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[1] In this paper a high-resolution linked hydroeconomic model is demonstrated for 
drought conditions in a Brazilian river basin. The economic model of agriculture includes 
13 decision variables that can be optimized to maximize farmers’ yearly net revenues. 
The economic model uses a multi-input multioutput nonlinear constant elasticity of 
substitution (CES) production function simulating agricultural production. The hydrologic 
component is a detailed physics-based three-dimensional hydrodynamic model that 
simulates changes in the hydrologic system derived from agricultural activity while in turn 
providing biophysical constraints to the economic system. The linked models capture the 
effects of the interactions between the hydrologic and the economic systems at high spatial 
and temporal resolutions, ensuring that the model converges to an optimal economic 
scenario that takes into account the spatial and temporal distribution of the water resources. 
The operation and usefulness of the models are demonstrated in a rural catchment area 
of about 10 km2 within the São Francisco River Basin in Brazil. Two droughts of 
increasing intensity are simulated to investigate how farmers behave under rain shortfalls of 
different severity. The results show that farmers react to rainfall shortages to minimize 
their effects on farm profits, and that the impact on farmers depends, among other things, 
on their location in the watershed and on their access to groundwater. 
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1. Introduction 
[2] Demands on freshwater resources are increasing 

worldwide, and in many areas, water supply is a major lim
iting factor for agricultural development [The World Bank, 
2007] with possible negative direct and indirect implications 
for rural poverty. An interdisciplinary assessment of how 
farmers may react to different water policies or environmen
tal scenarios (such as a period of drought) is important from a 
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management point of view, as it may lead to more effective 
and better targeted actions. 
[3] Interdisciplinary models involving hydrology, ecol

ogy, economy, and/or sociopolitical aspects have been 
developed to solve a variety of water-related problems. 
Examples are those intended to investigate optimal strategies 
for water allocation and use between multiple competing 
sectors [Cai, 2008; Cai et al., 2003b; Rosegrant et al., 2000; 
Ward and Lynch, 1996], for conjunctive surface water – 
groundwater use [Burt, 1964; Harou and Lund, 2008; 
Pulido-Velazquez et al., 2004, 2006], for water pricing, irri
gation productivity, and institutional constraints [Characklis 
et al., 1999, 2006; Lefkoff and Gorelick, 1990a, 1990b; Vaux 
and Howitt, 1984], or to investigate ecological and econom
ical aspects [Loucks, 2006; Voinov et al., 1999]. An extensive 
survey of hydroeconomic models applied to different prob
lems is given by Harou et al. [2009]. 
[4] Noel and Howitt [1982] and Lefkoff and Gorelick 

[1990b] present early examples of linked hydroeconomic 
models with an agronomical functions to study water trans
fers and allocation as well as water quality. More recently, 
aiming at large-scale systems, Rosegrant et al. [2000] and 
Cai et al. [2003a] highlighted the role of water and salt 
transport to evaluate soil salinity and water availability usable 
for irrigation, and Guan and Hubacek [2007] investigated 
the feedback between economic activity and water quality. 
Others such as Krol et al. [2006], Medellı́n-Azuara et al. 
[2008], or Harou et al. [2006] focused on the impacts of 
drought and climate change on water availability, agriculture, 
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Table 1. Decision Variables Included in the Economic Model of 

Agriculture 

Decision Variable Supply Limit 

Nonirrigation Inputs 
Land constrained 
Fertilizers unconstrained 
Pesticides unconstrained 
Seeds unconstrained 
Nonirrigation hired labor unconstrained 
Nonirrigation family labor constrained 
Machinery unconstrained 

