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A Hydro-Economic Approach for Quantifying 
Well Performance Thresholds and Recoverable 

Groundwater Yields in Texas

Abstract: Groundwater overdraft may increase the depth-to-water over time, reducing the potentiometric head available 
to support well operation and increasing the cost of pumping. These hydro-economic impacts create well failure thresholds. 
Understanding these impacts and thresholds is a critical issue for groundwater management, but tools to assess them are not 
widely available or established. Therefore, an analytical model developed in this study quantifies changes in well performance 
with depth-to-water, calculates well failure thresholds, and estimates feasible yields for variable uses, wells, and aquifers. The 
model is developed and tested using both a single well and a regional analysis of the Carrizo-Wilcox Aquifer in Texas, United 
States, where a contemporary groundwater dataset is available, and management is depth-to-water-based. Results reveal how 
storage conditions drive well performance and suggest that performance in shallow and unconfined settings may be most 
limited by operational thresholds, while performance in deep and confined settings may be most limited by affordability 
thresholds. At the tested parameters for a single well, failure to account for drawdown under pumping would overestimate 
operationally feasible yields by 98–108% and economically feasible yields by 24%. The model could directly support manag-
er, stakeholder, and policymaker consideration of desired future conditions.
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Terms used in paper

Acronym/Initialism Descriptive Name
AFT affordability failure threshold
AMSL above mean sea level
CWA Carrizo-Wilcox Aquifer
DFC(s) desired future condition(s)
DTW depth-to-water
GCD(s) groundwater conservation district(s)
HELPER Hydro-Economic welL PERformance model
OFT operational failure threshold
POSGCD Post Oak Savannah Groundwater Conservation District
TERS total estimated recoverable storage
TWDB Texas Water Development Board
WTP willingness-to-pay
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INTRODUCTION

Groundwater overdraft, or mining, is characterized by a 
net loss to the volume of water stored in an aquifer over time. 
Global groundwater resources have not been sustainably man-
aged historically, and overdraft is occurring in the United 
States, India, the People’s Republic of China, Mexico, Iran, 
Pakistan, Kenya, and Tanzania (Döll et al. 2014; Feng et al. 
2013; Joodaki et al. 2014; Nanteza et al. 2016; Wada et al. 
2010). The consequences of groundwater overdraft are numer-
ous and include reductions to hydrologically connected surface 
water flows (Barlow and Leake 2012), subsidence of the land 
surface (Smith et al. 2017), and degraded water quality (Bar-
low and Reichard 2010; Smith et al. 2018).

Groundwater overdraft may also increase the static1 depth 
of the water table or potentiometric surface, also known as 
depth-to-water (DTW), over time. As DTW increases, the 
cost of extracting groundwater rises (Domenico et al. 1968), 
the potentiometric head available to support well operation 
declines (Gailey et al. 2019; Gailey et al. 2022; Jasechko and 
Perrone 2021), and, in some settings, the ability of the aqui-
fer to transmit water to wells (transmissivity) is reduced. Thus, 
increasing DTW drives hydro-economic impacts that create 
well failure thresholds; at some DTW the well can no longer 
physically operate (it “goes dry”) or it is no longer affordable 
to pump. DTW is a key metric by which many groundwater 
resources are tracked and managed, but these well performance 
thresholds may not be consistently understood or applied by 
groundwater policymakers, managers, and stakeholders. This 
is partly due to the lack of a unified approach to quantifying 
hydro-economic well performance that has the flexibility to 
model a range of groundwater uses, storage conditions, and 
well designs.

Groundwater Management in Texas

Groundwater in Texas is managed at the local level by approxi-
mately 100 groundwater conservation districts (GCDs). GCDs 
work together within a management area to adopt desired 
future conditions (DFCs) for the groundwater resources with-
in their jurisdiction (2 Tex. Water Code §36.108). DFCs are a 
defined aquifer state over a specified planning timeframe and 
take many forms (e.g., minimum spring flows and maximum 
subsidence impacts), but they are most commonly expressed 
as a change in DTW (i.e., x feet of increased DTW over y 
years; Thompson et al. 2020). Depending on the region of 
interest, DFCs for the same aquifer in proximal locations may 
differ substantially from one GCD to another. Once DFCs are 
adopted, the Texas Water Development Board (TWDB) inte-
1 The term “static” here indicates that the depth of the water table or potenti-
ometric surface is not under the influence of localized, short-term pumping. 
It does not indicate that this depth is immutable.

grates them with its aquifer flow and pumping models to esti-
mate the volume of water that can be produced within those 
limitations (2 Tex. Water Code §36.108(b)). These volumes, 
known as modeled available groundwater, are used in state and 
regional water planning and may be considered by GCDs in 
permitting decisions.

Texas law requires GCDs to consider many issues in the 
process of proposing and adopting DFCs (2 Tex. Water Code 
§36.108(d)), including hydrologic conditions and total esti-
mated recoverable storage (TERS), but does not specify how 
those issues should be assessed. TERS is defined as “the esti-
mated amount of groundwater within an aquifer that accounts 
for recovery scenarios that range between 25% and 75% of 
the porosity-adjusted aquifer volume” (31 Tex. Admin Code 
§356.10(23)). Thus, by definition, TERS provides only arbi-
trary benchmarks for recoverable groundwater yields that do 
not capture any of the hydro-economic limitations to ground-
water pumping (Thompson et al. 2020).

Under the current framework, GCDs lack a common meth-
od for determining the hydro-economic impacts of planned 
DTW changes and what potential recoverable groundwa-
ter yield limits might be before adopting management plans. 
The agency of individual groundwater users to participate in 
groundwater planning is diminished by the lack of a consistent 
approach for describing hydro-economic impacts and perfor-
mance thresholds for their specific wells and uses.

Hydro-Economic Well Performance

Three sets of factors work in concert to determine how a 
well responds to pumping under changes in DTW: aquifer 
characteristics, well infrastructure, and usage attributes. The 
principal physical response to groundwater pumping of inter-
est in this study is the drawdown induced at the well over the 
given pumping period. In essence, drawdown under pumping 
describes how the water level within a well fluctuates locally 
over short periods. By contrast, DTW describes water levels 
at rest from pumping that change regionally over long peri-
ods. Thus, changes in DTW are related to, but often separate 
and distinct from, drawdown under pumping in both time and 
space.

Drawdown is a key driver of hydro-economic well perfor-
mance in two important ways. Firstly, the water level within 
a well determines if and when a well experiences an opera-
tional failure. Secondly, some components of pumping costs 
are directly informed by lifting distance, which is the sum of 
DTW and drawdown. As lifting distance increases—driven 
by changes in DTW, drawdown, or a combination of both—
pumping costs rise due to the increase in energy required to lift 
water to land surface.

However, many studies concerned with hydro-economic 
well performance (Domenico et al. 1968; Foster et al. 2016; de 
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Frutos Cachorro et al. 2014; Gisser and Sanchez 1980; Jasec-
hko and Perrone 2021; Kanazawa 1992; Provencher and Burt 
1993; Reichard et al. 2010; Tsur and Zemel 2004; Turner et 
al. 2019; Zimmerman 1990) do not consider drawdown and, 
at most, evaluate changes in performance only with changes 
in DTW driven by overdraft, drought, or a combination of 
both. This may be because analytical solutions for drawdown 
are mathematically complex (requiring significant processing 
power for large datasets) or because the necessary aquifer char-
acteristic, well infrastructure, and usage attribute parameters 
are not fully understood or known. Ultimately, by failing to 
account for drawdown, these studies inherently underestimate 
pumping costs and face errors in determining when operation-
al failures may occur.

Some recent well performance studies (Gailey et al. 2019; 
Gailey et al. 2022; Thompson et al. 2020) do consider draw-
down but calculate it from a fixed specific capacity value, which 
is frequently reported in units of volume produced per unit of 
time per unit of drawdown (such as gallons per minute per foot 
of drawdown). Specific capacity is determined from a pumping 
test of a specific well at a certain time and therefore has three 
important limitations when applied to calculate drawdown: (1) 
it does not capture prospective changes in storage conditions 
with changes in DTW (such as transmissivity variations); (2) 
it is a single, time-independent value that does not assess how 
drawdown increases over a pumping period; and (3) it cannot 
be used to estimate drawdown for a well of differing construc-
tion. 

Additionally, we are unaware of a current approach to well 
design that is structured to maximize long-term groundwa-
ter yields based on quantifiable well performance thresholds. 
Instead, wells are designed to ensure they can meet immediate 
demand while minimizing the outlay and operational costs of 
the well at the time of drilling and installation (Misstear et al. 
2017; Stoner et al. 1979). Ensuring the aquifer and well are 
capable of meeting pumping demand is frequently left to the 
discretion of the well driller, possibly only with guidance to 
screen the lower third to lower half of an aquifer (Sterret and 
Driscoll 2007). This logic and the lack of common methods 
for exploring feasible yield limits leads to a higher likelihood 
of wells that incur excess costs or physically fail to operate as 
DTW increases.

Study Goals and Objectives

Our primary goal is to develop and demonstrate a new 
approach for quantifying well performance thresholds and 
related yields that specifically accounts for two key, interrelated 
hydro-economic impacts to pumping with changes in DTW. 
These impacts are: (1) the ability of an aquifer and well to satis-
fy pumping demand without physically failing to operate, and 
(2) the balance of pumping costs against what users are will-

ing to pay for the water. The resulting analytical model, here-
after called the Hydro-Economic welL PERformance model 
(HELPER), may offer groundwater managers and stakehold-
ers significant insight in managing DTW changes, calculating 
long-term feasible yields, and understanding how storage con-
ditions drive well performance thresholds. Our study goal is 
supported by achieving three objectives:

•	 Quantifying interrelated physical and economic well 
performance thresholds using advanced pumping 
drawdown solutions to simulate water levels within a well;

•	 Maximizing feasible DTW and yields on either a physical 
or economic performance basis by optimizing well 
infrastructure design; and

•	 Testing and developing HELPER using a contemporary 
regional groundwater dataset and DTW-based planning 
and management regime. 

