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Abstract
Formal policy analysis can aid resource management where groundwater is used intensively. Approaches for developing
equitable and effective pumping allocations for drought are evaluated in the context of the 2012–2016 drought in Tulare
County, California, USA. Potential economic impacts of policy alternatives on two user groups with conflicting interests are
considered. Tradeoffs between losses of agricultural profit and response costs for domestic wells that run dry are estimated for
various maximum groundwater depth policies. A welfare maximizing approach for identifying policies that limit depth to
groundwater is evaluated and found to be ineffective because agricultural opportunity costs are much larger than domestic well
costs. Adding a fee for additional drought groundwater pumping is proposed as a more impactful and balanced management
policy approach. For the case study presented, a fee range of $300 to $600/acre-foot ($300–$600/1,233 m3) yielded an effective
groundwater management policy for reducing domestic well impacts from drought and balancing agricultural impacts of drought
with the need to replenish additional drought pumping in wetter years. Recent management policies enacted in the study area
agree with this finding. These results may provide a useful perspective for analytically examining and developing groundwater
management policies near the study area and elsewhere.
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Introduction and objectives

Groundwater resources are used intensively worldwide (Wada
et al. 2012; Döll et al. 2014) and are often becoming degraded
as a result (Foster and Chilton 2003). This has been the case in
California (USA) where the recent 2012–2016 drought exacer-
bated existing problems from declining groundwater levels
(Hanak et al. 2019). The drought, one of the most severe and
the warmest on record, had especially pronounced impacts on
soil moisture and snowpack (Lund et al. 2018). Streamflows
reached record lows in some parts of the state and surface-water

deliveries for agricultural irrigation were greatly reduced (Lund
et al. 2018; Hanak et al. 2019). Global demand for many of
California’s crops prompted increased groundwater pumping to
replace surface-water shortfalls and sustain profitable crop pro-
duction (Medellín-Azuara et al. 2016; Gumidyala et al. 2020).
This substitution for irrigation supplies accelerated groundwater
overdraft and a range of related problems (Moran et al. 2014)
that included domestic well failure (Gailey et al. 2019) and land
subsidence (Smith et al. 2017).

An outcome of the drought in California was passage of the
Sustainable Groundwater Management Act (SGMA) in 2014
(California Department of Water Resources 2018a). SGMA
requires local groundwater management policies to achieve
sustainability over a 20-year period and then maintain sustain-
able conditions for another 30 years. It defines six groundwa-
ter sustainability indicators (chronic lowering of groundwater
levels, reduction of groundwater storage, seawater intrusion,
degraded water quality, land subsidence, and depletions of
interconnected surface water) which must be addressed to
prevent undesirable results (California Department of Water
Resources 2017). Local groundwater sustainability agencies
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(GSAs) are tasked with planning to manage groundwa-
ter resources such that these undesirable results do not
become “significant and unreasonable” relative to base-
line conditions at the beginning of 2015 (California
Department of Water Resources 2017). GSAs must de-
velop management policies that include groundwater
depth sustainability criteria over the long-term and max-
imum depth limits for shorter-term increases in ground-
water use to address supply shortages. The GSAs also
are allowed to collect fees for groundwater pumping.
Basins designated as critically overdrafted were required
to submit sustainability plans for review early in 2020
while the deadline for other basins is early in 2022
(Hanak et al. 2019).

In regions where agriculture is a large part of the local
economy and groundwater depletion has occurred for many
years, policy evaluation tools may be helpful, if not essential,
for successful planning. One such region is the San Joaquin
Valley of California, USA (Fig. 1) where most groundwater
basins are critically overdrafted. Gailey et al. (2019) suggested
an approach for groundwater management policy analysis in
part of this region within the context of addressing supply
interruptions and economic impacts from domestic wells run-
ning dry. For Tulare County, California during the 2012–2016
drought, policies were explored as a range of depth to ground-
water (DTGW) limitations to constrain agricultural pumping.
The relationship between economic impact to domestic well
owners and DTGW policies was presented as a domestic well

Fig. 1 San Joaquin Valley,
California. Tulare County study
area highlighted in gray
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cost curve for a range of groundwater depths. This curve was
considered along with an oppositely sloped agricultural-
opportunity cost curve representing costs to agriculture from
restricted irrigation pumping. The opportunity cost curve in-
dicated forgone agricultural profits as a result of DTGW pol-
icies that constrained irrigation pumping to protect domestic
wells. Using information from the two curves, economic in-
terests of the two user groups (domestic well owners and ag-
riculture) relative to DTGW policies were expressed as a sin-
gle tradeoff curve. While domestic well costs were quantified,
agricultural opportunity costs were considered only illustra-
tively. The work presented herein quantifies agricultural op-
portunity costs using economic optimization analysis, pairs
these results with the previous work of Gailey et al. (2019)
to extend the analysis of possible DTGW management poli-
cies and provide insight for future groundwater management
in California and elsewhere.

Methods

Focusing on Tulare County, California during the 2012–2016
drought, an agricultural opportunity cost curve is constructed,
a tradeoff curve for the economic interests of the two user
groups (domestic well owners and agriculture) is developed,
and policies that maximize overall economic welfare are iden-
tified. Hydrologic and crop production data from the drought
are used to estimate agricultural surface-water deliveries, crop
water demands, and groundwater use. With these data, an
agricultural profit maximization model is created to develop
the agricultural cost curve as a function of groundwater use.
Along with this base model, two additional versions of the
model are developed to include cropping flexibility and
groundwater recovery costs. Using the resulting agricultural
cost curves along with the previously developed domestic
well cost curve, tradeoff curves are presented for each model-
ing scenario and the welfare-maximizing DTGW policy for
each scenario is identified. The following sections present
details of the study area, analysis period, analysis steps

(Fig. 2), and key assumptions and limitations. Stone (2019)
presents more details on methods and data processing.