Irrigation Inputs 
Surface water constrained 
Groundwater constrained 
Irrigation hired labor unconstrained 
Irrigation family labor constrained 
Capital unconstrained 
Electricity/energy unconstrained 

and other socioeconomic characteristics. The models varied 
in approach and level of complexity according to the problem 
to be analyzed. In general, approaches using complex dis
tributed hydrologic models need an externally linked solution 
(only model outputs are exchanged) between the hydrologic 
and the economic components [e.g., Lefkoff and Gorelick, 
1990b; Noel and Howitt, 1982], whereas coupled systems 
integrated in a single set of equations are only possible by 
greatly simplifying the hydrologic component [e.g., Cai et al., 
2003a; Guan and Hubacek, 2007]. In this approach the 
components may transfer and share implicitly both outputs 
and internal variables, allowing for simultaneous and more 
robust implicit solutions of the optimization problem. How
ever, this is done at the expense of potentially drastic spatial 
and temporal aggregation of the hydrologic model, missing 
the chance to study the problems at the scale in which 
hydrology becomes relevant for small farms. 
[5] At the community scale, different farms may compete 

for the available water resources. The spatial location of the 
farms with respect to the water sources matters, especially in 
configurations in which demand is satisfied in a cascading 
manner along a river. Similarly, groundwater drawdown due 
to pumping by large-scale farmers may have spatial impacts 
that may negatively affect smaller neighboring farmers. Also, 
the availability of the water resources changes over time, and 
this seasonality affects the cropping strategy of farmers. 
These effects can be studied only by using a detailed 
distributed and physics-based description of the hydrologic 
system at the appropriate spatial and time scales. 
[6] If the hydrologic module cannot provide information at 

a resolution that properly captures the variability of the 
constraints in space and in time, the optimization of the 
economic inputs may converge to a scenario that is not 
hydrologically feasible even though it is within the con
straints imposed by the hydrologic model. This is because 
the hydrologic modules of previous formulations do not take 
into account the spatial and temporal distribution of water 
within the landscape at the required resolution. For instance, 
while a region may overall have enough water to cover the 
seasonal demand, this water may be unevenly distributed in 
the landscape or unevenly distributed in time so that some 
farms may not have access to it when they need it. 
[7] In this paper we present a hydroeconomic model that 

links a three-dimensional (3-D) comprehensive physics-

based hydrologic model [Panday and Huyakorn, 2004] with 
a nonlinear agricultural economics model based on positive 
mathematical programming [Howitt, 1995] that simulates 
farmer economic behavior and agricultural production pro
cesses. The linkage between the two models is an example 
of how the gap between models that operate at disparate 
temporal and spatial resolutions can be bridged using an 
approach different from the penalty approach used by Cai 
[2008]. The physical base and high spatial and temporal 
resolution of the hydrologic model allow for a rigorous 
evaluation of how the spatiotemporal heterogeneity of the 
environmental factors affects water availability at any point 
in the landscape and how this affect farmers’ economic 
behavior. 
[8] Although multi-input and crop-specific production 

functions have been used in the context of hydroeconomic 
modeling before [e.g., Cai and Wang, 2006; Cai et al., 2008; 
Marques et al., 2006; Ringler et al., 2006], the production 
function implemented in the presented model explicitly 
incorporates effective precipitation as an argument into the 
production function, improving the approach of Brown and 
Rogers [2006] and Brown et al. [2006]. In addition it relaxes 
the assumption of fixed technical coefficients used by Guan 
and Hubacek [2007] and allows farmers to control input 
substitution and to change crop mix and input mix. 

2. Economic Model of Agriculture 
[9] The economic model proposed here is based on a class 

of models commonly referred to as positive mathematical 
programming, or PMP [Howitt, 1995], and widely used in 
applied research and policy analysis [House, 1987; Howitt 
and Gardner, 1986; Kasnakoglu and Bauer, 1988; Lance 
and Miller, 1998]. 

