70 meters over the 50 

year modeled period.  If the model was extended into the future this difference would 

continue to grow and eventually the no restrictions model would encounter a 

completely unsaturated aquifer.  Based on these results the use of pumping restrictions, 

in terms of a regional perspective, are effective at curbing aquifer depletion in areas 

where there is a high storativity. 

 

 

Figure 10:  Effect of Withdrawal Restrictions on Head 
 
 

Impact of Water Use Efficiencies:   

The amount of water that each person uses also has a great effect on the amount of water 

removed from an aquifer system and also an aquifers ability to remain saturated with 

fresh water.  This per capita rate has a direct correlation to the amount of demand for 
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fresh water in a ground water reliant area.  Just as reductions in total withdrawals 

logically increase the hydrologic balance of water in the aquifer, a decrease in demand 

would also increase the hydrologic balance of water in a system.  With world 

populations increasing the ability to decrease the amount of fresh water needed to 

sustain a population on a per capita basis will become increasingly important. 

 
The overall average per capita water use in the United States is estimated to be around 

350 gallons per day per person, which is much larger than the majority of the developed 

world (Water Research Foundation, 2012).  This per capita number includes both 

personal household uses in addition to industrial and agricultural uses.  The per capita 

water use for the largely agricultural 15 County CCPCUA region was calculated to be as 

high as 430 gallons per day per person (NCDENR Withdrawal Tables, 2012).  This shows 

that there is a substantial amount of efficiencies that can be put into place for the 

CCPCUA area that can have a positive impact on the amount of water that is needed to 

meet demand.  Figure 11 shows how a 50% reduction in both household and industrial 

and agricultural uses, which has been shown to be feasible with techniques such as drip 

irrigation and efficient mine dewatering, has a significant effect on the drawdown of 

water in the model (Natural Edge Project, 2009).  Both modeled scenarios in the figure 

include constant population growth, but the efficient water use scenario actually leads to 

an increase in head or aquifer recharge. 

 

The dramatic effect that efficiencies in water use can have on the reduction of overall 

demand for fresh water make it an opportune area for policy makers to effect change to 

prevent aquifer depletion.  Things such as incentives for efficiency of water use and 

penalties for per capita overuse could have a significant effect on how much water 

remains in an aquifer system. 
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Figure 11:  Effect of Per Capita Use on Head 
 

 

In addition to efficiencies in use, the amount of people reliant on an aquifer system as a 

freshwater source also has an effect on the amount of water that can be removed from a 

water system.  Population is a variable that would be much more controversial to place 

restrictions on, especially in the United States but is not completely out of the realm of 

possibilities.  While policies such as China’s one child policy are not likely, communities 

may be inclined to set certain population limits on the amount of people that they will 

serve with utility services or place geographic limitations on city or town growth that 

may have the effect of reducing the population that is served by a threatened ground 

water aquifer. 

 

Before policy makers engage in any policies which may cause outrage or vocal 

opposition, the effect of reducing population and its effect on head drawdown needs to 

be adequately examined.  Figure 12 shows the effect on head drawdown in the CCPCUA 

region with both a historical 1.4% growth rate and a more aggressive 15% growth rate.  

The dramatic difference in the two scenarios, both with CCPCUA restrictions applied 

show how important population is to the overall demand for fresh water resources and 

the impact that has on ground water withdrawals in areas with limited fresh surface 

water resources.  The historic growth rate has a relatively constant head while the large 

growth rate produces a rapid reduction in head starting almost immediately and then 

completely consuming the aquifer’s resources in less than 25 years.   
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While policies that limit population growth may not be possible for areas, policy makers 

in areas with both rapid growth and threatened ground water resources should be 

cognizant of the impact of population growth on depletion.  More aggressive measures 

in water use efficiencies or withdrawal limitations must be established in areas of rapid 

population growth in order to stem the effects of the coinciding increase in fresh water 

demand. 

 
 

 

Figure 12:  Effect of Population Growth on Head 
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IV. Discussion and Conclusions 

 

Recommended Methods of Remediation:   

Restrictions on water use and also increased efficiencies in per capita water use are both 

effective methods of reducing the likelihood of aquifer depletion.  In areas where 

aquifers are being reduced at a rate greater than recharge, this hydrologic model can be 

applied to determine what level of changes to withdrawals can be obtained while still 

adequately meeting a community’s fresh water demand.  A region can use this model in 

order to gain an understanding of how they can meet their future fresh water needs, 

while maintaining economic viability and without causing permanent damage to an 

aquifer system. 

 

Future Applications:   

In regions where aquifer depletion is a concern, this model can be applied to determine 

how effective restriction based policies can be on preventing the loss of ground water 

resources as sources for fresh water.  Examining the effects of changes to the amount of 

ground water that is allowed to be removed from an aquifer and changes to the 

efficiencies of water use through incentives or penalties give policy makers a regional 

view of an aquifers reaction to these changes.  These variables can be manipulated to 

determine how a community can best meet their demand for fresh water resources with 

the smallest impact on the economic viability of the region. 