Study area and analysis period

The study area includes much of the Central Valley floor
within Tulare County, California (Fig. 3). Agricultural pro-
duction is the major local industry (Medellín-Azuara et al.
2016). This study focuses on the most recent 2012–2016
drought in California with implications for managing through
future droughts. Potential groundwater management decisions
and subsequent economic impacts to agriculture and domestic
well owners are analyzed by simulating the hydrologic condi-
tions of this recent drought.

Data collection and estimation

Crop demands and surface-water deliveries

Irrigation in the study area is supplied by surface-water deliv-
eries and groundwater pumping (California Department of
Water Resources 2015). Groundwater pumped for agriculture
during the drought was estimated as the difference between
crop demand and surface-water deliveries. To estimate crop
demand in the study area during the drought, land use was first
determined using the California Department of Water
Resources (CADWR) land use data for 2014 (California
Department of Water Resources 2019a). After identifying
each land use and corresponding coverage within the study
area, the categories that comprise approximately 95% of land
use in the study area were selected as a simplifying approxi-
mation and scaled to represent the entire study area. Land use
categories included 12 crops plus idle and urban uses. Non–
crop categories, idle and urban, were omitted from the crop
demand calculation, assuming these non–crop categories re-
quire little water. Although annual urban water use for Tulare
County is about 134 thousand acre-feet (TAF, 0.17 × 106

m3), annual agricultural water use is approximately 2,690
TAF (3.32 × 106 m3) according to 2005–2010 data
(California Department of Water Resources 2015). Each of
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Fig. 2 Analysis flow chart
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the 12 crops was classified as annual or perennial (Tulare
County Agricultural Commissioner 2016). Crop coverages
in the study area for each year of the drought were estimated
by scaling the 2014 coverage data for the study area
relative to annual changes in coverage for the entire
county reported in the Tulare County Agricultural
Commissioner crop reports (Table 1).

Evapotranspiration (ETc), Eq. (1), was calculated for each
year of the drought for each of the 12 crops using crop coef-
ficients (Kc) and daily reference evapotranspiration (ET0)
while accounting for precipitation (Orang et al. 2013; Doll
2017; California Department of Water Resources 2019b).
Total crop demand per year was calculated as the summation
of the products of each crop coverage and corresponding ETc,
Eq. (2), and is shown in Table 1 and Fig. 4. The total coverage
for annual and perennial crop types vary throughout the
drought. While temporal fluctuations of annual crop type cov-
erage can be attributed to fallowing, temporal fluctuations of
perennial crop type coverage are most commonly attributed to
fallowing older, less long-term productive perennials and
planting new perennials in a given year (Sanchez 2017).

ETc;i;t ¼ Kc;i � ET0;i;t for all i; t ð1Þ

Total crop demandt ¼
X12
i

Ac;i;t � ETc;i;t
� �

for all t ð2Þ

where:

i is crop type (1–12)

t is year (0–5)
ETc,i,t is evapotranspiration for each crop i in each year t

[AF/acre]
Kc,i is the crop coefficient curve for each crop i
ET0,i,t is the reference evapotranspiration for each crop i in

each year t [AF/acre]
Ac,i,t is coverage for each crop i in each year t [acre]

Irrigation districts (IDs) provide much of the surface water
to agriculture as farm-gate deliveries and review of local ag-
ricultural water management plans indicated the main sources
of farm-gate deliveries are local sources (i.e., creeks, rivers,
and reservoirs) and the federally operated Friant-Kern Canal.

Farm-gate delivery data were obtained for the IDs in the
study area from 2011 to 2016 (California Department of
Water Resources 2018b, c, 2019d). However, documentation
of farm-gate deliveries for the IDs was temporally and spatial-
ly sparse with the largest coverage consisting of 2013 delivery
data for 13 IDs, representing 85% of the study area. These
select 2013 farm-gate deliveries were scaled, based on area,
to reflect farm-gate deliveries for the entire study area in 2013.
By a similar process, 2011–2016 Friant Kern deliveries for
IDs, with available data, were scaled, based on area, for the
entire study area using delivery data from the US Bureau of
Reclamation (US Bureau of Reclamation 2019). The
temporal trends of Friant-Kern deliveries were used to
temporally scale farm-gate deliveries (Fig. 5). These
scaled farm-gate deliveries represent surface-water deliv-
eries to the study area from 2011 to 2016.

Study area from
(Gailey et al., 2019)

Fig. 3 Study area (red boundary)
within Central Valley floor of
Tulare County, California (gray
boundary). Orange triangle
indicates the representative well
location selected by Gailey et al.
(2019)
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Groundwater pumped over time and depth to groundwater

The groundwater volume pumped per year in the study
area (Fig. 6) was estimated for 2011 to 2016 by assum-
ing that differences between crop demands and surface-
water deliveries are supplied from pumping groundwater
(Eq. 3).

Groundwater pumped

¼ crop demand – surface water deliveries ð3Þ

DTGW values for the study area were estimated using a
representative groundwater hydrograph selected by Gailey
et al. (2019). The selected well was in the central part of the
study area (Fig. 3) and is assumed to represent the entire area.

Table 1 Crop coverage and total
crop demand in the study areaa Crops 2011

(Year 0)

2012

(Year 1)

2013

(Year 2)

2014

(Year 3)

2015

(Year 4)

2016

(Year 5)

Crop coverage – annual crops, acreb

Corn, sorghum, and sudan 195,347 201,588 201,094 160,026 211,173 200,243

Alfalfa and alfalfa mixtures 70,790 73,052 72,873 57,991 76,525 72,565

Cotton 17,086 17,631 17,588 13,996 18,470 17,514

Beans (dry) 9,522 9,826 9,802 7,800 10,293 9,760

Crop coverage – perennial crops, acreb

Citrus 75,388 72,715 81,501 86,421 82,584 93,518

Grapes 51,665 49,833 55,854 59,226 56,596 64,089

Almonds 39,861 38,448 43,094 45,695 43,666 49,447

Walnuts 36,198 34,915 39,133 41,496 39,653 44,903

Pistachios 31,125 30,021 33,649 35,680 34,096 38,610

Peaches/nectarines 19,645 18,949 21,238 22,520 21,521 24,370

Plums, prunes, and apricots 11,393 10,989 12,316 13,060 12,480 14,132

Olives 8,082 7,796 8,738 9,265 8,854 10,026

Total crop demand per year, TAF (106 m3)

All crops 1,661

(2,049)

1,619

(1,997)

1,910

(2,356)

1,913

(2,359)

2,022

(2,494)

2,111

(2,604)

a Years presented are 2011–2016 which correspond to years 0–6 in the models. 2011/year 0 represents conditions
before the drought and 2012–2016/year 1–5 represent drought conditions
b 1 acre = 0.4 ha
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Use of groundwater level data (California Department of
Water Resources 2019c) allowed estimation of year-end
DTGW values and temporal trends of DTGW values for
the study area. Given spatially varying hydrogeologic and
pumping characteristics of the study area groundwater
system, these DTGW values are simplified estimates of
real-world conditions. Assumptions used to develop
DTGW values for the study area apply only to the agri-
cultural opportunity cost curve and not the domestic well
cost curve from Gailey et al. (2019). Figure 6 presents
estimated groundwater pumped and well hydrograph
DTGW values during the drought. The relationship of
DTGW and groundwater pumped during the drought
was approximated through linear regression with DTGW
as the dependent variable and cumulative groundwater
pumped as the independent variable (Fig. 7).

As expected, with increasing cumulative groundwater
pumping, DTGWvalues increase. The slope of the regression,

6.05 × 10−6 ft./AF (1.84 × 10−6 m/1,233 m3), represents the
DTGW decrease for each additional unit of groundwater
pumped. This slope was used in the agricultural profit model
to provide a relationship between groundwater pumped and
subsequent DTGW increase to evaluate DTGW policy
compliance.

Agricultural profit optimization model

Each DTGW policy considered represents a limit that requires
groundwater users to stop pumping groundwater when the
limit is reached. To obtain a relationship between agricultural
opportunity costs and DTGW policies, an agricultural profit
optimization model was developed. Three versions of the
model were created representing different cropping options
and groundwater pumping costs. These are discussed in the
following sections.
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Base model (model 1) formulation

The model formulation is mathematically defined as follows:

MaxGWΠ ¼ ∑
5

t¼1

1

1þ rð Þt ∑
2

i¼1
Ai;tRi ð4Þ

subject to:

Wi;t ¼ ATi;0CDi;0P2
i¼1 ATi;0CDi;0

 !
SWt þ GWtð Þfor all i; t ð5Þ

Ai;t ¼ Wi;t

CDi;t
for all i; t ð6Þ

A1;t � AT1;tfor all t ð7Þ
A2;t � A2;t�1 for all t ð8Þ

DTGW0 þ
Xt
1

DTGWt � DTGWpolicy for all t ð9Þ

DTGWt ¼ func�1 GWtð Þ ð10Þ
A1;0 ¼ AT1;0 ð11Þ
A2;0 ¼ AT2;0 ð12Þ
GWt � 0 for all t ð13Þ
Wi;t � 0 for all i; t ð14Þ
Ai;t � 0 for all i; t ð15Þ
where:

GW is groundwater pumped from year t = 1 to t = 5
(vector of GWt), [AF]

Π is profit from year t = 1 to t = 5, [$]
t is year (1–5)
r is discount rate, [%]
i is crop type (1 = annual, 2 = perennial)
Ai,t is coverage of crop i in year t, [acre]
Ri is net return per acre of crop i, [$/acre]
Wi,t is water available for crop i in year t, [AF]

ATi,t is total available coverage of crop i in year t,
[acre]

CDi,t is water demand per acre of crop i in year t,
[AF/acre]

SWt is surface water available in year t, [AF]
DTGW0 is initial DTGW, [ft]
DTGWt is depth to groundwater change from year t – 1

to t, [ft]
DTGWpolicy is allowed maximum DTGW, [ft]

The model is formulated as a nonlinear optimization prob-
lem. The objective, Eq. (4), is to maximize agricultural profit
(Π) from crop production during the drought by selecting annu-
al groundwater pumping volumes (GW). Discount rate (r), crop
coverage (Ai,t), and net return (Ri) are used to calculate agricul-
tural profit for each annual time step (t). The model considers
two crop types (i): (1) annual and (2) perennial. Net returns for
each of the two crop typeswere estimated by obtaining historical
net returns for crop subtypes from UC Cooperative Extension
Cost and Return Studies (University of California Cooperative
Extension 2019) and weighting by 2014 coverages. Net return
for annual and perennial crops were estimated as $180 and
$2,085/acre ($445 and $5,152/ha), respectively.

Total water available (Wi,t) in each time step includes the
estimated surface water delivered (SWt) and the optimal vol-
ume of groundwater pumped (GWt). The total water available
is proportionally allocated between the two crop types based
on water available and respective crop type demands in the
2011 base year (Eq. 5). Crop coverages were calculated for
each time step as the water available for the respective crop
type divided by the crop demand (CDi,t; Eq. 6). Annual crop
demands were estimated for 2012–2016, using the method
discussed in section ‘Crop demands and surface-water deliv-
eries’, by classifying each of the 12 crop types as either annual
or perennial (Tulare County Agricultural Commissioner
2016) and weighting based on respective crop coverage.
Actual annual and perennial crop coverages were estimated
by scaling 2014 coverages using temporal scaling factors from
Tulare County Agricultural Commissioner crop reports, as

y = 6.05E-06x + 1.19E+02
R² = 9.37E-01
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discussed in section ‘Crop demands and surface-water deliv-
eries’. The upper limit for annual crop type coverage was the
actual annual crop type coverage for the respective year (AT1,t;
Eq. 7). The upper limit for perennial crop type coverage was
the modeled perennial crop type coverage of the previous time
step (A2,t–1; Eq. 8). The perennial crop type coverage upper
limit accounts for the fact that once fallowed, newly planted
perennials are not immediately profitable and thus are not
successively fallowed and replanted in a short time period,
as opposed to annual crops which may be successively
fallowed and replanted (Sanchez 2017).

For each model simulation, a DTGW policy (DTGWpolicy)
is specified. For each annual time step, the summation of
initial DTGW (DTGW0) and incremental DTGW change
(DTGWt), resulting from the groundwater pumped, cannot
exceed the specified DTGW policy, Eq. (9). The incremental
DTGW change, in each time step, is determined using the
relationship between groundwater pumped and DTGW de-
scribed in section ‘Groundwater pumped over time and depth
to groundwater’ (Eq. 10). Lastly, the model is subject to con-
straints based on initial crop coverages (Ai,0; Eqs. 11–12) and
non-negativity (Eqs. 13–15).

Parametric analysis provided information for developing
the agricultural cost curves. A set of model runs incrementally
examined a range of DTGW policies with pumped groundwa-
ter volumes and total agricultural profit being estimated for the
2012–2016 annual time steps. To estimate agricultural oppor-
tunity cost, each modeled agricultural profit was subtracted
from the maximum agricultural profit. The maximum short-
term agricultural profit was estimated from the model run of
the largest (most lenient) DTGW policy threshold derived by
relaxing Eq. (9) until it was nonbinding. The agricultural op-
portunity costs and respective DTGW policies were compiled
to form the agricultural opportunity cost curve.

Model 2: allowing annual crops to replace perennials

Model 2 includes the same formulation as the base model but
allows for planting annual crops to replace fallowed perennial
crop coverage in each time step. This additional model element
increases cropping flexibility since replacing older, less produc-
tive perennials with annual crops may be beneficial during
drought. The constraint on the upper limit of annual crop cov-
erage, shown previously as Eq. (7), was updated as follows:

A1;t � AT1;t þ
Xt
1

AT2;t � A2;t
� �

for all t ð16Þ

The new term in Eq. (16),
Pt

1 AT2;t � A2;t
� �

, represents the
cumulative fallowed perennial crop coverage from year 1 to
year t. Agricultural opportunity cost curves were compiled for
different discount rates (0, 3 and 6%) to evaluate sensitivity to
discounting.

Model 3: including post-drought groundwater recovery costs
for drought pumping

Model 3 includes the same formulation as model 2, but also
incorporates a groundwater recovery cost for the volume of
pumped groundwater that exceeds a base volume. For this
analysis, the base groundwater use is the pumped volume in
2011 before the drought. Since sustainable groundwater use
entails ending long-term overdraft, a groundwater recovery
cost is added to simulate the costs of replenishing groundwater
after the drought to predrought conditions. The agricultural
user group is assumed responsible for the groundwater recov-
ery cost. To implement this addition, the objective function
Eq. (4) was updated as follows:

MaxGWΠ ¼ ∑
5

t¼1

1

1þ rð Þt ∑
2

i¼1
Ai;tRi−CwX t

� �
ð17Þ

X t ¼ GWt � GW0 ð18Þ
where:

Cw is unit groundwater cost per volume [$/AF]
Xt is pumped groundwater volume exceeding the base

value, in year t [AF]
GW0 is pumped groundwater volume in base year 2011

[AF]

The new term in Eq. (17), CwXt, represents the groundwa-
ter recovery cost, in units of dollars, and is subtracted from the
crop profit term. Specifically, Cw is the unit groundwater re-
covery cost per volume, in dollars per AF (dollars per 1,233
m3), and Xt is the pumped groundwater volume exceeding the
base volume in year t, in units of AF (1,233 m3), as shown in
Eq. (18). Different values of Cw, ranging from $0 to $900/AF
($0–$900/1,233 m3), were used in successive model runs. In
general, Cw can be considered either as (1) an excess ground-
water pumping fee (the cost per unit volume of water to pur-
chase and recharge a basin), or (2) a proxy for future agricul-
tural opportunity costs due to the water scarcity caused by
current management decisions. These Cw values used here
are exploratory.

Tradeoff curve and policy evaluation

With the agricultural opportunity cost curves developed from
the optimization models and the domestic well cost curve
from Gailey et al. (2019), a tradeoff (Pareto) curve of respec-
tive agricultural and domestic costs for each DTGW policy
and approach was developed. Then the DTGW policy along
the curve that minimized total cost to the two user groups was
identified for each of the three model systems. To estimate this
DTGW policy, the total cost to agriculture and domestic well
owners was calculated for each DTGW policy and the policy,
rounded to the nearest 1 ft. (0.3 m), that corresponded to the
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minimum total cost was identified as the welfare-maximizing
DTGW policy.