HELPER is designed to simulate a single well, of any well 
screen interval and pump intake placement, pumping from 
any porous media aquifer. Therefore, while specific capacity 
drawdown solutions may be appropriate in some contexts, 
their limitations necessitate more advanced drawdown solu-
tions to accomplish the goals of this study. HELPER can be 
applied to deterministic well infrastructure (i.e., existing or 
hypothetical wells) or well infrastructure optimized by the 
model for specified uses to maximize feasible DTW and yields. 
Other groundwater management concerns, such as water qual-
ity, groundwater–surface water interaction, and subsidence, are 
not considered.

METHODS AND MATERIALS

Here we provide a general description of the HELPER 
framework and its key elements and assumptions. Additional 
details (e.g., descriptions of governing equations used to calcu-
late drawdown, pumping costs, performance thresholds, and 
yields) are provided in the Supplemental Information. The 
source code for HELPER is also available via a public reposito-
ry (see Open Research).

Quantifying Well Performance Thresholds

HELPER numerically models the hydro-economic impacts 
of changes in DTW using a series of user-based, well-based, and 
aquifer-based parameters (Table 1). The initial DTW is provid-
ed by the user and then simulated to sequentially increase in 
1-foot (0.3048-meter) increments. At each DTW, the model 
simulates a continuous and constant pumping session at the 
rate and period specified by the user. Well infrastructure and 
aquifer parameters are applied to analytical drawdown solu-
tions to quantify how the water level in the well responds to 
pumping. The model uses the drawdown solutions to evaluate 
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Model parameters Parameter units
User-based parameters:
    Units Imperial or metric
    Pumping rate Gallons or liters per minute
    Pumping period Hours
    Pumping sessions Days per year
    Price of pump power Dollars per kilowatt-hour
    Price of pump equipment Dollars per horsepower or kilowatt
    Price of well drilling and installation** Dollars per foot or meter
    Willingness-to-pay Dollars per acre-foot or megaliter
    Storage area providing yield Acres or square kilometers
Well-based parameters:
    Wire-to-water well efficiency Decimal percent
    Well lifespan Years
    Pump lifespan Years
    Well loss coefficient Seconds2 per foot5 or meter5 
    Well screen open area Decimal percent
    Well screen interval* Feet or meters
    Top of well screen elevation* Feet or meters AMSL
    Pump intake elevation* Feet or meters AMSL 
    Cost of well drilling and installation* Dollars
    Well drilling diameter* Feet or meters
Aquifer-based parameters:
    Land surface elevation Feet or meters AMSL
    Formation thickness Feet or meters
    Aquifer bottom elevation Feet or meters AMSL
    Initial depth-to-water elevation Feet or meters AMSL
    Horizontal hydraulic conductivity Feet or meters per day
    Vertical hydraulic conductivity Feet or meters per day
    Specific yield None
    Specific storage Per foot or meter

Table 1. Input parameters supplied to HELPER by the user. Parameters required only for 
deterministic or model-optimized well infrastructure simulations are noted by “*” and “**”, 
respectively. Elevations are in units above mean sea level (AMSL).

well performance at each DTW until it determines that well 
performance thresholds are reached.

Within this framework, HELPER calculates drawdown at a 
distance approximating the outer radius of the well screen grav-
el pack using the Theis (1935) and Hantush (1961a, 1961b) 
drawdown solutions (see Supplemental Information) in both 
confined and unconfined settings. The Theis (1935) solution 
is applied for fully penetrating wells, and a combination of the 
Theis (1935) and Hantush (1961a, 1961b) solutions is applied 
for partially penetrating wells. HELPER then evaluates wheth-

er or not sufficient potentiometric head is present to support 
pumping at each DTW. A limit, the operational failure thresh-
old (OFT), is established at the DTW where the water level in 
the well (given as the DTW plus pumping drawdown at the 
end of the pumping period) reaches either the depth of the 
pump intake or the top of the well screen, whichever occurs 
first. Pumping beyond this limit may damage the well or pump 
(Smith and Comeskey 2010). 

With drawdown estimated, HELPER next evaluates the 
affordability of pumping by calculating pumping costs on a 
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dollars-per-volume basis (see Supplemental Information) and 
weighing them against the user’s stated willingness-to-pay 
(WTP) for the water. A limit, the affordability failure thresh-
old (AFT), is established at the DTW where pumping costs are 
equivalent to WTP.

WTP is by definition subjective and provided by the model 
user to establish the AFT. In this sense, the AFT is the DTW at 
which the user considers pumping unaffordable. For example, 
agricultural model users may know their WTP for particular 
crops or livestock, given local market conditions. Other model 
users may estimate their WTP. For another example, model 
users with a domestic water supply may wish to use the 2.5% 
of annual household income threshold for the affordability of 
water supply established by the U.S. Environmental Protec-
tion Agency (EPA 1998). Still other model users may wish to 
experiment with WTP to test a range of “what if ” scenarios. 
In any case, the OFT and AFT are both provided by HELP-
ER. Users who are uninterested in or insensitive to affordability 
constraints may simply choose to disregard AFT results.

HELPER considers three elements of pumping costs in units 
of dollars per volume: (1) the cost of energy required to lift 
water to land surface, (2) the cost of pump equipment, and 
(3) the cost of well drilling and installation. Delivering water 
beyond the well head at land surface bears additional energy 
and equipment costs that are unrelated to changes in DTW 
and not considered here. Both lifting and pump equipment 
costs are treated as functions of the lifting distance (i.e., the 
sum of the DTW and the drawdown calculated by HELPER). 
These costs are simulated to rise linearly with increasing DTW 
in confined settings (due to constant transmissivity and draw-
down) and nonlinearly in unconfined settings (due to declin-
ing transmissivity and increasing drawdown). Well drilling and 
installation costs are related to the well infrastructure and are 
therefore unaffected by changes in DTW.

The energy cost to lift water to the land surface is calculated 
from the user-specified price of power and the HELPER-calcu-
lated lifting distance. The cost of lifting water per unit of dis-
tance is constant at a constant pumping rate, but the distance 
lifted is not because drawdown increases nonlinearly over the 
pumping period. Therefore, HELPER calculates lifting costs 
on a per-minute-of-pumping basis, sums them for the pump-
ing period, and then divides the sum by the total production 
volume per pumping period. This calculated value represents 
the lifting cost in dollars per volume per pumping period at 
each tested DTW. User-specified pump equipment prices are 
given in units of dollars per energy unit to represent local mar-
ket conditions, multiplied against the energy requirements of 
lifting, and distributed over the user-specified equipment lifes-
pan and model-calculated aggregate pumping demand. The 
energy requirements for pumping equipment at each DTW 
are calculated from the maximum lifting distance at the final 

minute of the pumping period to ensure the pump is appro-
priately sized to support lifting water throughout the pumping 
period. The total cost of well drilling and installation—either 
user-specified for a deterministic well or generated by HELP-
ER from user-specified drilling prices and model-optimized 
well infrastructure—is distributed over the user-specified well 
lifespan and the model-calculated aggregate pumping demand.

With the DTW of the operational and affordability thresh-
olds established, we conceptualize the aquifer in four zones: 
the production range, the economic dead pool, the drawdown 
dead pool, and the well screen dead pool (Figure 1). The pro-
duction range (the difference between the initial DTW and the 
shallower of either the OFT or the AFT) represents all poten-
tial DTW from which the well can produce without experienc-
ing a hydro-economic well performance failure. The economic 
dead pool (the difference between the AFT and the OFT), if 
present, represents DTW at which pumping is not affordable 
at the user-specified WTP, but at which the well can physi-
cally operate without failure. The drawdown dead pool (the 

Figure 1. Conceptualization of the initial depth-to-water (DTW; 
blue line), pumping drawdown (dashed blue curve), the production 
range (green arrow), the affordability failure threshold (AFT; purple 
line), the economic dead pool (purple arrow), the operational failure 
threshold (OFT; orange line), the drawdown dead pool (orange 
arrow), and the well screen dead pool (red arrow) for an aquifer in 
the unconfined setting.
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difference between the OFT and the shallower of the depth 
of the pump intake or the top of the well screen) represents 
the potentiometric head or saturated thickness that must be 
reserved from production to keep the well from failing to phys-
ically operate. The well screen dead pool is the saturated thick-
ness of the aquifer reserved from production to support the 
well screen interval. 

Finally, HELPER calculates a feasible local area storage yield 
at both the OFT and the AFT from the user-specified land 
surface area. This yield is given as the difference in the vol-
ume of water stored within the local area at the initial DTW 
and the volume stored at the well performance thresholds (see 
Supplemental Information). Recharge is not considered; yields 
represent only the volume of water produced from local storage 
if the aquifer were drained from the initial DTW to the well 
performance thresholds. If the AFT exceeds the OFT, the AFT 
yield is considered equivalent to the OFT yield. The land sur-
face area component of the yield calculation is provided by the 
user and may therefore be tailored to the model user’s needs. 
For example, a user may wish to calculate the land surface area 
from the well’s radius of influence or on the basis of private 
property boundaries. These yields may be useful to regional 
yield planning and be particularly applicable in Texas or oth-
er jurisdictions that either consider in-situ groundwater to be 
owned by the overlying landowner (Edwards Aquifer Authori-
ty v. Day-McDaniel 2012) or that employ correlative ground-
water rights regimes.

The input parameters supplied to HELPER to generate 
model results discussed below are provided in Table 2.

Optimizing Well Design

An optimization scheme for HELPER is written to generate 
hypothetical well infrastructure that maximizes the OFT, AFT, 
and related yields. Parameters optimized include the depth of 
the well screen, the length of the well screen interval, the drill-
ing diameter, and resultant pumping drawdown. Additional 
detail and a limited sensitivity analysis of a representative opti-
mization solution is provided in the Supplemental Informa-
tion.