2.1. The Objective Function 
[10] In order to set up the analytical model, it is assumed 

that farmers seek to maximize net benefits derived from their 
farming activities in a given year. That is, 

" # X X 
max net ¼ piqiðX ih; PiÞ - PhX ih - aiX iland - 0:5y iX 2 :iland 

i h 

ð1Þ 

The first term in equation (1) represents the farmer’s revenue 
derived from agricultural activity, where pi is the output price 
of crop product i, which is produced according to a pro
duction function qi(Xih, Pi) to be described in more detail in 
section 2.2; Xih is an i x h matrix that contains information on 
the h agricultural inputs corresponding to each crop i. The 
agricultural inputs are the decision variables that the farmer 
can control to maximize revenues and include land, 
pesticides, fertilizers, seeds, hired labor for irrigation and 
nonirrigation, family labor for irrigation and nonirrigation, 
machinery, electricity used in irrigation, surface water, ground
water, and irrigation capital (Table 1); Pi is the amount of 
effective precipitation (precipitation reaching the soil storage 
used by plants) over the area covered by crop i during its 
growing season. Note that Pi has a seasonal temporal reso
lution and therefore captures the rainfall conditions of the 
period of the year in which the crop is planted. 
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[11] The cost to produce crop i is defined by the last three 
terms of equation (1). The second term is the market prices of 
inputs ph multiplied by the quantity of inputs used to grow 
crop i. The third term is the implicit cost associated with land 
allocation. It has a quadratic specification with parameters ai 
and y i and incorporates the increasing marginal costs asso
ciated with allocating increasing amounts of land to a 
particular crop [Howitt, 1995]. An example of an implicit 
land allocation cost is land quality heterogeneity. As a given 
farmer allocates increasing amounts of land to a specific crop, 
the new land may be of inferior quality and hence crop yield 
may fall. 
[12] While the price of most agricultural inputs (ph) is  

fixed, the cost of groundwater depends on its accessibility. 
Farmers using groundwater pay a unitary price pgw derived 
from the total cost of groundwater pumping (cgw) and the 
depth to water table, which is defined as follows: 

X 
cgw ¼ b · gwi · depth; ð2Þ 

i 

where b reflects the electrical energy required to pump one 
unit of groundwater and other unitary costs associated P 
with extracting water from a well, gwi is the amount of 

i 
groundwater pumped for all crops i, and depth is the depth to 
the water table. In this context, pgw is equal to the derivative 
of equation (2) with respect to the amount of groundwater 
pumped; that is, 

pgw ¼ b · depth: ð3Þ 

[13] In modeling perennial tree crop production, we follow 
the method used by Chatterjee et al. [1998], in which 
perennial crop output is based on ‘‘average’’ production over 
trees of different ages. Also, no lags between observed price 
changes and their realized impacts are explicitly included, 
and the decision-making process modeled is neither designed 
under uncertainty nor based on expectation formation. 
Impacts of changes in relative output and input prices, on 
land allocation to perennials, and on their yields and input 
use are based on the assumption that farmers can change the 
land allocation to perennial crops as quickly as to any annual 
crop, and that they look at observed rather than expected 
output/input prices. 

2.2. Production Function 
[14] The production function qi(Xih, Pi

a) is used to estimate 
the agricultural production of crop i given the set of agricul
tural inputs Xih and amount of actual precipitation Pi

a over 
crop i. A quadratic form of production function together with 
a maximum entropy estimation method is commonly found 
in previous hydroeconomic models [Cai and Wang, 2006; 
Cai et al., 2008; Howitt and Msangui, 2002; Marques et al., 
2006; Ringler et al., 2006]. While the flexibility of the 
quadratic specification is theoretically desirable, it has prac
tical drawbacks in that, to date, no one has shown how to 
bound the estimates of the elasticity of substitution when 
using maximum entropy estimates of a production function. 
Accordingly, we decided to use the more restrictive constant 
elasticity of substitution (CES) specification that enables us 
to impose prior values for the elasticity of substitution on the 
calibration of the production function. Given the micro data 

sets that are used in this study, we are confident that the prior 
specification of elasticities of substitution is preferable to 
unbounded estimates. 
[15] The form of the CES used, though, is adapted accord

ing to whether the crop is rain-fed or irrigated. If the crop is 
rain-fed, the production function is 

ei ! 
gX 

qr ¼ AiPrecipi bih-6X g ; ð4Þi ih-6
h 

where the superscript r stands for rain-fed production 
function; Ai, and the share parameters bih, are production 
function parameters; g = (s - 1)/s; s is the elasticity of 
substitution among inputs; and ei is the return to scale 
parameter. The subscript h - 6 indicates that rain-fed crops 
do not use the six irrigation inputs used exclusively in 
the irrigation systems such as hired labor and family labor 
for irrigation, electricity used in irrigation, surface water, 
groundwater, and irrigation capital. Precipi is defined as the 
ratio between the actual over the expected (e.g., average) 
amount of precipitation, that is, Precipi = P

a
i /P

e
i . 