Sensitivity analysis

Two sources of uncertainty in the agricultural profit optimiza-
tion model are: (1) the crop demand for perennial and annual
crops and (2) surface water (farm gate deliveries) for the study
area. For both crop demand and surface-water data, which
were available only for parts of the study area, proportionality
was assumed for extrapolating to the entire study area—for
example, the weighted perennial crop demand (AF/acre) for
the portion of the study area where data was available (95% of
the study area) was assumed for the entire study area.

An analysis was done to illustrate model output sensitivity
to surface water (SWt) and crop demand (CDi, t) input vari-
ables. To vary the surface water and crop demand inputs, the
highest and lowest individual values in each respective aggre-
gation (instead of previous proportionality method) were used
to scale the available data to the entire study area. For exam-
ple, instead of using the weighted perennial crop demand,
calculated for the part of the study area where the data was
available (95% of the study area), for the entire study area, it
was assumed that the remaining 5% of the study area had
either the highest perennial crop demand or the lowest peren-
nial crop demand, to calculate the perennial crop demand
bounds. Perennial crop demand bounds varied from ±1%,
annual crop demand bounds varied from ±3%, and surface-
water inputs varied from −12 to 34% of the base model
formulation.

The range in adjusted inputs were combined in model 3 to
simulate worst-case groundwater pumping scenarios: upper-
bound (lower surface water, higher crop demand) and lower-
bound (higher surface water, lower crop demand). These sce-
narios simulated groundwater recovery costs (Cw), ranging
from $0 to $600/AF ($0–$600/1,233 m3).

Assumptions and limitations

The following sections outline key assumptions and limita-
tions of the methods used in this analysis. Most result from
data and modeling simplifications.

Negligible drawdown effect from domestic groundwater
pumping

It is assumed that domestic groundwater pumping is a negli-
gible portion of overall groundwater use and adds little to
drawdown. In the analysis, DTGW values throughout the
drought are driven solely by agricultural groundwater
pumping. Agricultural groundwater pumping has historically
been much larger than domestic groundwater pumping
(Gailey et al. 2019). Assuming each of the 5,774 domestic

wells in the study area supports one household, with an annual
water demand of about 0.89 AF (1,098 m3; California
Department of Water Resources 2014), the estimated annual
domestic water demand for the study area is about 5.1 TAF
(6,291 m3). Compared to the average annual agricultural
groundwater pumped during the drought (Fig. 6), about
1,602 TAF (1.98 × 106 m3), the domestic water demand is
minimal.

Limitations of pumped groundwater and DTGW regression

The regression model does not fully encompass the complex-
ity of the groundwater system in the study area. Since the
mathematical relationship is based on estimations of pumped
groundwater and DTGW values, the regression does not ac-
count for all groundwater flow dynamics, hydrogeological
processes, and other aquifer-specific characteristics. For ex-
ample, the data in Fig. 7 suggests a concave relationship be-
tween DTGW and cumulative groundwater pumped which
may be the result of land subsidence that has occurred in the
study area (Smith et al. 2017). However, as shown in Fig. 7,
the linear regression’s R2 of 0.94, suggests a reasonable fit to
the data for this study. Additionally, pumping outside the
study area can influence drawdown inside the study area; thus,
the regression tends to overestimate drawdown from pumping
within the study area. It is also noted that the selected well
hydrograph is assumed to represent the entire study area as a
simplification.

Agricultural profit optimization model limitations

The main assumptions of the agricultural profit model are
fixed crop net returns and the crop water allocation method.
The crop net return values, described in section ‘Base model
(model 1) formulation’, were fixed for the modeling period by
weighting historical crop net return values by coverage during
the drought. By using fixed net return values, real-world tem-
poral fluctuations in crop yield and market price were not
considered. In addition, the crop water allocation method, de-
scribed in section ‘Base model (model 1) formulation’, was
assumed to be proportional based on 2011 crop water use.
This simplified approach provided a consistent allocation rule,
but may not reflect all real-world allocation conditions and
decisions.

Five limitations of the agricultural profit model are (1) sim-
plified crop types, (2) the crop coverage decision method, (3)
the assumption of no deficit irrigation, (4) the limited model-
ing time period, and (5) model sensitivity to initial conditions.
The model considers only two general crop types, annual and
perennial, when allocating water and coverage. By limiting
crop types, the model does not reflect the entire range of crop
varieties. In addition, the primary method to determine crop
coverage, Eq. (6), is based on water allocated to the
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crop and respective crop demand. Although the model
versions have different crop coverage constraints, the
primary method remains the same and may not accu-
rately reflect all planting decisions. Specifically, for
models 2 and 3, in which annual crops may replace
fallowed perennial coverage, replanting costs and other
operational considerations are not included in the for-
mulation. Furthermore, demands are assumed to be fully
satisfied with no consideration of deficit irrigation that
may occur during drought. The 5-year modeling time
period, may introduce uncertainty in agricultural oppor-
tunity cost results since perennials in the study area can
produce and be profitable for approximately 20 years.
Lastly, the model is sensitive to initial variable values at
the onset of optimization which can slightly influence
results. Many of these uncertainties and limitations
could be explored for more extensive applied policy
studies.

Results

Estimated pumped groundwater during drought

Figure 8 indicates crop water use, surface-water deliveries,
and estimated groundwater pumping during the drought.
Crop demand steadily increased, which may be partly due to
increased perennial crop planting that generally hardens water
demands. As shown in Fig. 4, perennial and total crop cover-
age generally increased in the study area during the drought.
Surface-water deliveries decreased significantly from
predrought 2011, reached a minimum in 2014 and 2015, and
slightly increased in 2016 near the end of the drought. As a
result, estimated groundwater pumping increased during the
drought and reached a maximum in 2014 and 2015.

Agricultural cost curves and tradeoff curves of DTGW
policies

Figures 9, 10, 11 show, for each model, the agricultural cost
curves, for each model version, the domestic well cost curve,
total cost curves, and resulting Pareto trade-off curves. The
cost curves are presented for DTGW policies ranging from
112 ft. (34.1 m) to 200 ft. (61.0 m). The DTGW value in
2011 was 112 ft. (34.1 m) and the actual maximum DTGW
during the drought was 162 ft. (49.4 m) (Fig. 6); therefore, the
range of DTGW policies bracketed the drought conditions.
Each model system used a discount rate of 3%, except for
model 2, which used three different discount rates, as shown
in Fig. 10. As noted in the figures, the agricultural and domes-
tic costs are presented in different units (billions and millions
of dollars, respectively).

Agricultural cost curves and total cost curves

For all model versions, allowing less groundwater drawdown
increases agricultural costs and reduces domestic well costs.
Agricultural costs increase because reduced groundwater
availability limits crop production and profits. Domestic well
costs decrease because the DTGW increase during drought is
limited, which limits supply interruptions and accompanying
costs from groundwater drawdown (Gailey et al. 2019).
Conversely, larger DTGW policy values decrease agricultural
costs and increase domestic well costs. The total cost curves
(sum of agricultural and domestic well costs) are highly influ-
enced by the agricultural costs because of larger order of mag-
nitude compared to domestic well costs.

The base model and model 2 have similar results with
slight differences. The agricultural cost curve and the total cost
curve shift downward since less agricultural cost is generated
for policies that limit DTGW. This shift occurs because model
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2 allows for planting annual crops to replace fallowed peren-
nial coverage which can increase agricultural profit. Results
are similar for a range of discount rates (Fig. 10a).

Figure 11a shows agricultural and total costs curves from
model 3, which incorporates a unit groundwater recovery cost
(Cw), reflecting a cost to recover additional groundwater
pumped during the drought. Agricultural cost curves, with
different Cw values, $0 to $600/AF ($0 to $600/1,233 m3),
are plotted along with corresponding total cost curves. The
results from model 2 are included as a base case (without
groundwater recovery costs), whereas model 3 results are sig-
nificantly different. The added groundwater recovery cost re-
duces agricultural profit (increases opportunity cost) as Cw

increases and the agricultural cost curves level off at thresh-
olds where the recovery costs for groundwater exceed the
profit gained from the additional pumped groundwater.
Inspection of the results indicates that, for DTGW values less
than that which maximizes welfare, the DTGW policy com-
pliance constraint, Eq. (9), is binding. Such a groundwater
recovery fee can accomplish three objectives: (1) reducing
groundwater drought drawdown effects on domestic wells
and the aquifer overall, (2) provide funds for reducing agri-
cultural pumping or increasing aquifer recharge in wetter
years to recover groundwater storage, and (3) provide funds
for the relatively modest costs of remedying agricultural
pumping impacts on domestic and community wells.

Tradeoff curves and welfare-maximizing DTGW policies

Tradeoff curves for each model are presented in Figs. 9, 10,
11. These curves plot agricultural and domestic costs for each
DTGW policy. Agricultural and domestic costs are in units of
billions and millions of dollars, respectively. The tradeoff

curves were used to evaluate the cost allocation tradeoff for
welfare-maximizing DTGW policies.

The welfare-maximizing DTGW policies, total cost, cost
breakdown between users, maximum agricultural profit, and
total groundwater recovery cost for each model system appear
in Table 2. The unregulated case results are from the base
model using a nonoptimal DTGW policy of 162 ft.
(49.4 m), which was the actual maximum DTGW value from
the drought.

The welfare-maximizing DTGW policy corresponds to the
minimum sum of costs for the two user groups. These policies
are indicated on the total cost and tradeoff curves for the three
sets of model results on Figs. 9, 10, 11. As discussed, the total
cost curve is driven by the agricultural cost curve since agri-
cultural costs greatly exceed domestic well costs. Therefore,
the welfare-maximizing DTGW policies heavily weight min-
imizing agricultural cost, as indicated in the total cost break-
down in Table 2. There is negligible cost to agriculture, and
little change in groundwater use, unless there is a charge for
pumping.

The welfare-maximizing DTGWpolicy for model 2 is only
slightly less than for the base model due to a small benefit
from more cropping flexibility. In contrast, the policy value
changes greatly over the range of Cw values explored for
model 3. As the cost of additional pumping (Cw) increases,
the amount of groundwater used for irrigation diminishes to
the base groundwater pumping volume (3,133AF over 5 years
for a Cw of $600; Table 2). This occurs because the profit
gained from pumping more groundwater eventually does not
outweigh the groundwater recovery costs incurred. Allowing
significant drawdown during drought is valuable for agricul-
ture, but only if the recovery cost is not too great. The total
agricultural groundwater pumped stabilizes for Cw values of
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$600/AF ($600/1,233 m3) or greater, with an estimated
DTGW of 131 ft. (39.9 m). For all model systems, the
welfare-maximizing DTGW policy is less than the unregulat-
ed 162 ft. (49.4 m) DTGW observed during the drought.