To maximize the OFT, HELPER minimizes the sum of the 
drawdown dead pool and the well screen dead pool. To accom-
plish this, HELPER calculates a minimum well screen interval 
from well entry velocity limits (AWWA 2015), well up-flow 
velocity limits (Sterret and Driscoll 2007), and other factors. 
Next, HELPER calculates the optimal well screen interval by 
assessing how partial well penetration drawdown changes with 
variations in the well screen interval and by determining the 
configuration with the smallest combined drawdown dead 
pool and well screen dead pool. Concurrently, HELPER tests 
all possible placements of the screen interval within the saturat-

ed thickness of the aquifer to maximize the OFT. Thus, draw-
down solutions that capture partially penetrating well effects, 
such as the Hantush (1961a, 1961b) solution, are crucial to the 
HELPER optimization logic. 

Maximizing the AFT is similar but somewhat more complex. 
All three elements of pumping costs are related and evaluated 
simultaneously. HELPER first calculates pumping costs for a 
well configured to maximize the OFT. If those pumping costs 
are less than the user-specified WTP, the maximized AFT is 
considered equivalent to the maximized OFT. If not, HELPER 
calculates the least expensive well configuration with the ability 
to pump without experiencing an operational failure at the ini-
tial DTW. If these pumping costs exceed WTP, then no AFT is 
possible. If not, HELPER maximizes the AFT by conjunctively 
minimizing all three pumping cost elements at all possible well 
configurations.

Integrating Regional Aquifer and Planning Data

To test and develop HELPER using a contemporary ground-
water dataset and DTW-based planning regime, we evaluate 
model-optimized OFT and AFT yields for the Carrizo-Wilcox 
Aquifer (CWA) within the extent of the Post Oak Savannah 
Groundwater Conservation District (POSGCD; Figure 2). The 
term CWA is used to collectively describe four water-bearing 
formations. Those formations are, in order of increasing depth, 
the Carrizo Formation, Calvert Bluff Formation, Simsboro 
Formation, and Hooper Formation (Figure 2). CWA charac-
teristics are derived and sourced from the Young et al. (2020) 
model developed for TWDB (see also Dutton et al. [2003]; 
Young et al. [2018]; Young and Kushnereit [2020]). Aquifer 
characteristics applied to this study include storage coefficients 
(specific yield and specific storage), hydraulic conductivity 
(horizontal and vertical), formation bottom depth, formation 
thickness, and initial (2010) DTW. A digital elevation model 
(NED 2013) is applied to this study area to represent the land 
surface.

We choose this study area for several key reasons. First, the 
CWA is Texas’ largest aquifer by storage volume, with over 
5.2 billion acre-feet (6.41 petaliters; Thompson et al. 2020) of 
groundwater stored close to growing population centers. Sec-
ond, storage conditions for the CWA within the study area 
vary spatially, presenting unconfined conditions in shallow 
outcrop areas in the northwest and confined conditions in deep 
sub-crop areas in the southeast (Figure 2). Third, the ground-
water flow model for the CWA (Young et al. 2020) is one of 
the more recent such models developed for TWDB. Fourth, 
the well field supplying water to San Antonio, Texas, via the 
Vista Ridge pipeline project, pumps from the CWA within the 
POSGCD, and the managed DTW in the area is anticipated 
to change significantly in the 2010–2069 planning period. To 
test and develop HELPER, we apply a representative managed 
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DTW change in the form of DFCs proposed for the POS-
GCD: Carrizo Formation +172 feet (+52 meters), Calvert 
Bluff Formation +179 feet (+55 meters), Simsboro Formation 
+336 feet (+102 meters), and Hooper Formation +214 feet 
(+65 meters; Westbrook 2021). Altogether, these factors high-
light the importance of this section of the aquifer to regional 
water resources and establish that the model is tested from a 
wide variety of aquifer properties provided by an up-to-date 
dataset recently used for regional water planning that proposes 
significant DTW changes. 

We provide two types of analyses of OFT- and AFT-based 
yields applying model-optimized well infrastructure for the 

extent of each geologic unit within the study area: (1) an analy-
sis using the 2010 DTW (Young et al. 2020), and (2) an analy-
sis where the DTW in each model grid cell is adjusted in accor-
dance with the proposed DFCs (Westbrook 2021). In both 
analyses, we contemplate pumps set within the well screen 
interval. The depth of the top of the well screen is therefore 
applied as the limiting factor in OFT calculations. The first 
analysis is intended to demonstrate how HELPER could be 
useful to groundwater managers, planners, and stakeholders by 
identifying areas where spatially variable aquifer characteristics 
are or are not conducive to specified uses. The second analysis 
is intended to demonstrate how HELPER could be useful in 

Model parameter Unconfined setting Confined setting
User-based parameters:
    Units Imperial Imperial
    Pumping rate 70 gallons per minute 70 gallons per minute
    Pumping period 24 hours 24 hours
    Pumping sessions 111 days per year 111 days per year
    Price of pump power $0.10 per kilowatt-hour $0.10 per kilowatt-hour
    Price of pump equipment $400 per horsepower $400 per horsepower
    Price of well drilling and installation see Supplemental Information see Supplemental Information
    Willingness-to-pay $100 per acre-foot $100 per acre-foot
    Storage area providing yield 640 acres (1 square mile) 640 acres (1 square mile)
Well-based parameters:
    Wire-to-water well efficiency 75% 75%
    Well lifespan 50 years 50 years
    Pump lifespan 10 years 10 years
    Nonlinear well loss coefficient 5 seconds2 per foot5 5 seconds2 per foot5

    Well screen open area 10% 10%
    Well screen interval 40 feet 40 feet
    Top of well screen elevation -120 feet AMSL -820 feet AMSL
    Pump intake elevation -120 feet AMSL -820 feet AMSL
    Cost of well drilling and installation $6,000 $20,000
    Well drilling diameter 0.5 feet 0.5 feet
Aquifer-based parameters:
    Land surface elevation 100 feet AMSL 100 feet AMSL
    Formation thickness 300 feet 300 feet
    Aquifer bottom elevation -200 feet AMSL -900 feet AMSL
    Depth-to-water elevation 100 feet AMSL 100 feet AMSL
    Horizontal hydraulic conductivity 3 feet per day 3 feet per day
    Vertical hydraulic conductivity 0.005 feet per day 0.005 feet per day
    Specific yield 0.1 0.1
    Specific storage 5 x 10-6 per foot 5 x 10-6 per foot

Table 2. The input parameters supplied to HELPER to demonstrate results. Elevations are provided in units 
above mean sea level (AMSL).
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Figure 2. (a) Dip-oriented profile of the Carrizo-Wilcox Aquifer modified from Dutton et al. (2003). (b) A map of 
the study area showing the dip-oriented profile transect (red line, A to A’) reproduced from Dutton et al. (2003), the 
extent of the Young et al. (2020) pumping and flow model for the Carrizo-Wilcox Aquifer (blue shading), and the 
extent of the Post Oak Savannah Groundwater Conservation District (yellow-shading with black outline).
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evaluating how well performance may change with a planned 
change in DTW. In the latter analysis, we assume planned 
changes in DTW occur uniformly for every grid cell. However, 
proposed POSGCD DFCs discuss an average change in DTW 
throughout the study area (Westbrook 2021). Therefore, actual 
changes in DTW at any one location over the planning period 
may be less or greater than the average change in DTW consid-
ered by the proposed DFCs and this study.

In both analyses, we evaluate yields by simulating a single 
hypothetical well pumping from each grid cell. The param-
eters used in these regional HELPER analyses (Table 2) are 
the same as those applied to the single well approach discussed 
below, except that all aquifer-based parameters for both types 
of regional analysis are supplied on a cell-by-cell basis by the 
Young et al. (2020) flow model. The spatial resolution of grid 
cells demonstrated here is 1 square mile (2.59 square kilome-
ters) to conform with the grid cell spatial resolution of the 
Young et al. (2020) flow model.

Assumptions and Limitations

Where the initial DTW occurs above the depth of the aqui-
fer (i.e., a confined aquifer state) but the final DTW falls 
below the top of the aquifer, HELPER considers the aquifer to 
“transition” to an unconfined state at the point where DTW is 
equivalent to the top of the aquifer. Upon transition, the rele-
vant drawdown and yield coefficients are adjusted accordingly. 
The practicability and desirability of confined-to-unconfined 
aquifer transition, or any other DTW change, is not addressed 
by HELPER. The model simply assesses how well performance 
changes with changes in DTW. 

We apply the Theis (1935) and Hantush (1961a, 1961b) 
unsteady-state drawdown solutions (see Supplemental Infor-
mation) in both confined and unconfined settings. These 
drawdown solutions are imperfect, as neither was originally 
intended for use in unconfined settings. Therefore, HELP-
ER may misstate drawdown and the OFT or AFT for some 
parameters (see Supplemental Information). However, these 
solutions demonstrate the utility of the HELPER approach in 
that they: (a) can be used to estimate pumping drawdown from 
a limited number of predefined aquifer and well characteristics; 
(b) capture the nonlinear increase in drawdown expected with 
increasing DTW in unconfined settings; (c) are unsteady-state 
solutions that by definition reflect the nonlinear increase in 
drawdown over any given pumping period; and (d) incorpo-
rate the partially penetrating well effects crucial to optimizing 
well design for maximizing performance thresholds and related 
yields. Alternative drawdown solutions that describe additional 
pumping dynamics (e.g., delayed gravity response of uncon-
fined systems or leakage) could be similarly applied using the 
HELPER approach in future research.

We assume that DTW at the well fully recovers from pump-
ing drawdown between pumping sessions; residual drawdown 
is not considered. This assumption would be invalid for a well 
that is pumped continuously. It may also result in the model 
overestimating the OFT and AFT because any well that does 
not fully recover from drawdown between pumping sessions 
and accumulates residual drawdown would begin the pumping 
session with well water levels that are deeper than simulated 
here. Future improvements to HELPER could quantify recov-
ery between pumping sessions, but doing so would require 
users of the model to stipulate the resting period between each 
pumping session.