[16] If the crop is irrigated, the function is 

ei ! 
gX  )gir g

q ¼ Ai bi h-2X þ bw Xi sw  þ Xi gw  þ Pa ; ð5Þi i h-2 i 
h  

where the superscript ir stands for irrigation production 
function; Ai, and the share parameters bih-2, are production 
function parameters. The subscript h - 2 indicates that the 
parameters are for all agricultural inputs h except surface 
and groundwater; bw is the share parameter associated with 
applied water used in the irrigation whether it comes from 
surface water Xisw, groundwater Xigw, or actual precipitation. 
In total there are 12 share parameters in the irrigation pro
duction function. 

2.3. Shadow Prices for Constrained Inputs 
[17] In the case of inputs with limited supplies such as 

family labor, surface water and groundwater, or land, the 
marginal cost of an input is represented by the sum of its 
market price plus its shadow price, l. The shadow prices for 
each nontraded or limited input are the Lagrange multipliers 
that solve a linear programming model, which has as its 
explicit objective the maximization of net income using land 
allocation as the decision variable 

X X 
maxland pi ̂yiXi land - phaihXi land ð6Þ 

i i 

subject to farm-level resource constraints 

X 8 > Land : Xi land < Bland ; < X
 > Family labor :  
i ð7Þ : ai fl  Xi land < Bfl ; 

i 

X 8 > Surface Water : Xiswm 
< Bswm ; < X i ð8Þ >Groundwater : < Bgwm ; : Xigwm 

i 
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and a model calibration constraint [21] The total amount of water used in month m to produce 
crop i, which can come from surface water and from ground-

Xi land < X̂ i land ; ð9Þ 
water sources, is 

X X X 
the new symbols being ŷ, the yield per hectare of land 
dedicated to crop i, and aifl, the amount of family labor used 
per hectare (Xifl/Xiland). Bland, Bfl, Bswm, and Bswm are the total 
availability of land, family labor, surface water, and ground
water, respectively. The subscript m in equation (8) indicates 
that the constraints are given for each month m. Equations (8) 
and (9) assure that the total amount of land, family labor, 
surface water, and groundwater used do not exceed the 

^available amounts. In equation (9), X iland is the total amount 
of land allocated to crop i that is observed by researchers; this 
constraint prevents specialization and preserves observed 
crop allocation patterns while estimating shadow values of 
limited or nonmarketed inputs. 
[18] In the resulting Lagrangian function, the Lagrange 

multipliers are the shadow values (lland, lfl, lsw, and lgw) 
associated with the resources constraints (equations (7) and 
(8)) and are needed in the calibration of the production 
function (Appendix A). For the model calibration constraint 
(equation (9)), the associated Lagrange multiplier, say, li , 

land 
measures how much farmers gain by reallocating one unit of 
land from the least profitable crop to a more profitable crop i 
(see section 3). Notice that although the shadow values 
associated with the fixed supply resources such as land, 
family labor, and water may change from farmer to farmer 
and are not crop specific, the Lagrange multiplier associated 
with equation (9) is farmer and crop specific. 
[19] To operate within the constraints set out in equation (8) 

at a monthly time step, information is collected on the dates of 
planting and harvesting for each crop i, and for each farmer 
during the 365 days (n) of the year. Then, assuming that each 
crop has four growth stages, each with an associated water 
crop coefficient kc and using the reference crop evapotrans
piration Eto method [Allen et al., 1998], the agronomicaly 
optimal evapotranspiration for each crop i on day n is 
kcinEton. For those days in which kcinEton > Pn

a, call Zin 
the difference between kcinEton and Pn

a , