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Abstract: Coordinating management of groundwater, surface water, and irrigated crops is funda-
mental economically for many arid and semi-arid regions. This paper examines conjunctive water
management for agriculture using hydro-economic optimization modeling. The analysis is integrated
across two timescales: a two-stage stochastic decadal model for managing annual and perennial
crops spanning dry and wet years and a far-horizon dynamic program embedding the decadal model
into a longer groundwater policy setting. The modeling loosely represents California’s San Joaquin
Valley and has insights for many irrigated arid and semi-arid regions relying on groundwater with
variable annual hydrology. Results show how conjunctive water management can stabilize crop
decisions and improve agricultural profitability across different water years by pumping more in
dry years and increasing recharging groundwater in wetter years. Using groundwater as a buffer
for droughts allows growing more higher-value perennial crops, which maximizes profit even with
water-scarce conditions. Nevertheless, ending overdraft in basins with declining groundwater for
profit-maximizing farming reduces annual crops to maintain more profitable perennial crops through
droughts. Results are affected by economic discount rates and future climates. Operating and
opportunity costs from forgone annual crops can reduce aquifer recharge early in regulatory periods.

Keywords: groundwater management; water supply; climate change; hydro-economic modeling;
optimization; conjunctive water use; aquifer recharge

1. Introduction

Managing groundwater overdraft is a challenge for many regions. For example, Cal-
ifornia’s Central Valley is the second most pumped aquifer system in the US [1,2], and
its drier San Joaquin Valley (SJV) has surface water supplies vulnerable to frequent and
prolonged droughts that increase competition among water users and growing environ-
mental regulations [3]. Many SJV farmers pump additional groundwater during shortages
of surface water or irrigate solely with groundwater if they lack surface water access. This
increases groundwater overdraft, particularly over decades.

California’s 2014 Sustainable Groundwater Management Act (SGMA) requires lo-
cal water agencies to bring critically overdrafted groundwater basins into the balance of
recharge and extraction by about 2040 (and 2042 for other basins) and prevent undesirable
overdraft outcomes such as significant groundwater level declines, groundwater storage
reductions, seawater intrusion, water quality degradation, land subsidence, and surface
water depletions. These requirements are major challenges for San Joaquin Valley agricul-
ture [4], as the SJV has all these effects except seawater intrusion. 11 out of 19 groundwater
sub-basins in the SJV are classified as critically overdrafted subject to SGMA.

Groundwater overdraft can have many undesirable results. While supporting agri-
cultural production, groundwater overdraft causes water tables to fall, which increases
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energy use and costs for pumping (from greater well depths) and somewhat reduces aquifer
recharge from precipitation and irrigation return flow because lower groundwater levels
reduce soil moisture, retaining more infiltrated water in the vadose zone to charge soil
water capacity and support evapotranspiration [5]. Lower groundwater levels also reduce
heads that reduce aquifer discharges to streams and neighboring aquifers, which also tends
to trap and concentrate pollutants and salts in aquifers [6]. This quality degradation makes
groundwater less useful for irrigation [7].

Decreasing groundwater levels also tend to compact aquifers irreversibly (particularly
in clay layers), potentially decreasing aquifer recharge and increasing land subsidence.
Such land subsidence has damaged water conveyance and distribution infrastructure in
parts of the San Joaquin Valley. It has reduced the Friant-Kern Canal’s capacity from
113 m3/s (4000 cubic feet per second (cfs)) to 45 m3/s (1600 cfs) [8], and California Aque-
duct’s capacity in Kings County has been reduced as much as 20% [9]. Finally, groundwater
depletion draws water from surface streams and wetlands, reducing water for environ-
mental use and downstream supplies. Droughts accelerate problems from decreased
groundwater storage [10].

Conjunctive water management is often cost-effective to end overdraft by coordinating
surface water and groundwater management, but it requires surface water availability and
infrastructure to bring surface water to those overdrafted groundwater subbasins for direct
or in lieu recharge [10–12]. SGMA enforcement has underscored the value of conjunctive
water management to expand recharge programs and reduce and modify agricultural
groundwater use and production.

Many optimization models have been developed to examine the optimal management
and allocation of surface water and groundwater [13–18]. The objective is often defined
as maximizing profit or minimizing cost in space and time [19]. Others explore water
management problems through multi-objective optimization to solve water resource man-
agement issues [20–22]. A few studies couple a sophisticated groundwater model, with
an economic optimization model [23–25]. These models provide lessons for managing
surface water and groundwater. However, these studies do not often represent agricultural
water requirements, especially for perennial crops with uncertain and varying surface
water supplies [26].

Linear programming (LP) has been the most widely used technique in conjunctive
use optimization. However, LP models can produce equally optimal solutions [27–29]
and cannot reflect important non-linear relationships between crop profit and acreage,
where marginal crop profit decreases with crop acreage [26,30,31]. These limitations make
non-linear programming (NLP) also important [32,33]. Furthermore, both LP and NLP
models commonly assume that boundary conditions are stationary, such as surface water
inflow being probabilistic, but the distribution does not change, or the groundwater level is
static. These can hold true for the short-term or intermediate-term. However, for long-term
management, changes in long-term water availability, underlying agronomics, and crop
prices can become important. The use of dynamic programming (DP) models can partially
accommodate such changing conditions.

Dynamic programming (DP) is popular for modeling conjunctive water manage-
ment [13–15,34], especially for long-term optimization, as it can make sequential decisions
with a non-linear objective [35]. Philbrick and Kitanidis [36] used a second-order gradient
DP method to increase the number of state variables of the model. Karamouz et al. [37]
extended the DP model to a more complex regional water system. Azaiez et al. [38] further
developed a chance-constrained model for multiperiod operations. DP has also been used
extensively for allocating land and water for single- (most commonly) or multi-crop agri-
cultural systems in semi-arid areas with deterministic DP [37,39], stochastic DP [40–45], or
fuzzy DP [46].