We assume that an appropriately sized pump is always avail-
able to the user (see Supplemental Information). The added 
costs of upgrading pumps before the end of a pump lifespan 
are not considered because the time between changes in DTW 
is not given. Additionally, there is a relationship between the 
pumping rate, pump equipment power, lifting distance, and 
pump efficiency. This relationship, typically described by a 
pump performance curve chart, shows that more energy is 
required as the lifting distance or pumping rate increases (Fipps 
2015). Therefore, fluctuations in the pumping rate or pump 
efficiency may be expected for single-power pumps as the lift-
ing distance increases under drawdown during the pumping 
period. HEPER does not account for these fluctuations; the 
pumping period, pumping rate, and wire-to-water well effi-
ciency are specified by the user and assumed constant. Future 
research may seek to address this issue, but doing so may require 
the model user to specify pump performance curves for the full 
range of tested DTW, given that pump efficiency is a function 
of pump construction and cannot be determined analytically.

In determining the OFT, HELPER compares the water level 
within the well against the depth of the pump intake or the 
top of the well screen, whichever is shallower, to avoid damage 
to the well infrastructure and equipment. Pumping from well 
water levels beyond the depth of the pump intake cavitates the 
pump, and pumping from well water levels beyond the depth 
of the top of the well screen may cavitate the pump by induc-
ing cascading flow or foul the well screen (Smith and Comes-
key 2010). In either case, HELPER does not consider costs to 
repair or remediate the well. Therefore, HELPER evaluates the 
OFT by limiting the DTW such that no damage of any type 
or magnitude, regardless of whether it can be abided or reme-
diated, occurs with the given well infrastructure. HELPER is 
also not designed for use with open-hole wells (i.e., wells that 
do not case or screen the saturated thickness of the aquifer). 
However, HELPER could be adapted and simplified to sup-
port open-hole well applications.

Further, HELPER does not consider how water levels within 
the well may be impacted by the drawdown of nearby wells. If 
drawdown from nearby wells influences water levels in the well 
simulated by HELPER, the model may overstate the OFT and 
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AFT. Future research is needed to adapt HELPER to address 
these impacts, but doing so will necessitate implementing mir-
ror-well drawdown solutions that require the user to specify 
the spatial relationship of the wells, the timing of the pumping 
period for all relevant wells, and any relevant well water level 
recovery between pumping periods.

RESULTS AND DISCUSSION

Two types of HELPER results are presented with accompa-
nying discussion: (1) results for a single well of deterministic 
and optimized design in both confined and unconfined set-
tings; and (2) results for model-optimized well infrastructure 
throughout the extent of the POSGCD at the 2010 and the 
proposed DFC DTW.

Comparative Performance of a Single Well

To begin, we compare and contrast HELPER results for 
identical deterministic well infrastructure in both confined 
and unconfined settings (Figure 3) using comparable model 
parameters (Table 2). The saturated thickness in each setting 
is identical (300 feet or 91 meters) but occurs much deeper 
(+700 feet or +213 meters) in the confined setting. The initial 
DTW in both settings is also the same (land surface, a depth 
of 0 feet or meters). The deterministic well infrastructure for 
this simulation reflects an arbitrary well screen interval (40 feet 
or 12 meters) and well screen depth (terminating 40 feet or 12 
meters above the bottom of the aquifer) to be a simple repre-
sentation of a well that was not designed to maximize long-
term well performance.

Figure 3. Depiction of hydro-economic well performance (HELPER) model results, showing the initial depth-to-water 
(DTW), affordability failure threshold (AFT), and operational failure threshold (OFT), for a well of determinative design 
(a) in a confined setting and (b) in an unconfined setting. Results are depicted to scale with two exceptions: there is 
a discontinuity in the potentiometric head of the confined setting (indicated by “//”) for legibility, and the slope of the 
pumping drawdown curve is representational.
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These results reveal important aspects of how well perfor-
mance changes for a given use with changes in DTW. First, 
the OFT occurs within the saturated thickness at 195 feet (59 
meters) above the bottom of the aquifer for both aquifer set-
tings. This equivalency will necessarily be true unless the OFT 
in a confined setting occurs above the top of the aquifer, in 
which case the pumping rate in a comparable unconfined set-
ting would not be possible without operational failure. The 
OFT equivalency occurs because a confined aquifer is consid-
ered transitioned to an unconfined state when DTW exceeds 
the top of the aquifer. In this sense, all aquifers are ultimately 
subject to the same operational limits created by the well screen 
dead pool and the drawdown dead pool, the latter of which 
increases nonlinearly with increasing DTW in unconfined or 
transitioned settings due to declining transmissivity (see Sup-
plemental Information).

Second, while the OFT in the confined setting (805 feet or 
245 meters) is 7.7 times deeper than the OFT in the uncon-
fined setting (105 feet or 32 meters), the local area yield at the 
OFT in the confined setting (7,475 acre-feet or 9,220 megali-
ters) is only 10% larger than the same yield in the unconfined 
setting (6,803 acre-feet or 8,391 megaliters). This is because 
87% of the change in DTW (from the initial DTW to the 
OFT) in the confined setting occurs within the confined pres-
sure head, which yields water according to a confined storage 
coefficient of 0.0015. The unconfined storage coefficient, by 
contrast, is 0.10. This difference in storage coefficients means 
that the volume of water yielded for an equivalent change in 
DTW would be nearly two orders of magnitude greater in an 
unconfined setting than in a confined setting. Therefore, while 
the volume of water produced from the draining of pore space 
storage within the saturated thickness is the same in each setting 
(6,803 acre-feet or 8,391 megaliters), the volume produced by 
removing the full 700 feet (213 meters) of pressure head in the 
confined setting is only 672 acre-feet (829 megaliters).

Third, while the AFT in the confined setting (519 feet or 158 
meters) is 4.9 times deeper than the AFT in the unconfined 
setting (which is constrained to be equivalent to the uncon-
fined OFT of 105 feet or 32 meters), the local area yield at the 
AFT in the confined setting (498 acre-feet or 614 megaliters) 
is actually 93% less than the local area yield at the AFT in 
the unconfined setting (6,803 acre-feet or 8,391 megaliters). 
This difference in AFT yields between the two settings is again 
attributable to the applicable storage coefficients. In this sim-
ulation, where the confined setting AFT occurs within the 
confined pressure head of the system, all water yielded is from 
pressure head with none of the saturated thickness drained, 
whereas in the unconfined setting, the AFT occurs within the 
saturated thickness of the system.

Using these parameters (Table 2), a well performance analysis 
that does not consider drawdown and only evaluates an oper-
ational limit where DTW is equivalent to the top of the well 

screen would overestimate the OFT by 115 feet (35 meters) 
and the OFT yield by 7,347 acre-feet (9,062 megaliters) in 
both settings. Similarly, a well performance analysis that does 
not incorporate drawdown in calculating pumping costs would 
overestimate the AFT in the confined setting (wherein a bind-
ing economic limit applies) by 124 feet (38 meters) and the 
AFT storage area yield by 119 acre-feet (147 megaliters).

Comparing HELPER results for deterministic well infra-
structure with results for optimized well infrastructure (using 
the same parameters, Table 2) demonstrates the significance of 
designing wells to maximize the OFT and AFT, particularly 
where performance thresholds fall within the saturated thick-
ness of the aquifer. In the confined setting, HELPER-opti-
mized well infrastructure increases the OFT by 8% (from 805 
feet to 866 feet or 245 meters to 264 meters) and the corre-
sponding yield by 53% (from 7,475 acre-feet to 11,412 acre-
feet or 9,220 megaliters to 14,076 megaliters). An additional 
61 feet (19 meters) of saturated thickness is recoverable at the 
optimized OFT. The AFT in the confined setting increases 
with HELPER-optimized well infrastructure by 19% (from 
519 feet to 618 feet or 158 meters to 188 meters) and, given 
that both of the AFT limits occur within the confined pressure 
head of the aquifer, the corresponding yield also increases by 
19% (from 498 acre-feet to 593 acre-feet or 614 megaliters to 
731 megaliters). 

In the unconfined setting, HELPER-optimized well infra-
structure increases the OFT by 58% (from 105 feet to 166 
feet or 32 meters to 51 meters) and the corresponding yield 
by 58% (from 6,803 acre-feet to 10,740 acre-feet or 8,391 
megaliters to 13,248 megaliters). The AFT for both determin-
istic and model-optimized infrastructure in the unconfined set-
ting is constrained to be equivalent to the OFT. As a result, the 
changes to the AFT and the local storage area yield at the AFT 
with optimized well infrastructure are equivalent to the depth 
and volume changes (+58%) at the OFT.

Yield Performance Under Varied Regional Storage 
Conditions

POSGCD HELPER results at the 2010 DTW (Figure 4a–d) 
indicate that the principal driver of OFT yields is the satu-
rated thickness of the aquifer (Figure 4e–h), not the amount 
of potentiometric head available. While deep and confined 
settings have more head available to support dead pools than 
shallow and unconfined settings, this relationship is only deter-
minative of the OFT yield where the available head is insuffi-
cient to support pumping (where no yield is possible) or where 
the OFT falls within confined pressure head. Instead, the 
spatial variability in saturated thickness of each formation is 
more predictive of the spatial variability in OFT yields, due the 
importance of storage coefficients discussed above combined 
with the fact that 94% of the simulated OFT limits depict-
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Figure 4. (a–d) Storage area yields at the operational failure threshold (OFT) for model-optimized well infrastructure, 
(e–h) saturated thickness, and (i–l) cumulative distribution functions for the (a, e, i) Carrizo Formation, (b, f, j) Calvert 
Bluff Formation, (c, g, k) Simsboro Formation, and (d, h, l) Hooper Formation. White cells (a–d) indicate that no OFT 
is possible at the given pumping rate.
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Figure 5. (a–d) Storage area yields at the affordability failure threshold (AFT) for model-optimized well infrastructure, 
(e–h) aquifer bottom depth, and (i–l) cumulative distribution functions for the: (a, e, i) Carrizo Formation, (b, f, j) 
Calvert Bluff Formation, (c, g, k) Simsboro Formation, and (d, h, l) Hooper Formation. White cells (a–d) indicate that no 
operational failure threshold is possible, and therefore no AFT is possible at the given pumping rate.
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Figure 6. Percentage decline in storage area yields for model-optimized well infrastructure at the operational failure 
threshold (OFT; a–d) and affordability failure threshold (AFT; e–h) under the proposed change in depth-to-water (DTW) 
with cumulative density functions (i-l) for the (a, e, i) Carrizo Formation, (b, f, j) Calvert Bluff Formation, (c, g, k) 
Simsboro Formation, and (d, h, l) Hooper Formation. White cells indicate no OFT (or AFT) is possible at the 2010 DTW, 
and black cells indicate that either the OFT or AFT yield has declined by 100% (zero yield remaining) at the proposed 
change in DTW.
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ed here fall within the saturated thickness. This causation is 
particularly visible in the Simsboro Formation (Figure 4c, 4g) 
and the Hooper Formation (Figure 4d, 4h), where deep and 
confined cells of comparable depth and available head present 
markedly different yields corresponding to differences in satu-
rated thickness. Cumulative distribution functions of the OFT 
yield, saturated thickness, and available potentiometric head 
for each formation (Figure 4i–l) further demonstrate these rela-
tionships, showing a close correlation between yield and satu-
rated thickness, not available head. These results suggest that to 
locate wells intended to maximize long-term yields, based on 
physical well operation, the relationship between the OFT and 
saturated thickness should be evaluated.