Additional Cw values in the range of $0–$900/AF
($0–$900/1,233 m3) were used with model 3 to clarify results.
The total costs of minimizing DTGW policy, maximizing ag-
ricultural profit, and total groundwater recovery cost were
estimated for each Cw value (shown in Fig. 12). As Cw in-
creases, the optimal DTGW policy decreases to a threshold
value of 131 ft. (39.9 m) at $600/AF ($600/1,233 m3). This
threshold represents a DTGW where no agricultural ground-
water pumping occurs above the no-fee base amount.
Similarly, as Cw decreases, the optimal DTGW policy

increases to a threshold value of approximately 157 ft.
(47.9 m) at $300/AF ($300/1,233 m3). This DTGW policy
results in significant groundwater pumping for agricultural
irrigation demand. A drought pumping fee (Cw) of less than
$300/AF ($300/1,233 m3) would be ineffective in reducing
domestic well costs, although it might raise funds to compen-
sate affected domestic well owners and fund groundwater re-
covery after the drought, with some short-term loss of agricul-
tural profit. For Cw values between $300 and $600/AF ($300
and $600/1,233 m3), the policy reduces groundwater pumping
and drought drawdown, while raising more money for
groundwater recovery and domestic well compensation. If
Cw exceeds $600/AF ($600/1,233 m3), the policy would be
excessive, eliminating additional groundwater pumping as the

Table 2 Overall welfare-maximizing DTGW policies for the three model systems with r = 3%

Parameter Unregulated (uses
base model)a

Base model Model 2 Model 3
(Cw=0)

Model 3
(Cw=300)

Model 3
(Cw=400)

Model 3
(Cw=600)

DTGW policy, ft. (m) 162 (49) 160 (49) 159 (49) 159 (49) 157 (48) 137 (42) 131 (40)

Total cost, $M 8.27 7.88 7.69 7.69 1209 1420 1472

Domestic well cost, $M 8.27 7.88 7.69 7.69 7.31 3.96 3.10

Max. agricultural profit, $M 2,850 2,850 2,850 2,850 2,850 2,850 2,850

Agricultural opportunity cost, $M N/A 0 0 0 1,201 1,416 1,468

Total GW recovery cost, $M N/A N/A N/A 0 1,283 358 0.17

Total agricultural GW pumped,
TAF (106 m3)

8,343 (10,291) 8,013 (9,884) 7,847 (9,679) 7,847 (9,679) 7,409 (9,139) 4,012 (4,949) 3,133 (3,864)

For model 3, the base amount of pumped groundwater allowed before incurring a recovery cost is 3,132 TAF
a The unregulated case uses the base model to simulate unregulated agricultural groundwater pumping (no DTGW policy and no groundwater recovery
cost)
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fee cost exceeds the profit gained from additional drought
agricultural pumping.

The sensitivity analysis results in Fig. 12d as the upper-
bound (lower surface water, higher crop demand) and lower-
bound (higher surface water, lower crop demand) ranges of
total agricultural groundwater pumped. These scenarios were
simulated for Cw, ranging from $0 to $600/AF (0–$600/1,233
m3). The cone of uncertainty increases as the quantity of
groundwater pumped increases (i.e., Cw decreases). Both the
upper-bound and lower-bounds converge on the model 3 re-
sults as Cw increases and less groundwater is pumped, but the
upper-bound and lower-bounds converge on the model 3 re-
sults at different Cw values (Cw = $300 and $400/AF, respec-
tively). This difference occurs because the upper-bound con-
ditions (lower surface water, higher crop demand) specify a
scenario that is more sensitive to increases in Cw than do the
lower bound conditions.

Limit to the maximum welfare approach

The order of magnitude difference in cost for the two user
groups (agricultural and domestic well users) is a challenge
for the welfare-maximization approach (Gailey et al. 2019). A
welfare maximizing DTGW policy minimizes total cost for
the two groups and occurs when the first-order optimization
criterion in Eq. (19) is met:

d total costð Þ
d DTGWpolicy

� � ¼ 0 ð19Þ

By defining total cost as the sum of agricultural opportunity
and domestic costs and rearranging Eq. (19), the resulting Eq.
(20) indicates that the optimization criterion is met when mar-
ginal costs for agricultural and domestic well users are equal.

d ag opp costð Þ
d DTGWpolicy

� �
�����

����� ¼ −
d dom costð Þ

d DTGWpolicy

� �
�����

����� ð20Þ

This condition is problematic for models 1 and 2.
Inspection of Figs. 9a and 10a, recalling the different orders
of magnitudes of the left and right vertical axes, shows that the
slopes for agricultural and domestic costs are only equal when
the agricultural cost curve approaches zero. Therefore, Eq.
(20) can only be satisfied when agricultural opportunity cost
is essentially zero. Said another way, the agricultural opportu-
nity cost from shorting a unit of water far exceeds the domestic
well costs from this agricultural use, so maximization of total
welfare always satisfies agricultural demand at the expense of
domestic well users. Introducing a groundwater pumping fee
is one approach to avoid this problem and could be viewed as
a Pigouvian tax to compensate affected domestic well users.
Another approach to account for the difference in cost

magnitudes is discussed in section ‘Potential for negotiated
cost allocation among user groups’.

Discussion

Several points regarding effective groundwater management
policy may be derived from these results.

Potential for negotiated cost allocation among user
groups

As discussed in section ‘Limit to the maximum welfare ap-
proach’, potential agricultural losses skew DTGW policies
developed with a welfare-maximizing approach to favor agri-
culture because domestic well costs are relatively small. As a
result, equitable sharing of the common-pool groundwater
resource benefits may not occur. Negotiated cost allocations,
or compensation, between user groups may be a more appro-
priate approach. Since domestic costs are much less than ag-
ricultural opportunity costs, agricultural users could compen-
sate domestic users at a negotiated percentage of domestic
costs (Gailey et al. 2019). For example, using the tradeoff
curve from model 2, a line with slope equal to –1 is extended
from the maximum-welfare DTGW policy to the agricultural
costs axis to represent a compensation range from 0 to 100%
(Fig. 13).