Limitations of previous modeling of conjunctive water management usually include
the following: (i) perennial crops are not often considered or are treated as an annual crop
in the hydro-economic modeling [47]; (ii) omitting changes in groundwater storage and
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uncertainties in surface water supply can affect operating cost and cropping decisions; and
(iii) focusing on convergence to optimal steady-state reservoir/aquifer operating policies
does not increase groundwater storage and raise groundwater levels over the long term.
This paper aims to address these problems.

This paper first develops an intermediate-term two-stage stochastic non-linear opti-
mization model (inner model) of crop acreage and conjunctive water operations, maximiz-
ing expected total net benefit with surface water supply uncertainties and perennial crop
characteristics taken into consideration. Then, this inner model is nested into a long-term
DP framework (outer model) with decisions for groundwater storage management and
perennial crop acreage. This approach derives a conjunctive water use strategy and crop
mix decisions for profit-maximizing farmers to meet a specific long-term groundwater
storage/level target with variable but stationary hydrology.

2. Materials and Methods

This paper integrates management across near-term and long-term scales: a two-
stage stochastic model (inner model) for water and crop management spanning dry to
wet water year types (WYT) j (j = 1 (dry) to 5 (wet)) for decade t, and a far horizon (a
century, composed of decades t = 0 to 9) dynamic program (outer model) which embeds the
decadal stochastic model (inner model). Though salinity is not considered in this paper as
Yao et al. [7], the method presented here emphasizes conjunctive water use and perennial
cropping decisions over a long-term groundwater policy timescale.

2.1. Inner Model Formulation

Marques et al. [26] and Zhu et al. [48] embedded a quadratic economic profit function
into a two-stage stochastic program to develop optimal cropping decisions and conjunc-
tive water operations with probabilistic surface water availabilities to maximize the total
expected net benefit for a decadal timescale. In these models, perennial crop acreages
over a decade are first-stage decisions, which are made at the beginning of the decade and
remain constant. Annual cropping decisions, pumping volumes, and land for recharging
are second-stage decisions varying with dry to wet WYTs (Figure 1).
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This paper simplifies those models to one perennial crop and one annual crop, with
agronomic parameters based mostly on almonds and alfalfa, to relieve the computational
burden of DP. Many other potential decisions, such as irrigation methods, urban water
conservation, and water market decisions, are so far not included. These simplifications
should not overly limit model application, as (i) the difference between perennial and
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annual crop profit is often large, so overall crop decisions change little when considering
additional annual crops; (ii) agriculture is the predominant water user in San Joaquin
Valley, with lower unit economic value than urban use; and (iii) higher efficiency irrigation
methods appear more often in more arid regions. This paper’s model expands earlier
models to include variable rather than constant pumping costs according to initial and
final groundwater storage GWt−1 and GWt (which can be converted to groundwater levels
(Figure 2)), to study overdraft management, and more explicit examination of results across
dry to wet water years.

Table 1. Input parameters of the case study site.

Symbol Parameter Value (Unit)

T Length of planning horizon 10 (yr)
L Total available area 202,343 ha (500,000 acre)
Ho Initial pump head 60.96 m (200 ft)
Bo Initial thickness of the aquifer 60.96 m (200 ft)
sy Aquifer specific yield 0.1
r Constant discount rate for inner model 3.5%
inip Perennial crop initial establishment cost $29,653/ha ($12,000/acre)
cland Unit price of land for recharging $741/ha ($300/acre)
cclass1 Unit price of class 1 (firm contract) water $0.034/m3 ($42/AF)
cclass2 Unit price of class 2 (surplus) water $0.024/m3 ($30/AF)
class1 Amount of firm contract water 617 million m3/yr (500 TAF/yr)
ce Unit price of energy $0.189/kWh
ηp Pumping efficiency 0.7
cap Capacity of land for recharging 4.572 m/yr (15 ft/yr)
1 − φ Irrigation efficiency 0.85
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are the initial pump head and thickness of the aquifer, respectively (Table 1 and Equation (A6) in
Appendix A).

The decision variables are perennial crop acreage Xp,t, annual crop acreage Xa,j,t,
pumping volume Wp,j,t, and land for artificial recharge Xr,j,t in WYT j and current decade t
(i.e., the length of planning horizon T = 10 to represent that perennial crop acreage cannot
change easily in the planning decade with WYTs).

The objective is to maximize the total net expected benefits Zt in decade t (Equation (1)
with detailed derivations in Appendix A), which comes from decisions made in two stages.
In the first stage, the benefit includes the total net benefits of perennial crops collected in
decade t, B1t (Equation (A1)), and the initial perennial crop establishment cost only occurs
in the first year, INIPt (Equation (A2)). In the second stage, each year can be any possible
WYT j with a probability of pj and amounts of surface water available swj. These hydrologic
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probabilities do not yet vary with time t in this paper, which would add computational
burden to the dynamic program. Each possible WYT j in the second stage can have different
decisions for annual crop acreage Xa,j,t, aquifer recharge Xr,j,t, and pumping Wp,j,t, resulting
in different net benefits of annual crops and water operating costs. The temporary change
in perennial crop acreage is not considered in the second stage because perennial crops are
costly to abandon once planted due to high establishment and removal costs. Therefore,
the model’s second stage derives the expected net annual crop return, B2t (Equation (A3))
less the expected conjunctive water operation cost, EXPCt (Equation (A4)) that includes
the cost of surface water, artificial recharge (a function of Xr,j,t), and pumping Wp,j,t (a
function of initial and final groundwater storage GWt−1 and GWt). Any pumping fee to
regulate overpumping is not included in this model but can be partially explored using the
Lagrange multipliers on groundwater target constraints.

maxZt= B1t
(
Xp,t

)
− INIPt

(
Xp,t, Xp,t−1

)
+ B2t

(
Xa,j,t

)
− EXPCt

(
Xr,j,t, Wp,j,t, GWt−1, GWt

)
(1)

The objective function (Equation (1)) is limited by land availability (Equation (2)),
surface water availability (Equation (3)), and an expected groundwater mass balance
constraint (Equation (4)).

Equation (2) constrains the acreage of perennial crops and annual crops, plus the area
for artificial recharge to not exceed the total land available L (Figure 2) for each WYT j and
decade t.