POSGCD HELPER results for the AFT at the 2010 DTW 
(Figure 5a–d) stand in almost direct contrast to comparable 
yields at the OFT. Here, the largest yields lie within a narrow, 
southwest to northeast trending band, where the AFT falls 
within the saturated thickness. Pumping from deep and con-
fined cells in the southeast is economically feasible under these 
parameters; no cells report a yield of zero due to affordability 
limitations at the 2010 DTW. However, deep and confined 
yields in the southeast (where the AFT falls within the confined 
pressure head) are substantially less than those of unconfined or 
transitioned cells in the northwest (where the AFT falls within 
the saturated thickness). For instance, AFT yields for selected 
equivalent areas (9 square miles or 23 square kilometers) sepa-
rated by only 11 miles (18 kilometers) in the Carrizo, Calvert 
Bluff, Simsboro, and Hooper formations are, respectively, 86, 
97, 111, and 77 times greater in area one (northwest) than in 
area two (southeast; Figure 5a–d). These trends are largely driv-
en by the costs of drilling and installation, which increase with 
aquifer depth (Figure 5e–h) from northwest to southeast, and 
the importance of yield storage coefficients discussed above. 
Cumulative distribution functions of the AFT yield, aquifer 
bottom depth, and the difference between the aquifer bottom 
depth and the AFT (Figure 5i–l) demonstrate that the AFT 
correlates strongly with the depth of the bottom of the aquifer. 
These results suggest that in deep and confined settings, sub-
ject to WTP, affordability constraints that consider aquifer and 
well infrastructure cost drivers may exert a greater influence 
on the feasibility of yields than physical operation constraints, 
and affordability may limit yields to production from confined 
pressure head. Furthermore, these results show that recover-
ability assessments that do not consider the hydro-economics 
of pumping (e.g., TERS) and related groundwater manage-
ment structures, such as those proposed by Brady et al. (2016), 
may overstate recoverable groundwater in some settings where 
affordability is considered.

Finally, model results assessing the percentage change in 
the cell-by-cell local yield at the OFT and AFT, where DTW 
increases from the 2010 DTW pursuant to proposed DFCs 

(Figure 6), demonstrate important impacts. With respect to 
the OFT yield (Figure 6a–d), operational failures are identified 
in a narrow band of cells (representing 7%, 4%, 9%, and 5% 
of the surface area of the Carrizo, Calvert Bluff, Simsboro, and 
Hooper formations, respectively) trending from the southwest 
to the northeast; the feasible yield has decreased by 100%. No 
operational failures in cells immediately to the southeast of 
this trendline are identified, but yield at the OFT decreases 
by as much as 98% because the proposed DTW change and 
the OFT both occur within the saturated thickness of the cell. 
However, a relatively small percentage change in the OFT yield 
occurs within most of each formation in the study area (Figure 
6i–l), because the proposed change in DTW occurs within the 
confined pressure head, while the OFT occurs within the satu-
rated thickness of the aquifer.

The percent change in AFT yields (Figure 6e–h) provides 
important similarities to and differences from the changes in 
OFT yields. In this case, we see the same narrow, southwest to 
the northeast trending area of cells that experience a physical 
operation failure and similar yield impacts in areas immedi-
ately to the southeast of this trendline (up to a 98% decline 
in AFT yield). However, moving further to the southeast, two 
new trend groups that differ from the OFT yield results are 
apparent. First, a change in the AFT yield of 10% or less are 
identified in a band of cells (representing 19%, 10%, 4%, and 
6% of the surface area of the Carrizo, Calvert Bluff, Simsboro, 
and Hooper formations, respectively), indicating that the AFT 
for these cells fall within the saturated thickness, while the pro-
posed changes in DTW occur within the confined pressure 
head. All cells southeast of this band experience a decrease in 
the AFT yield ranging 11–100%, with notable impacts to the 
Simsboro Formation (Figure 6g), indicating that the AFT and 
the proposed change in DTW both occur within the confined 
pressure head of these cells. The cumulative distribution func-
tions of changes to the OFT and AFT yields (Figure 6i–l) indi-
cate that economic impacts of the proposed change in DTW 
are more pervasive than operational impacts.

Overall, these POSGCD OFT and AFT yield results indi-
cate that locating and designing wells for maximized long-term 
production requires careful consideration of operational and 
economic factors. They suggest that the feasibility of yields for 
wells in shallow and unconfined (or transitioned) settings may 
be more limited by operational thresholds and less limited by 
affordability thresholds, while wells pumping from deep and 
confined settings may be limited in the opposite manner (Fig-
ures 4a–d, 5a–d). Similarly, OFT-based yields may be more 
sensitive to changes in DTW in shallow and unconfined, or 
transitioning, settings (Figure 6a–d), while AFT-based yields 
may be more sensitive in deep and confined settings (Figure 
6e–g), particularly where the AFT and DTW change both 
occur within the pressure head of the aquifer.
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CONCLUSIONS 

HELPER provides a new means for quantifying the inter-
related hydro-economic impacts to pumping with planned or 
unplanned changes in DTW. The model applies physical laws 
and relationships to user-defined parameters describing aqui-
fer storage conditions, pumping characteristics, and economic 
variables. Therefore, the model can generate results describ-
ing both the physical and economic limitations and impacts 
to production for any aquifer, well, and use case anywhere in 
the world, provided that the physical and economic parame-
ters can be defined. As such, while this study focuses on and 
is contextualized within Texas, HELPER may provide insight 
and value to other, globally significant groundwater systems 
faced with current or future changes in DTW. Potential aqui-
fer system candidates for study include but are not limited 
to the Central Valley in California, the North China Plains, 
the Indus-Ganges-Brahmaputra-Meghna in India, and the 
Great Artesian Basin in Australia. Some satellite systems (e.g., 
the Gravity Recovery and Climate Experiment) could point 
HELPER users toward groundwater resources that are chron-
ically under threat, though we acknowledge that the spatiotem-
poral resolutions of most satellite systems are not well suited to 
determining how DTW is changing on a well-by-well basis. 

HELPER improves on existing methods for evaluating well 
performance and related yields in two important ways. First, 
the model quantifies the short-term drawdown within a pump-
ing well, the affordability of pumping, and the inherent link-
ages between the two. Other methods that do not fully explore 
these issues may overestimate hydro-economic performance 
thresholds. Second, by employing advanced drawdown solu-
tions that account for partially penetrating well infrastructure, 
the model can optimize well designs to maximize the DTW 
from which the well can pump without failing, on either an 
operational or affordability basis.

HELPER results can be generated for existing infrastructure 
and could be used to answer questions such as: “Which wells 
will experience operational failures if DTW increases by x?” 
and “How much will pumping costs for current users rise if 
DTW increases by x?” HELPER answers to these questions 
could help groundwater managers and policymakers in juris-
dictions that govern their resources using DTW-based met-
rics (such as DFCs) make better informed decisions as met-
rics are proposed, discussed, and adopted. For example, the 
socioeconomic impacts of DTW-based DFCs in Texas are 
currently largely unknown because no quantitative framework 
for assessing them has been available or established (GMA 8 
2021; GMA 9 2021; GMA 13 2022; GMA 14 2022; GMA 
15 2021). Future research using HELPER could also be lev-
eraged by policy and economic interventions intended to mit-
igate the hydro-economic impacts of planned or unplanned 
changes in DTW by providing a quantified estimate of what 

those impacts might be. Similarly, stakeholders could use the 
HELPER framework to understand how their water supply, 
perhaps serving irrigation or domestic needs, may be impacted 
by a planned or potential change in DTW.

HELPER can also generate well infrastructure optimized to 
maximize the DTW from which the well can pump without 
experiencing a hydro-economic performance failure. These 
results could be used to answer questions such as: “Where is 
a supply of groundwater affordable or not?” and “What is the 
maximum feasible yield for a given use at this location?” These 
results could help a potential home buyer, real estate developer, 
or well owner to better understand their prospective access to 
groundwater prior to making financial commitments. HELP-
ER could also be adapted by groundwater managers and poli-
cymakers considering DFCs in Texas for use in a manner like 
TERS, providing a range of feasible yield scenarios that account 
for hydro-economic well performance for any given aquifer, 
infrastructure, and use parameters. Additionally, the capacity 
of HELPER to provide optimized well infrastructure allows 
model users to explore the limits of feasible yields by effectively 
removing the constraints of well infrastructure upon yields and 
allowing model users to evaluate yield scenarios driven only by 
aquifer and use characteristics.

In its current form, use of HELPER requires some measure 
of access to technical information (in supplying the model with 
the requisite parameters) and technical skill (in downloading 
and executing the model code and interpreting results). Addi-
tionally, while the model has been designed to utilize multi-core 
processing for multi-well analyses (see Open Research), gen-
erating results for a large number of wells requires significant 
computational processing power. However, HELPER could be 
operationalized by deploying it to a web-based platform and, if 
needed, high-performance computing centers. Moreover, tech-
nical information barriers could be reduced by offering users 
the ability to populate certain well and aquifer parameters by 
linking the platform to existing public databases. A represen-
tative hydrostratigraphic column depicting aquifer geometries 
and well performance thresholds, or a similar visualization 
approach, could ease the interpretation of model results.
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OPEN RESEARCH

Aquifer characteristics applied to this study for the central 
CWA are derived and sourced from the geodatabase provided 
by TWDB and associated with the groundwater flow model 
for the central portion of the Sparta, Queen City and Car-
rizo-Wilcox Aquifers (Young et al. 2020). The flow model is 
available from https://s3.amazonaws.com/gw-models/czwx-
_c_qcsp_v3.02.7z, and the methods and details are described 
by Dutton et al. (2003), Young et al. (2018), and Young and 
Kushnereit (2020). The digital elevation model applied to this 
study is the 2013 National Elevation Dataset available from 
https://www.usgs.gov/core-science-systems/ngp/tnm-delivery/
gis-data-download?qt-science_support_page_related_con=0#. 

A repository hosted by the Texas Data Repository and locat-
ed at https://doi.org/10.18738/T8/Z4QT6Q contains the fol-
lowing data:

1.	 The source code for HELPER (previously known as the 
Well Performance Model) in Python 3 format originally 
authored in Jupyter Notebooks in two forms:

a. A form for generating results for a single well 
with the option to apply user-specified well in-
frastructure or model-optimized well infrastruc-
ture generated by HELPER (Thompson 2021a).
b. A form for generating regional results us-
ing multicore processing on a cell-by-cell ba-
sis using model-optimized well infrastructure 
generated by HELPER (Thompson 2021b).

2.	 The parameter tables applied to HELPER for simula-
tions discussed in this work.

3.	 The aquifer characteristics extracted and processed from 
the Young et al. (2020) groundwater flow and pumping 
model.
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Supplemental Information
INTRODUCTION 

This supplemental information contains a detailed description of the mathematical solutions (Equations 1–28) employed by 
the Hydro-Economic welL PERformance model (HELPER) to calculate the operational failure threshold (OFT), the affordabil-
ity failure threshold (AFT), and related yields. Even greater detail can be obtained by consulting the HELPER code found in the 
data repository associated with this study (see Open Research). Also included are a limited sensitivity analysis of key parameters 
for a representative simulation; a description of how certain model parameters were pre-processed prior to being supplied to 
HELPER; and a table of well drilling and installation prices sourced by a survey of Texas licensed water well drillers conducted 
by the authors in 2020.

Modeling Methods

Certain equations described below are derived for imperial units. Please note however that the version of HELPER available 
from the data repository (see Open Research) accepts either metric or imperial units for model parameters and returns results in 
the same form. 

HELPER numerically simulates the hydro-economic impacts of changes in depth-to-water (DTW) using a series of user-
based, well-based, and aquifer-based parameters supplied by the model user. The user-given initial DTW is simulated to increase 
in 1-foot (0.3048-meter) increments until well performance thresholds are reached. HELPER assesses how well performance 
responds in the event that the increased DTW were to occur by simulating drawdown (the short-term fluctuations in water levels 
occurring within a well over a pumping period) and pumping costs.

DTW is the depth of the potentiometric surface. It is the depth that would be recorded by a monitoring well or in a well that 
has been locally rested from pumping. In unconfined settings, the aquifer is not pressurized, and DTW is also known as the 
water table. In confined settings, the weight of overlying formations combined with a relatively impermeable barrier at the top 
of the aquifer, or confining layer, pressurizes the aquifer. This pressure results in a DTW that occurs above the depth of the aqui-
fer itself or even above the land surface, a condition also known as “artesian.” DTW changes regionally over time and is related 
to, but often separate and distinct from, drawdown. Where DTW increases, the water produced from a confined setting results 
from reducing the aquifer pressure, the aquifer itself remains fully saturated. In an unconfined setting, the water produced from 
increasing DTW results from decreasing the saturated thickness of the aquifer, which is also known as “dewatering.”

The pumping rate (Q), in units of volume per minute, is given by the model user. HELPER assumes Q is constant throughout 
the pumping period. Therefore, the effect of changes in pump efficiency on Q as water levels within the well change over the 
course of a pumping period are not considered. HELPER calculates pumping period demand as:

							       (1)

where Demand is the total volume produced by each pumping period, Period is the user-specified time period for each pumping 
session in units of hours, and 60 is minutes per hour. 

Operational Well Performance

HELPER calculates pumping period drawdown at the well on a minute-by-minute basis at each simulated DTW in two forms 
to determine the OFT. First, HELPER calculates drawdown for a fully penetrating well in the transient state using the Theis 
(1935) solution (Equations 2 and 3). Theis (1935) drawdown assumes the full saturated thickness of the aquifer is screened by 
the well and therefore flow to the well screen is horizontal. The solution is given to HELPER as:

(2)
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(3)

where sT is Theis (1935) pumping drawdown in units of length; T is the transmissivity of the aquifer in units of length squared 
per day; r is the radial distance from the center of the well to the point of drawdown calculation in units of length (given to 
HELPER as a distance approximating the outer radius of the well screen gravel pack, estimated as twice the drilling radius); S is 
the dimensionless storage coefficient (specific yield in unconfined settings and storativity in confined settings); and t is the time 
of pumping expressed in fractions of days for each minute of pumping.

Drawdown in unconfined settings may exhibit a delayed gravity response wherein the drawdown curve (i.e., drawdown over 
time) exhibits three distinct phases (Figure SI 1): an early time phase where drawdown conforms to the Theis (1935) solution, 
where S is storativity; a middle time phase where drawdown becomes relatively constant; and a late time phase where drawdown 
conforms to the Theis (1935) solution, where S is specific yield. Many factors, including aquifer anisotropy, the measure of r (Fig-
ure SI 1), and the length of t, determine the particular impact of delayed gravity response upon the drawdown curve (Neuman 
1972). HELPER does not employ drawdown solutions specifically designed to capture a delayed gravity response. Instead, in 
unconfined settings, the Theis (1935) solution is applied, where S is given as specific yield. HELPER users may evaluate antici-
pated delayed gravity response and select a value for the “specific yield” parameter employed by HELPER in unconfined settings 
(Table 1) that meets their needs. To generate results for this study, a specific yield value of 0.1 (Table 2), not a storativity value, is 
applied. An analysis of drawdown generated using the commercial software package Aqtesolv and the Neuman (1974) solution 
for delayed gravity response indicates that for the parameters applied here (Table 2), the Theis (1935) solution employing specific 
yield (0.1) for S closely approximates the delayed gravity response solution (Figure SI 2).

Second, because this study is interested in evaluating partially penetrating wells and minimizing the drawdown and well screen 
dead pools in model-optimized wells, HELPER calculates the additional partial penetration drawdown arising from non-hori-
zontal flow near the well screen (Equation 4). Partial penetration drawdown applied here employs a modified Bessel function, 
second order, and therefore overstates partial penetration drawdown in early pumping time in the unconfined setting. HELPER 
also assumes the well screen interval is continuous and is therefore not designed for intermittent well screen intervals. The HELP-
ER solution for partial penetration drawdown is adapted from a Python implementation developed by Olsthoorn (2016), which 
is derived from Hantush (1961a, 1961b) as:

(4)

where sH is Hantush (1961a, 1961b) partially penetrating well drawdown in units of length; B is the saturated thickness of the 
aquifer in units of length; a is the difference from the top of the aquifer (in the confined setting) or from DTW (in the uncon-
fined setting) to the bottom of the well screen in units of length; b is the difference from the top of the aquifer (in the confined 
setting) or from DTW (in the unconfined setting) to the top of the well screen in units of length; z is the difference from the top 
of the aquifer (in the confined setting) or from DTW (in the unconfined setting) to the point of drawdown measure in units of 
length; K0 is the Bessel function; Kz is the vertical hydraulic conductivity in units of length per time; and Kx is the horizontal 
hydraulic conductivity in units of length per time. HELPER limits n in accordance with an iteration limit, given here as 500, and 
an accuracy tolerance threshold, given here as 0.001 feet, in order to limit the computational power required to arrive at a result 
(see Open Research for the full model code). These limits may be adjusted by the HELPER user as needed or desired.

The contribution of turbulent flow well friction losses to pumping drawdown is captured by the Jacob (1947) solution as:

(5)

where C is the nonlinear (turbulent) well loss coefficient in units of time squared over length to the fifth power.
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Figure SI 1. Dimensionless drawdown (y-axis) versus dimensionless time (x-axis) showing the significance of r 
upon delayed gravity response in comparison to Theis (1935) solutions, where S is storativity (denoted by “ts” in 
the figure) and where S is specific yield (denoted by “ty” in the figure) storage coefficients.

Figure SI 2. Drawdown for the study parameters (Table 2) generated using the commercial 
software package Aqtesolv and the Neuman (1974) solution for delayed gravity response (red 
scatter plot); HELPER employing the Theis (1935) solution, where S is storativity (green curve); 
and HELPER employing the Theis (1935) solution, where S is specific yield (blue curve).
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In unconfined settings, HELPER recalculates T, the product of the saturated thickness of the aquifer and the user-given hor-
izontal hydraulic conductivity of the aquifer, at each simulated, hypothetical DTW because saturated thickness declines with 
increasing DTW. Therefore, sT and sH are both functions of DTW and increase nonlinearly with increasing DTW in these set-
tings. Thus, HELPER estimates total pumping drawdown (s) at the well at each minute of pumping for fully penetrating wells 
(Equation 6) and partially penetrating wells (Equation 7) as a function of DTW as:

(6)

(7)

HELPER establishes the OFT (Equation 8) at the simulated, hypothetical DTW where the maximum s, which occurs at the 
final minute of the user-given pumping period, is equivalent to the distance between the simulated, hypothetical DTW and the 
depth of the pump intake or the top of the well screen, whichever is shallower. The OFT is therefore defined by HELPER as:

(8)

where Bar is the depth, in units of length, of the shallower of the pump intake or the top of the well screen.