 

With global climate change comes a very real potential of changes to the parameters in 

the hydrologic balance model.  Many models show that there will be dramatic increases 

or decreases in the amount of precipitation and evapotranspiration in different areas of 

the world due to climate change.  This model can be adapted to these changes and to 

predict there effect on overall loses or gains in head for an aquifer system.  Precipitation 

and evapotranspiration are two large components of the hydrologic balance model and 

there variations due to climate change could have a significant impact on aquifer 

depletion. 
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Another factor important to both aquifer depletion and climate change is sea level rise.  

A rising sea level, which has already been seen in North Carolina’s coastal region, 

increases the threat of seawater intrusion into coastal aquifers.  A combination of 

increasing sea level and decreasing freshwater in coastal aquifers would lead to a very 

rapid contamination of aquifers with saline water.  This could cause increased costs of 

treating the ground water to be used as a fresh water source and possible translate to the 

permanent contamination of the aquifer to a level where it could not be used any more 

as a fresh water source. 

 

Applying the model using changes in reference evapotranspiration rate, based on crop 

cover can also impact the amount of water that is available to recharge an aquifer and its 

likelihood of depletion.  The movement to crops that have a lower overall rate of 

evapotranspiration can aid in the amount of water that reaches a ground water system 

and promotes recharge.  These changes would need to be on a large scale in order to 

have a significant impact and the feasibility of changing crop type and the associated 

costs would also need to be examined.  This model could be applied to the new crop 

cover conditions in order to determine if a change would have an impact on the amount 

of recharge that is experienced with a transition to a lower evapotranspiration 

agricultural system. 

 

The Matlab code used in these calculations is available upon request.  A copy is included 

with the MP as Appendix 2. 
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Appendix 1: Runoff Coefficients 

 

Ground Cover Runoff Coefficient, C  
Lawns 0.05 - 0.35 
Forest 0.05 - 0.25 
Cultivated land 0.08-0.41 
Meadow 0.1 - 0.5 
Parks, cemeteries 0.1 - 0.25 
Unimproved areas 0.1 - 0.3 
Pasture 0.12 - 0.62 
Residential areas 0.3 - 0.75 
Business areas 0.5 - 0.95 
Industrial areas 0.5 - 0.9 
Asphalt streets 0.7 - 0.95 
Brick streets 0.7 - 0.85 
Roofs 0.75 - 0.95 
Concrete streets 0.7 - 0.95 

Data from Lindsay et al. (1992). 
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Appendix 2: Matlab Code Used in Analysis 

PRECIPITATION DATA 
 

yref=1955; 
mref=1; 
dref=1; 
A=load('PrecipYMD.txt'); 
yy=A(:,1)-yref; 
mm=A(:,2)-mref; 
dd=A(:,3)-dref; 
pr=A(:,4); 
doy_from_ref=yy*365+mm*30.33+dd; 
% y_from_ref=doy_from_ref/365; 
plot (doy_from_ref/365+2011,pr,'.') 
title('Extracted Precipitation Values','FontWeight','bold',... 
    'FontSize',14,... 
    'FontName','Times'); 
xlabel('Year','FontWeight','bold','FontName','Times'); 
ylabel('Precipitation (mm)','FontWeight','bold','FontName','Times'); 
clear A; clear yy; clear mm; clear dd 
 

 
EVAPOTRANSPIRATION DATA 

 
yref=1955; 
mref=1; 
dref=1; 
B=load('ete2.txt'); 
yy=B(:,1)-yref; 
mm=B(:,2)-mref; 
dd=B(:,3)-dref; 
et=B(:,4); 
doy_from_ref_ET=yy*365+mm*30.33+dd; 
% y_from_ref_ET=(doy_from_ref_ET/365); 
plot (doy_from_ref_ET/365+2011,et,'.') 
title('Extracted Evapotranspiration Values','FontWeight','bold',... 
    'FontSize',14,... 
    'FontName','Times'); 
xlabel('Year','FontWeight','bold','FontName','Times'); 
ylabel('Evapotranspiration (mm)','FontWeight','bold','FontName','Times'); 
clear B; clear yy; clear mm; clear dd 
 

HYDROLOGIC BALANCE MODEL 
  
clear all 
clc 
  
%Import Precipitation and Evapotranspiration Data 
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readprecip; 
  
etransp; 
  
  
%Useful conversion   1 gallon=0.0045461 m3 
%1 mi2=2589988m2 
  
%------Aquifer Characteristics------ 
% Aaqu==Area of Aquifer (m2) 
% Aurban==Urban Area within Aquifer (m2) 
% C==Land Use Constant  
% Sy==Storativity of Aquifer  
% i==intensity (mm/d) 
  
  
Aaqu=7983.07*2589988; 
Aurban=0.1*Aaqu; 
C=0.3; 
Sy_ref=1; 
  
  
%----------Precipitation and Evapotranspiration Data-------- 
% P==preciptiation (mm/day) 
% Et==Evapotranspiration (mm/day)  
  