L − Xp,t − Xa,j,t − Xr,j,t ≥ 0 ∀j (2)

Equation (3) represents the water balance constraint for each WYT j and decade t. The
water used to irrigate perennial and annual crops (assuming crops per unit area water
consumption to be constant throughout all WYTs) and to recharge should not exceed the
available surface water and pumped groundwater. aw is the annual applied water on the
crop, and cap is the yearly recharge capacity per unit area.

swj + Wp,j,t − cap × Xr,j,t − awpXp,t − awaXa,j,t ≥ 0 ∀j (3)

A single irrigation efficiency factor φ is used for simplicity to represent the portion
of applied water percolating to the underlying aquifer. So Equation (4) calculates the
expected mass balance of groundwater storage for decade t: the aquifer has a groundwater
volume of GWt−1 at decade t, receiving the expected total deep percolation (sum of the
deep percolation over a decade from the perennial crop, TφawpXp,t, and annual crop,
T∑5

j=1 pj φawaXa,j,t), and the expected artificial recharge over the decade, T∑5
j=1 pjcapXr,j,t

(assume all recharged water reaches the aquifer with no water lost in the vadose zone),
and extracted an expected amount of groundwater over T years, T∑5

j=1 pjWp,j,t, leads to
the final groundwater storage of decade t, GWt. Yao [49] provides more discussion on this
stochastic groundwater mass balance constraint.

GWt = GWt−1 + TφawpXp,t + T
5

∑
j=1

pj φawaXa,j,t + T
5

∑
j=1

pjcapXr,j,t − T
5

∑
j=1

pjWp,j,t (4)

2.2. Outer Model Formulation

Previous studies often use DP with two modules to derive intra- and inter-seasonal
optimal water allocation policy [39,50–52]. The first inner module is an intra-seasonal
model to make decisions maximizing crop net benefits given seasonal inputs such as
the initial and final reservoir storage. The second outer module uses DP to find optimal
seasonal decisions (as input conditions of the inner module) to maximize the total economic
performance of the entire planning horizon.

This paper extends the two-module approach to decadal and century time scales (for
groundwater systems with sufficient within-year seasonal storage). The first module, hav-
ing the same objective function as the inner model described above, maximizes net benefit
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within decade t, including economically optimal conjunctive water use operations (land
for recharging and groundwater pumped) and annual crop acreage, given the boundary
conditions of initial and final groundwater storages/levels of decade t, and perennial crop
acreage at the beginning of decade t before and after new perennials are planted.

The second outer module here is a DP that maximizes long-term discounted net
benefits with decision variables for the initial and final groundwater storages/levels of
decade t, and perennial crop acreage before and after new perennials are planted in decade
t. These decisions become boundary conditions for the inner models run within the DP. For
each combination of final groundwater storage and total (incoming plus newly planted)
perennial crop acreage, the inner model calculates the optimal benefit of decade t (with
decisions of land for recharging, groundwater pumped, and annual crop acreage). Then,
the best combination of each decade is chosen, which can yield the highest sum of expected
net discounted benefits of this decade and all later decades, given the initial groundwater
storage and incoming perennial crop acreage.

The long-term planning horizon has N + 1 planning decades (from decade t = 0 to
N, N = 9). A fixed inflation-adjusted discount rate r converts future values to present
value. For each decade t, initial groundwater storage GWt−1 and incoming perennial
crop acreage Xp, t−1 are two state variables, while the expected final groundwater storage
GWt (Equation (4)) and total (incoming plus newly planted) perennial crop acreage at the
beginning of decade t, X′p, t, are the two decision variables. The final groundwater storage
of decade t, GWt, is also the initial groundwater storage of decade t + 1, while half of the
perennial crops were retired (i.e., Xp, t = 1

2 X′
p, t). This provides a simple relationship from a

decision variable in the current decade to a state variable in the next decade. Assuming that
perennial crop acreage is maintained as high as possible for almost all decades to achieve
the highest possible profit, a 50% retirement rate means that most perennial crops can stay
productive for 20 years, roughly almond trees’ production life. For example, 75,000 acres of
perennial crops from decade t enter decade t + 1, in which another 75,000 acres of perennial
crops are newly planted (the maximal perennial crop acreage is fixed to be 150,000 acres).
A 50% retirement rate means the 75,000 acres of perennial crops planted in decade t are to
be retired before entering decade t + 2, and these 75,000 acres of perennial crops have been
productive over decades t and t + 1 (i.e., 20 years). A limitation of this assumption is that if
perennial crop acreage decreases, a 50% retirement rate can result in some perennial crops
being productive for 30 years, which might exceed normal perennial crop productivity.

An objective function for the inner model describes the economic consequence of deci-
sions and states. Let Πt

(
GWt−1, Xp,t−1, GWt, X′

p,t
)

be the expected net present economic
value of having groundwater storage from GWt−1 to GWt, and planting new perennial
crop acreage of X′

p,t–Xp,t−1. The overall objective is to maximize the sum of the expected
net present value of profit from decade t = 0 to N:

Max
N

∑
t=0

Πt
(
GWt−1, Xp,t−1, GWt, X′

p,t
)

(5)

The equivalent backward recursive function is as follows:

ft
(
GWt−1, Xp,t−1, GWt, X′

p,t
)

=

 ΠN
(
GWN−1, Xp,N−1, GWN , X′

p,N
)
, t = N

Πt
(
GWt−1, Xp,t−1, GWt, X′

p,t
)
+ f *

t+1

(
GWt, Xp,t =

1
2 X′

p,t

)
, t = 0 : N − 1

(6)

In this approach, given a pre-specified final groundwater storage goal GWN , the
optimal decision in t = N (i.e., the perennial crop acreage, X′

p,N) is determined first to
maximize ΠN

(
GWN−1, Xp,N−1, GWN , X′

p,N
)

as a function of two state variables: initial
groundwater storage GWN−1 and incoming perennial crop acreage Xp, N−1. Next, the next-
to-last decade’s ( t = N − 1) optimization involves maximizing the sum of decade N − 1’s
decade-specific objective function Πt

(
GWt−1, Xp,t−1, GWt, X′

p,t
)

and the optimal value
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of the future objective function f ∗t+1

(
GWt, Xp,t =

1
2 X′

p,t

)
, giving that decade’s optimal

decisions contingent upon the value of the state variables as of the next-to-last-decade
decision. This logic continues recursively back in time, until the first decade decision
is determined. f ∗t+1

(
GWt, Xp,t

)
is the accumulated present economic value of the best

decisions from all later decades, starting with groundwater storage GWt and incoming
perennial crop acreage of Xp,t.

The difference between Πt (Equation (7)) and Equation (1) is that in Πt, the perennial
crop acreage is input from the outer DP model as X′

p,t instead of being derived to maximize
profit in only one decade. Πp,t, Πa,t, and Ct in Equation (7) are the equivalent to B1t − INIPt,
B2t, and EXPCt in Equation (1), respectively. Πt still needs to be maximized in each decade
t to derive the optimal decision of annual crop acreage ( Xa,j,t

)
and conjunctive water

management (land for recharging Xr,j,t and the amount of pumping Wp,j,t) in decade t with
j possible WYTs, given the initial and final groundwater storage, GWt−1 and GWt, incoming
perennial crop acreage, Xp,t−1, and total perennial crop acreage before retirement, X′

p,t.

max
[

Πt
(
GWt−1, Xp,t−1, GWt, X′

p,t
)]

= Πp,t
(
Xp,t−1, X′

p,t
)
+ Πa,t

(
Xa,j,t

)
− Ct

(
Xr,j,t, Wp,j,t, GWt−1, GWt

)
(7)

2.3. Model Assumptions and Limitations

Several underlying assumptions are worth discussing. All modeling requires simplifi-
cations. First, here, the aquifer is treated as a closed homogeneous box with no drainage to
other streams and basins, and no other means to replenish except for recharge basins and
deep percolation from applied irrigation water (assuming all the recharge water reaches
the water table without water loss in the vadose zone). Recharge from precipitation is not
included. This simplifies many real-world situations. Also, since the inner model is not a
seasonal model but a 10-year model, on-farm recharge in winter is not considered explicitly,
and aquifer recharge uses different lands with annual crops. The surface water can only be
used for either aquifer recharge or crop irrigation, meaning if surface water is allocated
to aquifer recharge, at least some crops will not be grown. Moreover, since only recharge
from percolation is considered, recharge to the confined aquifer is omitted in the study.
However, in some areas, a confined aquifer is the production layer.

Second, groundwater storage is assumed to be enough so the Lagrange multiplier for
groundwater in sensitivity analysis is constant across decadal WYTs, that the change in
groundwater depth in a decade is not large and unit pumping cost is constant within each
decade, and that water pumped and recharged does not affect groundwater availability
for irrigation within a decade. Furthermore, the final groundwater storage of each decade
in the DP is an expected value rather than an exact one, which might overestimate or
underestimate total profit. And surface water hydrology is assumed to be stationary.

This study could also be improved to include soil water contributions to seasonal
crop water use, impacts of deficit irrigation and salinity in groundwater and soil on crop
yield, and more different crops with their particular evapotranspiration. Different irrigation
methods and dual irrigation systems also can be considered. Furthermore, this paper
assumes irrigation demands for crops do not change across WYTs and climate scenarios.
Additionally, perennial crops are sensitive to chill hours, and frost and freezing, which
could be considered in future studies, necessitating a bigger model. More detailed modeling
of perennial crops would be useful for future studies. That half of perennial crops are retired
(without including costs) before entering the next decade instead of annually retiring 5% of
perennial crops overestimates the establishment cost as all newly planted perennials are
planted in the first year of the decade, which is discounted least. On the other hand, this
model assumes perennial crops fruit in the first year, and productivity does not vary as
orchards age, which overestimates perennial crops’ profit.

Finally, this model does not include groundwater quality, mitigation of land subsi-
dence, and increased interaction between surface water for environmental purposes, which
left ample room for further research. Yao et al. [7] consider water quality effects, particularly
groundwater salinity.
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2.4. Case Example

Table 1 summarizes the parameters used in this example of agricultural area and
underlying aquifer (Figure 2). This hypothetical basin is developed for model development
and exploration, and not to represent any particular area, although it is broadly similar to
parts of California’s SJV. For computational and illustrative reasons, two crops (are repre-
sented (Table A1) in Appendix A): a perennial crop (with parameters based on almonds)
and an annual crop (with characteristics of alfalfa). Both firm contract water (for water
allocated in most years) price cclass1, and surplus water (for additional water available in
wet years) price cclass2 are based on the Chowchilla water district, while actual surface
water sources are more complex. The unit price of energy is adopted from the Statewide
Agricultural Production (SWAP) model for North San Joaquin Valley [53]. For the decadal
model, initial groundwater storage is 12.3 billion m3 (10 MAF) with 30,351 ha (75,000 acres)
of incoming perennial crops. The century DP model has initial groundwater storages rang-
ing from 9.87 to 14.8 billion m3 (8 to 12 MAF) with an interval of 617 million m3 (0.5 MAF)
and incoming perennial crop acreages of 30,351 ha (75,000 acres) for the first decade, and a
groundwater storage goal of 12.3 billion m3 (10 MAF). The discretization of two decision
variables in outer DP is 617 million m3 (0.5 MAF) for groundwater storages and 4047 ha
(10,000 acres) for perennial crop acreage, respectively.

Table 2 and Figure 3 characterize the distribution of surface water availability
sw ∼ logN(µ = 771 million m3 (625 thousand acre-ft (TAF)), σ = 493 million m3 (400 TAF)).
For simplicity, each water year type’s (WYT’s) surface water inflow is represented by the
10th-, 30th-, 50th-, 70th- and 90th-percentile of the distribution, so that in the base case, all
WYT has the same probability of occurrence, 20%. Given that the 617 million m3 of water is
firm contracted (Table 1), there is a 40% chance that firm contract water is only partially
supplied (Table 2), and surplus surface water is only available in WYTs 3 to 5.

Table 2. Available surface water in each water year type (WYT).

WYT j Percentile swj (Million m3/yr) pj

1 (Dry) 10th 306 0.2
2 30th 478 0.2
3 Median 649 0.2
4 70th 883 0.2

5 (Wet) 90th 1376 0.2
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3. Results

Integrated profit maximizing optimization across timescales suggests some economi-
cally promising strategies for perennial and annual cropping decisions and water manage-
ment to balance groundwater resources. Optimal decadal timescale strategies (from the
inner model) represent a near-term way to change groundwater storage, and outer model
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DP results suggest long-term strategies to stage the end of groundwater overdraft. Different
discount rates and different climate scenarios are considered to see the effects of hydrologic
and economic climates on crop mix and conjunctive water operations. Additional findings
are available in Yao [49].

3.1. Conjunctive Use and Cropping for Within-decade Timescales

For the decadal model, initial groundwater storage is 12.3 billion m3 (10 MAF) with
30,351 ha (75,000 acres) of incoming perennial crops. Different recovery goals are explored,
from net groundwater drawdown of 1.23 billion m3 (1 MAF) to net groundwater recovery
of 2.47 billion m3 (2 MAF) within 10 years. Figure 4 shows that more groundwater is
pumped in drier years to irrigate crops, some of which comes from the water artificially
recharged in wetter years, often reducing wetter-year annual crop acreages. Conjunctive
use of surface water and groundwater smooths the variable water availability to stabilize
crop production and profitability across different water years. This is a common pattern for
real conjunctive use systems.
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Furthermore, perennial crops’ high initial establishment cost limits the growth of
perennial crop acreage from 38,717 ha (95,671 acres) at net recharge of the aquifer of
2.47 billion m3 (2 MAF) to 49,483 ha (122,276 acres) at overall pumping of 1.23 billion m3

(1 MAF), with only an increase by 27%. For annual crops, the agricultural production
model’s quadratic crop profit (see Equation (A3) in Appendix A) with diminishing marginal
profit drives the model to have the same acreage in WYTs with pumping or artificial
recharge to maximize expected net profit.

The Lagrange multipliers of the water constraints estimate the economic value of
surface water and groundwater (Table 3). High groundwater storage capacity allows
groundwater to have constant value across water years. These results show surface water
is usually preferred to groundwater due to pumping costs and the value of irrigation
(containing surface water) return flows contributing to groundwater recharge. However,
adding capital costs for surface water infrastructure for storage, diversion, conveyance,
and distribution could affect results. Other benefits from groundwater use reduction,
such as land subsidence mitigation, less groundwater quality degradation, the increase in
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the interaction between surface streams and groundwater, and ecosystem restoration, are
also omitted.

Table 3. Economic values of water ($/m3) in different WYTs in a decade for different groundwater
storage restoration goals (negative ∆GW draws down the aquifer) from Lagrange multipliers on
conservation of mass constraints.

∆GW
(Billion m3)

Economic Values of Water ($/m3)

Dry Surface Water Wet
Groundwater

WYT 1 WYT 2 WYT 3 WYT 4 WYT 5

−1.23 0.14 0.14 0.14 0.14 0.078 0.031
0 0.17 0.17 0.17 0.15 0.079 0.049

1.23 0.23 0.23 0.18 0.15 0.13 0.079
2.47 0.28 0.28 0.182 0.182 0.182 0.105

Surface water has a higher value in drier years because one unit less surface water
in those years harms higher-value perennial crops rather than lower-value annual crops.
Table 3 also shows that the value of surface water and groundwater decreases when aquifer
restoration goals become more relaxed. Even though groundwater still has a positive value
when 1.23 billion m3 (1 MAF) is pumped, indicating the most relaxed goal has the highest
expected net profit, the marginal profit decreases with increased pumping and greater
water availability. In other words, unlimited pumping does not always have the highest
profit. Net pumping of 4.93 billion m3 (4 MAF) leads to a lower profit than a net pumping
of 3.70 billion m3 (3 MAF).

All WYTs with pumping (values in bold) and all WYTs with artificial recharge (values
in italics) each have the same economic value of surface water (Table 3) and the same acreage
of annual crops (Figure 4). This confirms that optimal conjunctive water management
moves water from wetter years to drier years to dampen variability in surface water
availability, marginal value, and cropping.

Higher initial groundwater storage/level can also change the optimal conjunctive
water use and cropping pattern and increase profit with the same no-overdraft goal. From
Table 4 and Figure 5, though the perennial crop’s high initial establishment cost prevents its
acreage from growing, pumping is more encouraged in drier years when initial groundwa-
ter storage is higher as pumping energy cost is lower with the lower lift. More annual crops
are grown in drier years when the marginal profit is higher (as the acreage is still lower
than in wetter years). Savings in unit pumping cost and increased profit for more annual
crops in drier years are strong enough to motivate artificial recharge with additional cost in
the wettest year, displacing some annual crop acreage in these wetter years, which is not
recommended when the initial groundwater storage/level is lower for the same change of
groundwater storage.

Table 4. Comparison of annual crop acreage (Xa (ha/yr)) and conjunctive water use decisions (land
for artificial recharge Xr (ha/yr), and pumped groundwater Wp (million m3/yr)) with different initial
groundwater storage under no overdraft (∆GW = 0).

Xa (ha/yr) Xr (ha/yr) Wp (Million m3/yr)

GWt − 1 (Billion m3) 12.3 18.5 12.3 18.5 12.3 18.5

WYT j

1 (Dry) 7537 11,140 0 0 389 442
2 7537 11,140 0 0 217 271
3 7537 11,140 0 0 46 99
4 20,276 20,276 0 0 0 0

5 (Wet) 53,692 42,883 0 3488 0 0
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3.2. Groundwater Management and Cropping for Long-Term Timescales

Economically optimized single-decade decisions change with longer-term timescale.
Single-decade optimal decisions tend to be more aggressive in pumping to maximize
profit, not knowing future decades also require enough pumping to maintain high profit.
However, an optimal decade in the context of longer-term decisions must end groundwater
overdraft at target groundwater levels (this paper examines a range of initial groundwater
storages from 9.87 to 14.8 billion m3 (8 to 12 MAF) with a final groundwater storage goal of
12.3 billion m3 (10 MAF)). Long-term optimal solutions allocate groundwater pumping over
decades. It is most profitable to pump more mildly while still maximizing higher-value
perennial crop production until no further net drawdown is allowed (Figure 6); in other
words, the minimum threshold defined in SGMA, and finally, recharge the aquifer to the
groundwater storage target.

Figure 7 compares shorter-term optimal decisions considering only one decade and
longer-term optimal decisions. When no overdraft is allowed, compared to the decadal
model decisions, the longer-term optimization has more perennial crops (shown as higher
blue columns in Figure 7a). Moreover, when net pumping is allowed, the decadal model
suggests pumping 3.7 billion m3 (3 MAF) to have the highest expected net profit, while
the first decade of longer-term optimization only pumps 2.47 billion m3 (2 MAF) (as
yellow markers in Figure 7b for decadal optimal decisions are never less than long-term
decisions) so later decades can also pump groundwater with lower unit pumping cost
to preserve future profit. But even with pumping 1.23 billion m3 (1 MAF) less than the
decadal optimum, the first decade in the long-term optimum grows more perennial crops to
reduce the planting cost of perennial crops in later decades. This reflects what is happening
in California, where more perennial crops are grown to increase profits, and even water
becomes scarcer. However, this is only possible by paying more for additional pumping in
drier years and additional artificial recharge and reduced pumping in wetter years, with
fewer annual crops overall.
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Figure 7. Longer-term multi-decade DP-hybrid optimization in decade 1 increases perennial cropping
and decreases pumping and annual crop acreage compared to more myopic single-decade optimiza-
tion. (a) If no overdraft is allowed, multi-decade decisions still have more perennial crops with more
pumping and artificial recharge; (b) with net pumping allowed, long-term multi-decade decisions
pump less but grow more perennial crops.

3.3. Sensitivity Analyses
3.3.1. Different Discount Rates

For (semi)arid irrigated regions similar to California’s San Joaquin Valley, neglecting
salinity considerations, economically optimal management increases drawdown initially
and delays groundwater storage recovery until the final decade to meet the sustainability
target (Figure 6). Both the depth and speed of drawdown and the magnitude of aquifer
recharge increase with higher discount rates, which give greater weight to near-term
benefits relative to more distant costs.

Higher discount rates reduce perennial crop planting in single-decade decisions be-
cause the high establishment costs of perennial crops in the first year are substantial
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compared to benefits in later years. However, to save planting costs for perennial crops in
future decades, perennial crop acreage is not affected by discount rates except in the later
recovery decades (Yao [49] has more detailed discussion).

3.3.2. Climate Effects

This sensitivity analysis increases WYT 1 and 2’s probability of occurrence to create
drier and even drier scenarios, therefore wetter WYTs become more unlikely (Table 5).

Table 5. WYT probabilities in each climate.

WYT j
Climates

Even Drier Drier Base

1 (Dry) 0.3 0.25 0.2
2 0.3 0.25 0.2
3 0.2 0.2 0.2
4 0.1 0.2 0.2

5 (Wet) 0.1 0.1 0.2

Expected incoming surface water (million m3/yr) 591 (−20%) 640 (−13%) 739

Figure 8 and Table 6 show differences in cropping and pumping decisions for three
climate scenarios with no net change in groundwater storage for a decadal timescale. The
model suggests less pumping in drier years with drier climates overall and lower expected
pumping for the entire decade. This is accomplished by decreasing perennial crop acreage
across the decade and further reducing annual crops in drier years. The costs for pumping
in more frequent drier years and more artificial recharge in wetter years (to offset the
increased pumping) make maintaining the same acreage of perennial and annual crops in
drier years less economical (as the summed height of orange and blue columns are lower
in drier WYTs with drier climates).
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Table 6. Comparison of cropping and conjunctive water operation decisions with different climates
without groundwater storage change (no artificial recharge occurs for the base climate).

Climates Even Drier Drier Base

Xp (ha/Decade) 44,158 45,123 47,058

Second Stage
Decisions

Xa Xr Wp Xa Xr Wp Xa Wp
(ha/yr) (ha/yr) (m3/yr) (ha/yr) (ha/yr) (m3/yr) (ha/yr) (m3/yr)

WYT j

1 (Dry) 1899 0 269 × 106 4142 0 314 × 106 7537 389 × 106

2 1899 0 98 × 106 4142 0 143 × 106 7537 217 × 106

3 6882 0 0 6071 0 0 7537 46 × 106

4 22,715 0 0 21,903 0 0 20,276 0
5 (Wet) 52,064 1312 0 54,307 327 0 53,692 0

Artificial recharge is not greatly expanded even for drier climates (shown as short
green columns in Figure 8 and only a small area for artificial recharge in Table 6). This
underscores the expense of artificial recharge to stop groundwater overdraft relative to
opportunity costs of more annual crops in wet years. From Figure 6, where artificial
recharge occurs only in the last stage, aquifer recovery is not performed voluntarily nor
smoothly if the groundwater management is purely driven by profit maximization without
a regulatory framework such as pumping restrictions or taxes from water agencies unless
other factors restrict crop yield and profit (e.g., groundwater salinity [7]).

For the isolated 10-year optimization, drier climates reduce profit and increase the
value of groundwater due to surface water scarcity (Table 7). Drier climates increase the
economic value of surface water in dry years because perennial crops are more likely to be
harmed by water scarcity. But surface water’s economic value drops in wetter years, as
perennial crops become a smaller proportion of crops planted, and annual crops are the
first crops fallowed when surface water is under shortage. The value of surface water in
the wettest WYT in the even drier climates is slightly higher than in drier climates because
less surface water in that WYT means less artificial recharge, which impairs perennial crops
and perhaps slightly increases pumping costs in drier years.

Table 7. Economic values of water ($/m3) in different WYTs for different climates under no overdraft
(∆GW = 0). Values in bold and italics indicate that pumping and artificial recharge are needed in the
WYT, respectively.

Climates

Economic Values of Water ($/m3)

Dry Surface Water Wet
Groundwater

WYT 1 WYT 2 WYT 3 WYT 4 WYT 5

Base 0.17 0.17 0.17 0.147 0.079 0.049
Drier 0.23 0.23 0.177 0.145 0.040 0.053

Even drier 0.28 0.28 0.184 0.072 0.042 0.056

For the base climate, keeping no overdraft can still maintain perennial crop acreage
at maximum (Figure 9), with some artificial recharge in the wettest years (Figure 7a),
to save the planting cost of perennial crops in the next decade while maintaining an
acceptable profit in the current decade. Discounting drives more pumping in the early
decades (Figure 6) because the revenue of growing annual crops exceeds the additional
pumping cost.

For the even drier climate, a net pumping of 1.23 billion m3 (1 MAF) is needed to
maximize perennial crop acreage. And because higher profit requires more perennial
crops in the early decades, which are less discounted, it is not economical to pump too
much groundwater in the first decades for annual crops. So, drier climates reduce overall
pumping in the early decades for the long-term timescale (Figure 9).
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In the even drier climate, fewer annual crops are grown, so groundwater pumping is
reduced in the first decade from the base climate, allowing decades 2 and 3 to maintain
the maximum acreage of perennial crops (Figure 9). To understand pumping reduction
in the first decade for the even drier climate, it is needed to compare the saved planting
cost of perennial crops in later decades (which are more discounted) and the decreased
profit from annual crops in earlier decades. The DP model only reduces pumping in decade
1 by 617 million m3 (0.5 MAF) instead of 1.23 billion m3 (1 MAF) in the base climate to
keep some annual crops at the cost that decade 4 must begin reductions in perennial crops
acreage. So, the model recommends using groundwater as much and as soon as possible
until it starts to impact later perennial crop production.

In a long-term timescale, climate and initial groundwater availability do have an
impact on the economic value of surface water. A much drier climate increases the marginal
economic value of surface water for agriculture by about 30 cents per cubic meter or several
hundred dollars per acre-foot (Table 8). Lower groundwater availability further amplifies
the importance of surface water. A drier climate also increases the value of groundwater,
but not as much as the effect on surface water (Tables 7 and 9).

Table 8. Average surface water economic value change ($/m3) in 10 decades between different
climates for an ending groundwater target of 12.3 billion m3 (10 MAF).

Initial Groundwater Storage GWo
(Billion m3)

Climate Change

Even Drier to Drier Drier to Base

9.87 0.36 0.28
11.1 0.34 0.24
12.3 0.30 0.22
13.6 0.28 0.21
14.8 0.27 0.20
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Table 9. Groundwater economic value change ($/m3) in 10 decades between different climates for an
ending groundwater target of 12.3 billion m3 (10 MAF).

Groundwater Storage Change
(Billion m3)

Climates

Even Drier Drier Base

9.87 to 11.1 0.095 0.087 0.057
11.1 to 12.3 0.075 0.060 0.046
12.3 to 13.6 0.062 0.051 0.044
13.6 to 14.8 0.057 0.051 0.043

4. Conclusions

Groundwater often serves as an inter-annual reservoir for drier years, sustaining more
profitable perennial crops through drought. Perennial crops’ generally higher net returns
and initial establishment cost may drive farmers to increase or keep irrigated areas of
perennial crops, which makes water management less flexible and more costly because
of more pumping in drier years and more artificial recharge or reduced annual crops in
wetter years, as unlimited pumping does not always lead to the highest profit. Farmer’s
profit maximization can predict reductions in annual crop acreage because pumping in
drier years to grow annual crops is less profitable and artificial recharge reduces water
available to irrigate annual crops even in non-dry years.

Due to their costs, artificial recharge and aquifer recovery are often less common
for profit-maximizing farmers. Economic discounting over time, which increases near-
term benefits and costs relative to those in the more distant future, tends to exacerbate
the drawdown. Even when given 100 years to restore groundwater storage, recovery
operations tend not to begin until late in the planning horizon. Regarding climate change,
drier climates reduce profit by limiting the acreage of perennial crops and decreasing
expected pumping across a decade, which increases the range of surface water prices and
average water prices.

This work assesses the economic value of conjunctively managed water for irrigated
agriculture over varying climatic and economic conditions under decadal and century
timescales. It has found some fundamental economic tendencies in the long-term economics
driving conjunctive use over short and long timescales. The approach also identifies
promising cropping patterns for meeting groundwater sustainability objectives while
maintaining overall agriculture economic viability.

Such analyses unavoidably simplify actual conditions, providing some general in-
sights but leaving room for more detailed research and applications. Further studies could
improve groundwater physics representation, reflect more farming reality, especially under
climate change, demand management such as administrative pumping fees, and quantita-
tive evaluation of additional benefits of ending overdraft, such as reducing land subsidence,
improving groundwater quality, and ecosystem restoration.
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Appendix A

Table A1 provides parameters of baseline annual agricultural production adopted
from the SWAP model for North San Joaquin Valley [53] and a quadratic cost function
obtained through Positive Mathematical Programming (PMP) [31]. PMP is a self-calibrating
method that captures non-linearities in cropping decisions with exact calibration to a baseline
production dataset [31]. In this application, a quadratic cost function is employed; hence, a
linear marginal cost function with intercept parameter α and slope parameter γ (Table A1)
for two crops was estimated by following the methods available at: https://doi.org/10
.5281/zenodo.5889557 (accessed on 22 April 2024) and https://github.com/YiqingYao/
Conjunctive_w_Perennials (accessed on 22 April 2024).

The total net expected benefits in decade t, Zt (Equation (1)), can be further derived.
B1t (Equation (A1)) is the sum of discounted profits of perennial crops over a decade
(T = 10). The perennial crop acreage over the decade is always Xp,t, so B1 is a sum of
geometric series. vp and yldp (Table A1) are the unit price and yield of perennial crops and
αp and γp (Table A1) are the PMP intercept and slope parameters of perennial crops. r is
the constant discount rate (Table 1).