It is necessary to maintain a certain distance between the water level occurring within the pumping well (i.e., DTW + max 
s(DTW)) and the depth of the pump intake to avoid vortexing that may damage the pump or well. This distance is known as 
net positive suction head required.  Net positive suction head required is not relevant to HELPER for performance optimized 
wells (see Operational Performance Maximization). For deterministic well infrastructure, the net positive suction head required, 
if known for the given Q, may be functionally addressed by the HELPER user by reducing the depth of the given pump intake 
by the relevant net positive suction head required distance.

Note that when calculating s and the OFT, HELPER assumes that water levels at the well fully recover to the simulated, hypo-
thetical DTW between pumping sessions. This assumption would not be appropriate for wells that are pumped continuously and 
may result in HELPER underestimating s in wells wherein the DTW does not fully recover between pumping periods. Addition-
ally, HELPER does not consider the potential impact of drawdown induced by nearby pumping wells (i.e., well interference) to 
simulated well water levels.

Affordability Well Performance

HELPER calculates pumping costs on a dollars-per-volume basis. Pumping costs considered by the model are comprised of 
three components: (1) lifting costs, (2) pump equipment costs, and (3) well drilling and installation costs.

The total lifting distance (Equation 9) necessary to bring water to land surface is expressed in length on a per-minute-of-pump-
ing basis and incorporates the drawdown calculations given above as it is calculated by HELPER as:

(9)

Lift does not consider pressure requirements at the discharge point.

Lifting costs (LC; Equation 10), or the energy costs of lifting the water at the given pumping rate to land surface, are expressed 
in dollars per volume. LC is derived from water horsepower (Fipps 2015) and Lift on a per-minute-of-pumping basis and given 
to HELPER as:

(10)

where Q is expressed in units of gallons per minute; 3960 is a conversion constant from feet-gallons per minute to horsepower; 
Eff is the user-given wire-to-water well efficiency in units of decimal percent; 745.7 is a conversion constant from horsepower to 
watts; Ppwr is the user-given price of power in units of dollars per watt-minute; and Demand is expressed in the same volumetric 
units as the pumping rate (in this case, gallons).



Texas Water Journal, Volume 15, Number 1

25A Hydro-Economic Approach for Quantifying Well Performance  
Thresholds and Recoverable Groundwater Yields in Texas

Pump equipment costs (EC; Equation 11) are expressed in dollars per volume. EC is derived from the user-given equipment 
price in units of dollars per unit of power and Lift and then distributed over the production lifespan of the equipment. EC is 
given to HELPER as: 

(11)

where Q is expressed in units of gallons per minute; PEq is the user-given price of pump equipment in the user’s local market in 
units of dollars per horsepower; LifeP is the user-given lifespan of the pump equipment in units of years; Days is the user-given 
number of pumping sessions in units of days per year; and Demand is expressed in the same volumetric units as the pumping rate 
(in this case gallons).

Well drilling costs (DC; Equation 12) are considered by HELPER to be fully inclusive of all drilling and installation costs with 
the exception of pump equipment costs (e.g., drilling, casing, screening, discharge pipe, gravel pack, grout, backfill, and wellhead 
pad). DC is expressed in dollars per volume, distributed over the production lifespan of the well, and given to HELPER as:

(12)

where WC is the user-given total cost of well drilling and installation in dollars, and LifeW is the user-given lifespan of the well 
in units of years.

Altogether, pumping costs (PC; Equation 13) are considered by HELPER to be the sum of LC, EC, and DC. Both LC and EC 
incorporate Lift, which is derived from s(DTW) and DTW. Therefore, PC is a function of DTW and is given in units of dollars 
per volume as:

(13)

HELPER establishes the AFT (Equation 14) at the simulated, hypothetical DTW where PC(DTW) is equivalent to the user-giv-
en willingness-to-pay (WTP) for the water pumped. The AFT is therefore defined by HELPER as:

(14)

where WTP is expressed in the same units of dollars per volume as PC(DTW).

Additionally, because HELPER does not consider well remediation costs that might be generated where water levels in the well 
under pumping exceed the OFT, HELPER constrains the AFT in relation to the OFT as:

(15)

Performance Optimized Wells

HELPER is designed to quantify well performance for existing or hypothetical well infrastructure specified by the user. In 
those cases, the following model parameters are specified by the user and considered fixed: the length of the well screen interval, 
the elevation of the top of the well screen, the elevation of the pump, well drilling and installation costs, and the well drilling 
radius. However, HELPER is also designed to simulate a hypothetical well whose infrastructure is optimized by the model to 
maximize the OFT, AFT, and related yields. In that case, parameters which are otherwise user-specified are estimated by means of 
additional HELPER calculations and new model inputs, the well screen open area and the price of well drilling and installation, 
are introduced for that purpose.
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Operational Performance Maximization

HELPER begins by calculating the well screen radius (Equation 16) from the pumping rate and common limits on well 
up-flow velocity to reduce friction losses in the well casing pipe (Sterret and Driscoll 2007), which is generally the same size as 
the well screen (Michael et al. 2008), as water travels to the pump intake. The well screen radius is assumed to be at least 2 inches 
(5.08 centimeters) and is calculated as:

(16)

where Screenr is the well screen radius expressed in inches; 12 is a conversion constant from feet to inches; Q is expressed in units 
of cubic feet per second; and Vup is the limit on the well up-flow velocity, given here as 5 feet per second (Sterret and Driscoll 
2007).

HELPER then uses the well screen radius to calculate the minimum well screen interval (Equation 17) from the pumping rate 
and common limits on well entrance velocity to reduce turbulent flow. This calculation is modified from Williams (1985) and 
given to HELPER as:

(17)

where Screenm is the minimum well screen interval expressed in feet; 235 is a conversion constant; Venter is the limit on the well 
entrance velocity in feet per second, given here as 0.1 feet per second (AWWA 2015); Q is expressed in units of gallons per min-
ute, and Open is the user-given well screen open area in decimal percent.

HELPER then optimizes the length of the well screen interval (Equation 18) by evaluating changes in the length of the well 
screen interval against changes in the partial penetration drawdown (Equation 4) to minimize the combined well screen dead 
pool and pumping range dead pool and thereby maximize the production range. To do this, HELPER assumes the well screen 
begins at the bottom of the aquifer and calculates sH, which is a function of the length and placement of the screen interval, at 
initial DTW conditions for well screen interval lengths ranging from the minimum well screen interval to a maximum of full 
penetration (screening the entire saturated thickness of the aquifer) by iteratively increasing the well screen interval length in 
1-foot (0.3048-meter) increments. Where HELPER determines that adding 1 foot (0.3048 meters) of well screen reduces partial 
penetration drawdown by more than 1 foot (0.3048 meters), it considers the greater well screen interval length preferable and 
continues to iterate increased well screen interval lengths until this balance is no longer true. The well screen interval length 
that provides the smallest combined well screen interval length and sH is considered optimal and is applied to the remainder of 
OFT-related calculations as the optimized well screen interval length, or:

(18)

where Screenl is the optimized length of the well screen interval, and DTW0 is the initial DTW provided by the model user.

Similarly, because sH is also a function of the placement of the well screen interval within the aquifer, HELPER also evaluates 
where Screenl placement within the aquifer minimizes the sum of sH and the saturated thickness of the aquifer reserved by the 
screen by iteratively decreasing the depth of the bottom of the well screen interval from the bottom of the aquifer in 1-foot 
(0.3048-meter) increments as:

(19)

where Screenopt is the optimized depth of the bottom of the well screen.

For model-optimized well infrastructure, HELPER assumes that the depth of the pump intake occurs within the well screen 
interval, and therefore the maximized OFT for model-optimized well infrastructure is given as:

(20)
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Affordability Performance Maximization

For a model-optimized well, HELPER estimates well drilling and installation costs using a series of calculations and parame-
ters. The well drilling diameter (Equation 21) is estimated as 1.5 times the calculated well screen diameter and is assumed to be 
a minimum of 6 inches (15.24 centimeters). It is given to HELPER in inches as:

(21)

where Drilldiam is the estimated drilling diameter expressed in units of inches, and 2 is a conversion constant from radius to 
diameter.

Well drilling and installation costs are then estimated (Equation 22) based on the calculated drilling diameter, the model-cal-
culated drilling depth (i.e., Screenopt), and user-given prices inclusive of all drilling and installation costs. Drilling and installation 
prices are user-given on a dollars-per-unit-distance basis for a range of drilling diameters and are estimated here from a limited 
survey of well drillers in Texas conducted in 2020 by the authors (SI Table 1), which may be adjusted by users to reflect local 
market prices. Estimated well drilling and installation costs for model-optimized wells (DC’) are given to HELPER in units of 
dollars per volume as:

(22)

where Pdrill is the market price of drilling and installation expressed on a dollars-per-unit-distance basis.