%-----Establishment of a Time Reference------ 
  
time_rET=doy_from_ref_ET; 
  
time_r=doy_from_ref; 
  
Ns=floor(max(time_r)+0.5); 
Nstor=100; 
  
%Qpump=495 gal/d/person from historic data; 
  
Hg_o=285;%initial head m% 
dt=1;%Model step size 
  
%------Interpolation of Precipitation and Evapotranspiration Data---- 
  
tm=[time_r(1):dt:Ns]'; 
P_avg=interp1(time_r,pr,tm,'linear'); 
Et_avg=interp1(time_rET,et,tm,'linear'); 
  
%-------Population Information------ 
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Pop_o=1024454; 
ro=0.014; 
newro=0.15; 
  
%-------Model Initial Conditions----- 
  
tm1(1)=tm(1); 
Pop(1)=Pop_o; 
newpop(1)=Pop_o; 
Nss=length(tm); 
H(1:Nss,1:Nstor)=zeros(Nss,Nstor); 
G(1:Nss,1:Nstor)=zeros(Nss,Nstor); 
  
%------Model Iteration Scheme-------- 
  
for i=1:Nss-1 
    H(1,1:Nstor)=Hg_o; 
    G(1,1:Nstor)=Hg_o; 
tm1(i+1)=tm1(i)+dt; 
Pop(i+1)=Pop(i)+(dt/365)*ro*Pop(i); 
newpop(i+1)=newpop(i)+(dt/365)*newro*newpop(i); 
  
%------Application of Withdrawal Reduction Scheme------ 
PCC(i)=0.75*(i/(Nss)); 
  
%-------Per capita withdrawal rate------------ 
Qpump_per_person=(495*0.0045461)-(PCC(i)*(495*0.0045461));%m3/day/person 
  
Pw=P_avg(i); 
Etw=Et_avg(i); 
gain(1)=P_avg(1)-Et_avg(1); 
  
    
id=0; 
    if Pw>eps 
        id=1; 
    end     
        for j=1:Nstor 
        
        Stor(j)=Sy_ref*(j/Nstor);%Check for storativity sensitivity 
        %Head calculation 
        H(i+1,j)=max(H(i,j)+(dt/1000)*(Pw-Etw-id*Pw*C*Aurban/Aaqu)-
(Qpump_per_person*Pop(i))/(Aaqu*Stor(j)),eps); 
        %Head calculation under alternate conditions 
        G(i+1,j)=max(G(i,j)+(dt/1000)*(Pw-Etw-id*Pw*C*Aurban/Aaqu)-
(Qpump_per_person*newpop(i))/(Aaqu*Stor(j)),eps); 
        end 
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        %Cummulative Precipitation minus Evapotranspiration 
        gain(i+1)=(P_avg(i)-Et_avg(i)+gain(i)); 
         
         
end 
  
%Population Growth Graph 
figure(3) 
clf 
plot (tm1/365+2011,Pop) 
title('Population Growth at Current Level of 1.4%') 
xlabel('Year') 
ylabel('Population') 
  
%Subplots of Effect of Population Growth on Head 
figure(4) 
clf 
  
subplot(1,2,1); plot(tm1/365+2011,H(:,2)) 
title('Head vs. Time') 
xlabel('Year') 
ylabel('Head (m)') 
subplot(1,2,2); plot(tm1/365+2011,G(:,2)) 
title('Head vs Time') 
xlabel('Year') 
ylabel('Head (m)') 
  
%Graph of Effect of Per Capita Use on Head 
figure(5) 
clf 
  
plot(tm1/365+2011,H(:,2)) 
hold on 
plot(tm1/365+2011,G(:,2)) 
title('Head vs Time') 
xlabel('Year') 
ylabel('Head (m)') 
  
%Color Plot of Storativity Effect on Head 
figure(6) 
clf 
  
pcolor(tm1/365+2011,log10(Stor),H'/H(1,1)') 
title('Effect of Storativity on Head Drawdown') 
ylabel('Log(Storativity)') 
xlabel('Year') 
shading ('interp') 
colorbar 
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%3-D Plot of Storativity Effect on Head  
figure(7) 
clf 
  
mesh(tm1/365+2011,log10(Stor),H') 
  
title('Effect of Storativity on Head Drawdown') 
ylabel('Log(Storativity)') 
xlabel('Year') 
zlabel('Head (m)') 
  
%Cummulative Precipitation minus Evapotranspiration Graph  
figure(8) 
clf 
  
plot (tm1/365+2011,gain,'LineWidth',3) 
title('Cumulative Estimated Precipitation Minus Evapotranspiration',... 
    'FontWeight','bold',... 
    'FontSize',20,... 
    'FontName','Times') 
  
axis('FontSize',16,'FontName','Times') 
  
xlabel('Year','FontWeight','bold','FontSize',18,'FontName','Times') 
ylabel('Precipitation - Evapotranspiration (mm)','FontWeight',... 
    'bold','FontSize',18,'FontName','Times') 
	  