B1t
(
Xp,t

)
=

[
(vpyldp)Xp,t −

(
αp +

1
2 γpXp,t

)
Xp,t

]
÷ (1 + r)tT+1

+
[
(vpyldp)Xp,t −

(
αp +

1
2 γpXp,t

)
Xp,t

]
÷ (1 + r)tT+2 + · · ·

+
[
(vpyldp)Xp,t −

(
αp +

1
2 γpXp,t

)
Xp,t

]
÷ (1 + r)tT+10

=
[
(vpyldp)Xp,t −

(
αp +

1
2 γpXp,t

)
Xp,t

]
1−(1+r)−T

(1+r)tT×r

(A1)

Table A1. Base year (in 2005 dollars) observations and estimated PMP production cost functions.

Parameter (Unit) Perennial Crop
(Similar to Almonds)

Annual Crop
(Similar to Alfalfa)

Base year
observations

Area
∼
X (ha) 132,874 67,724

Yield yld (kg/ha) 2242 17,934
Price v ($/kg) 4.66 0.173

Applied water aw (m/ha) 3.07 3.65
Land cost ($/ha) 2006 783

Other supply cost ($/ha) 4146 1344
Labor cost ($/ha) 786 52
Total cost ($/ha) 6939 2179

PMP cost function
Intercept α ($/ha) 3713.62 1571.37
Slope γ ($/ha2) 0.0485 0.0180

The perennial crop establishment cost, INIPt, is determined by the initial acreage
of perennial crops in the current decade, Xp,t, and the incoming perennial crop acreage,
Xp,t−1. If new perennial crops are to be planted, i.e., Xp,t > Xp,t−1, the establishment cost
is the acreage of newly planted perennial crop times the unit price of establishment cost,

https://github.com/YiqingYao/Conjunctive_w_Perennials
https://doi.org/10.5281/zenodo.5889557
https://doi.org/10.5281/zenodo.5889557
https://github.com/YiqingYao/Conjunctive_w_Perennials
https://github.com/YiqingYao/Conjunctive_w_Perennials
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inip (Table 1), multiplied by the discount factor. Otherwise, there is no establishment cost
(Equation (A2)).

INIPt
(
Xp,t, Xp,t−1

)
= max

(
Xp,t − Xp,t−1, 0

)
inip ÷ (1 + r)tT+1 (A2)

The expected net benefit of planting annual crops over a decade (T = 10), B2t (Equation (A3)),
is the sum of the present value of annual expected net benefits, which is the weighted
average of annual crop profit in WYT j with the probability of pj. va and ylda (Table A1)
are the unit price and yield of annual crops and αa and γa (Table A1) are the PMP intercept
and slope parameters of annual crops. Because the hydrology is stationary, in other words,
pj is constant for all j, Equation (A3) is a sum of geometric series.

B2t
(
Xa,j,t

)
= 1

(1+r)tT+1 ∑5
j=1 pj

[
(vaylda)Xa,j,t −

(
αa +

1
2 γaXa,j,t

)
Xa,j,t

]
+ 1

(1+r)tT+2 ∑5
j=1 pj

[
(vaylda)Xa,j,t −

(
αa +

1
2 γaXa,j,t

)
Xa,j,t

]
+ · · ·

+ 1
(1+r)tT+10 ∑5

j=1 pj

[
(vaylda)Xa,j,t −

(
αa +

1
2 γaXa,j,t

)
Xa,j,t

]
= 1−(1+r)−T

(1+r)tT×r
∑5

j=1 pj

[
(vaylda)Xa,j,t −

(
αa +

1
2 γaXa,j,t

)
Xa,j,t

]
(A3)

EXPCt is the expected water operational cost over a decade (T = 10). Similar to
B2t, due to the stationary hydrology, it is also a sum of a geometric series of discounted
yearly expected net water operational cost, which is the weighted average of annual water
operational cost in WYT j with the probability of pj. Annual water operational cost is
composed of pumping cost (Cpump·Wp,j), the cost of artificial recharge (cland·Xr,j), as well
as the cost of firm contract and surplus surface water, where cland is the unit price of
land for recharging, cclass1 is the unit price of firm contract water and cclass2 is the unit
price of surplus surface water (Table 1). In some WYTs, the surface water inflow swj is
even less than the class1 or firm contract water, and cclass2 can only be applied to the
remaining surface water, so the cost of firm contract and surplus surface water is calculated
as cclass1·min

(
swj, class1

)
and cclass2·max

(
swj − class1, 0

)
, respectively.

EXPCt
(
Xr,j,t, Wp,j,t, GWt−1, GWt

)
= 1−(1+r)−T

(1+r)tT×r

5
∑

j=1
pj

(
Cpump·Wp,j,t + cland·Xr,j,t

+cclass1·min
(
swj, class1

)
+ cclass2·max

(
swj − class1, 0

)) (A4)

Pumping cost is the product of the unit price of energy ce (Table 1) and total energy for
pumping, which is a function of the amount of pumping, Wp,j,t, and groundwater storage,
as more energy is needed to pump from aquifers of lower storage (Figure 2). Therefore, the
pumping cost (Cpump·Wp,j,t) in Equation (A4) expands to the following:

Cpump·Wp,j,t = ce[
$

kWh
]×

Wp,j,t[m3]× H[m]× ρ[ kg
m3 ]× g[m

s2 ]

3.6 × 106[ kWh
J ]× ηp

(A5)

where H (Equation (A6)) is the average of the initial and final head (Figure 2), and ηp is the
pumping efficiency.

H = 1
2 (Ht−1 + Ht) =

1
2

[(
Ho +

GWo−GWt−1
L·sy

)
+

(
Ho +

GWo−GWt
L·sy

)]
= Ho +

1
2L·sy

(2GWo − GWt−1 − GWt)

= Ho + Bo − 1
2L·sy

(GWt−1 + GWt)

(A6)
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