The cost allocation line is referred to as “negotiated” be-
cause the percentage of compensation provided by agricultur-
al users may be a matter of negotiation involving user groups
and regulators (Gailey et al. 2019). One potential method to
estimate a socially equitable negotiated cost allocation would
be to model groundwater drawdown caused by agricultural
and domestic users and allocate domestic well costs propor-
tionally to drawdown impacts. Costs allocated to agriculture
could be addressed by creating a compensation fund with
revenues from excess pumping fees collected according to
model 3. Based on these results, a Cw value in the “effective
policy” range between $500 and $600/AF may suffice
(Fig. 12a,c). In this case, pumping fee and negotiated ap-
proaches would be consistent.

Fees needed for effective policy

Global agricultural demand drives prices which are largely
unaffected by local drought, and significantly influence
cropping decisions and groundwater use (Lund et al. 2018).
Consistent with this expectation, the study area’s crop cover-
age and water use increased during the drought (Table 1;
Fig. 8). As discussed in section ‘Agricultural profit optimiza-
tion model limitations’, the agricultural profit model does not
include changes in crop net returns over time and the market
influences that occurred during the drought are not fully
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reflected in the model. This limitation has the potential to
influence estimation of the fees required to curb excessive
groundwater pumping (model 3); however, the results of this
study appear reasonable since the penalty fee structure recent-
ly enacted in the study area is consistent with the findings
(Henry 2020). The estimated bounds for effective policy
($300–$600/AF, Fig. 12) compares well with the enacted
fee structure ($245–$500/AF) reported by Henry (2020).

Additional cost considerations for groundwater
management

The results presented here, while case-specific and particular
to the management formulation used, illustrate useful insights
from policy analysis for achieving groundwater sustainability
and reducing drought impacts. Depending on case-specific
challenges, there may be additional costs to consider. For ex-
ample, land subsidence in the study area has damaged the
Friant-Kern Canal which conveys surface water within the
study area (Kern Groundwater Authority 2020). Costs for ca-
nal repair could also be considered when developing manage-
ment policies. Where they exist, impacts of groundwater-
dependent ecosystems also could be represented in the
analysis.

Short-term versus long-term effects on policy
development

Addition of the penalty fee (Cw) to the management formula-
tion (model 3) would help internalize externalities caused by
additional groundwater pumping during droughts.
Considerations for setting the value of Cw include (1) replen-
ishment of extra water pumped, (2) replacement of domestic
wells that run dry with deeper wells, and (3) other costs cre-
ated by short-term additional pumping (i.e., additional
pumping lift or canal damage from land subsidence,

environmental mitigation). The focus of the welfare maximi-
zation is short-term because the droughts are assumed to have
limited duration (e.g., 1–5 years) and the additional pumping
is defined relative to a base amount of sustainable groundwa-
ter use. In contrast, the planning horizon for sustainable
groundwater management is long-term (50 years for
California’s SGMA program), and some short-term costs
may cease to be re levan t dur ing the course of
management—for example, well replacement could be com-
pleted after only a few drought cycles. In cases where justifi-
cation for a management policy (i.e., pumping charge to ad-
dress dry wells) ceases after the short-term, another policy
must be available to support the long-termmanagement goals.
Limiting maximum groundwater depth is an attractive choice.
From an administrative perspective, however, enforcement of
a groundwater depth limitation for individual pumpers may be
more challenging than influencing overall user group behavior
through collection of pumping fees for purchasing replace-
ment water to replenish groundwater storage.

Conclusions and future work

This study produced three main conclusions:

1. Analysis of the economics that drive groundwater use and
the resulting hydrologic conditions can provide guidance
for developing and evaluating groundwater management
policies.

2. Economic considerations of various user groups may be
so different that attempts to maximize total welfare while
developing policies may not by itself produce widely ac-
cepted or fair results.

3. Implementing a carefully selected groundwater use fee
and redistributing the collected funds to address economic
externalities created by the resource use may more
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effectively achieve equitable allocation of the limited
common-pool resource.

For the study area in Tulare County, California, agricultural
opportunity costs exceed domestic well costs by almost three
orders of magnitude. This severely limits application of pure
welfare maximization as a groundwater management ap-
proach; however, application of a groundwater pumping fee
on additional drought pumping in the range of $300–$600/
acre-foot ($300–$600/1,233 m3) appears quite effective.
These results agree with recently enacted groundwater man-
agement policies in the study area.

Groundwater managers often have limited opportuni-
ties to enact and adjust policies; thus, research results
that identify more likely effective policies are useful.
The analysis presented here may provide a useful
starting point for groundwater management policy plan-
ning by GSAs in California or other regulatory entities
elsewhere where groundwater is limited and profit max-
imization is applicable. Such work would likely include
additional model complexities and a different range of
approaches for selecting policies. As discussed previous-
ly, the agricultural profit model is simplified and addi-
tional details (i.e., more crop type options, perennial
crop age, planting decisions, and cost categories, as well
as more accurate land use data and temporal variation in
market price) could be included. Also, the prediction of
depth to groundwater is based on a linear relationship
between groundwater pumped and resulting drawdown.
A more accurate relationship could be developed that
includes aquifer-specific parameters and groundwater
flow principles. Moreover, this study only considers ag-
ricultural and domestic user groups, while additional
users and stakeholders, such as the environment and
other industries, could be considered.

While the study focused on the economic concept of
welfare-maximization to select optimal policies, addi-
tional and supplemental approaches, could be simulated.
As proposed previously (Gailey et al. 2019), exploring
the dynamics of negotiated or regulated cost allocations
among user groups may provide additional insights for
selecting optimal policies.
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