To maximize the AFT for model-optimized well infrastructure, HELPER calculates pumping costs for model-optimized well 
infrastructure (PC’) in a similar manner as described above (Equations 10–13). But because LC, EC, and DC’ are all functions 
of the model-optimized well infrastructure (because LC and EC are functions of sH), HELPER evaluates PC’ where Screenopt is 
simulated at depths decreasing in 1-foot (0.3048-meter) increments until Screenopt – Screenl is equivalent to the top of the aquifer 
in confined settings or until an operational failure occurs. Thus, HELPER minimizes PC’ as:

(23)

HELPER establishes the AFT for model-optimized well infrastructure at the deepest simulated, hypothetical DTW and well 
infrastructure where minimized PC’ is equivalent to WTP. The AFT for model-optimized well infrastructure is therefore defined 
by HELPER as:

(24)
and

(25)

Drilling diameter (x) Drilling price
6 in (15.24 cm) (assumed minimum) = x $20/ft ($6.10/m)
6 in (15.24 cm) < x < 8 in (20.32 cm) $40/ft ($12.19/m)

8 in (20.32 cm) <= x < 10 in (25.40 cm) $60/ft ($18.29/m)
10 in (25.40 cm) <= x < 12 in (30.48 cm) $80/ft ($24.38/m)
12 in (30.48 cm) <= x < 12 in (35.56 cm) $100/ft ($30.48/m)
14 in (35.56 cm) <= x < 16 in (40.64 cm) $120/ft ($36.58/m)
16 in (40.64 cm) <= x < 18 in (45.72 cm) $150/ft ($45.72/m)
18 in (45.72 cm) <= x < 20 in (50.80 cm) $200/ft ($60.96/m)

20 in (50.80 cm) <= x $250/ft ($76.20/m)

Table SI 1. Market prices for well drilling and installation based on the diameter of 
the drilled well (x), which are applied to HELPER affordability calculations for model-
optimized wells and which may be adjusted by the user to reflect local market prices.
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Yield Calculation

HELPER considers OFT and AFT (or OFT’ and AFT’) to calculate feasible yield volumes based on those limits and the 
user-defined area of interest. The yield calculation methods (Equations 26–28) are adapted from those provided by the Texas 
Water Development Board in its reports on total estimated recoverable storage (Bradley 2016) and vary based on the aquifer 
storage conditions:

(26)

(27)

(28)

where Unconfined Yield is the yield volume produced by an aquifer presenting unconfined storage conditions; Area is the land 
surface area of the aquifer producing the yield in length squared; Limit is the depth of the OFT or the AFT (or the depth of the 
OFT’ or AFT’) in length; Sy is the specific yield storage coefficient of the aquifer (dimensionless); Confined Yield is the yield vol-
ume produced by an aquifer presenting confined storage conditions; St is the confined storativity storage coefficient (dimension-
less); Transitioned Yield is the yield volume produced wherein Limit appears within the saturated thickness of an aquifer initially 
presenting confined conditions; and Top is the depth of the top of the aquifer initially presenting confined storage conditions in 
length.

Sensitivity Analysis of Model Parameters

To evaluate the sensitivity of the OFT and AFT in an unconfined setting for a model-optimized well, we test combinations of 
key parameters, holding all other parameters (Table 2) constant. For the OFT, we test Q values ranging from 1 gallon (3.79 liters) 
per minute to 500 gallons (1,892 liters) per minute in 50 equal increments and horizontal hydraulic conductivity (Kx) values 
ranging from 1 foot (0.3048 meters) per day to 10 feet (3.048 meters) per day in 10 equal increments. For the AFT, we test Q 
values ranging from 1 gallon (3.79 liters) to 100 gallons (379 liters) per minute in 50 equal increments and WTP ranging from 
$25 per acre-foot ($20.27 per megaliter) to $50 per acre-foot ($40.54 per megaliter) in 10 equal increments.

To calculate the numerical sensitivity of the OFT and AFT to the relevant tested range of Q, Kx, and WTP parameters, we fit 
planar curves to data generated by HELPER (Figure SI 3). Planar curve solutions are generated using the commercial software 
package TableCurve 3D (version 4.0), and the solutions chosen are selected on the basis of balancing maximized R-squared (R2) 
values, minimized fitted standard error, and a minimized number of fitting coefficients. For both the OFT and AFT, we then 
proceed to take the partial derivatives for each of the tested parameters: Q and Kx for the OFT, and Q and WTP for the AFT. 
Where the absolute value of one partial derivative exceeds the other, we conclude that HELPER results for OFT and AFT are 
more sensitive to that model parameter.

The planar curve solution chosen to mathematically describe the OFT results generated by HELPER for the sensitivity analysis 
presented in this study is given as:

(29)

where the value of a is 92.013458; the value of b is -12.914434; the value of c is 11.487508; the value of d is -0.1112429; the 
value of e is 0.094929013; x is the tested Q; and y is the tested WTP. When fitted to the OFT sensitivity analysis data generated 
by HELPER for this study, the R2 value is 0.9958, and the fitted standard error is 1.3669.

The partial differential equation solution to Equation 29 with respect to x (which is Q) is given as:

(30)

The partial differential equation solution to Equation 29 with respect to y (which is Kx) is given as:

(31)
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Figure SI 3. Planar curves fitted to data generated by HELPER using the sensitivity analysis parameter space for (a) 
the OFT and (b) the AFT using the TableCurve 3D commercial software package. Hot colors (reds) indicate high OFT/
AFT values, and cool colors (blues) indicate low OFT/AFT values. White circles indicate OFT/AFT data generated by 
HELPER.
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The planar curve solution chosen to mathematically describe the AFT results generated by HELPER for the sensitivity analysis 
presented in this study is given as:

(32)

where the value of a is 7.2569169; the value of b is -0.0009633605; the value of c is -5.0936216; the value of d is -14.799013; 
x is the tested Q; and y is the tested WTP. When fitted to the AFT sensitivity analysis data generated by HELPER for this study, 
the R2 value is 0.9972, and the fitted standard error is 0.6847.

The partial differential equation solution to Equation 32 with respect to x (which is Q) is given as:

(33)

The partial differential equation solution to Equation 32 with respect to y (which is WTP) is given as:

(34)

The results of our sensitivity analysis of the OFT (Figure S1 4) reveal that throughout the entire parameter space tested, the 
OFT is more sensitive to Kx than Q. Sensitivity to Kx decreases nonlinearly with increasing Kx, and sensitivity to Kx increases 
nonlinearly with increasing Q (Figure S1 4b). For example, where Q is 256 gallons (968 liters) per minute, the sensitivity of the 
OFT to Kx declines nonlinearly as Kx increases over the tested range by two orders of magnitude from 524.19 to 6.76. By com-
parison, the sensitivity of the OFT to Q over the same parameter space (Figure S1 4a) is 2,759–338 times smaller as it decreases 
by one order of magnitude from -0.19 to -0.02. These results suggest that accurate aquifer characterization is critical to predicting 
the operational limitations at high Q, particularly at low Kx. For example, at a Q of 256 gallons (968 liters) per minute, a 25% 
mischaracterization of Kx (e.g., 4 feet or 1.2192 meters per day versus 3 feet or 0.9144 meters per day) would result in an OFT 
that is 49% shallower than would be expected from HELPER results. However, where Q is only 1 gallon (3.79 liters) per minute, 
the same 25% mischaracterization of Kx would result in an OFT that is only 1% shallower than would be expected. Thus, the 
OFT for low Q (such as is expected for domestic users) is less sensitive to and constrained by spatially variable Kx than high Q 
(such as is expected for irrigation and municipal supply users).

The results of our sensitivity analysis of the AFT (Figure SI 5) reveal that the AFT, in the tested parameter space, is more sen-
sitive to WTP than Q at high Q. However, the relative sensitivity of the AFT to WTP decreases as Q decreases (Figure SI 5a) 
because pumping costs in this parameter space decrease at a slower rate than the rate of change in Q. For example, at WTP of $50 
per acre-foot ($40.54 per megaliter), a 67% decrease in Q from 3.02 gallons (11.43 liters) per minute to 1 gallon (3.79 liters) 
per minute results in only a 0.07% decline in pumping costs. This trend is driven principally by drilling costs. In addition, at an 
identical WTP ($50.00 per acre-foot or $40.54 per megaliter) and decrease in Q (67%), drilling costs, which represent 87% of 
pumping costs at the lower Q, have increased by 27%, even though the depth of drilling has decreased by 58%. AFT sensitivity 
to WTP (Figure SI 5b) tells a similar story through a different lens. Increasing WTP increases the AFT in a nearly linear fashion 
and, consequently, the sensitivity surface of the AFT to WTP is almost flat at all Q parameter spaces. Meanwhile, AFT sensitivity 
to WTP across the Q parameter space reflects changes in pumping costs with changes in Q. In the low Q parameter space, changes 
in WTP are offset by the changes in drilling costs, resulting in low sensitivity to WTP. However, in higher Q parameter space, 
lifting costs and drilling costs begin to equalize, and total pumping costs become relatively flat and ultimately fall slightly with 
increasing Q. AFT sensitivity to WTP, being approximately linear, follows this same trend. Thus, in summary, the AFT for low Q 
(such as is expected for domestic users) is more sensitive to and constrained by WTP due primarily to drilling costs, while high Q 
(such as is expected for irrigation and municipal supply users) are more sensitive to WTP, which varies almost uniformly with Q.
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Figure SI 4. The surface of z, the sensitivity of the OFT, with respect to (a) Q and (b) Kx. Hot colors (reds) indicate 
high sensitivity, and cool colors (blues) indicate low sensitivity.
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Figure SI 5. The surface of z, the sensitivity of the AFT, with respect to (a) Q and (b) WTP. Hot colors (reds) indicate 
high sensitivity, and cool colors (blues) indicate low sensitivity.
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Aquifer Parameters for the Study Area

Where necessary, aquifer characteristics (Young et al. 2020) and the digital elevation model (NED 2013) are processed using 
geographic information systems to make preliminary calculations and bring the data points into a common, 1 square mile (2.59 
square kilometer), rasterized framework. Notably, aquifer formation thicknesses are calculated as the difference between the given 
depth of the bottom of the formation and the given depth of the bottom of the overlying formation; calibrated hydraulic con-
ductivity pilot points are interpolated (bilinear); and 2010 water levels are converted from the topography to a raster using the 
relevant tool provided by ArcGIS Pro. All elevations are recalculated to depths from land surface by use of the digital elevation 
model (NED 2013), which was resampled (bilinear) from a 10 square meter resolution to a 1 square mile (2.59 square kilometer) 
resolution. Finally, aquifer characteristic data are exported from ArcGIS Pro in American Standard Code for Information Inter-
change (ASCII) format for processing by HELPER in a Python computational environment (i.e., Jupyter Notebooks). 
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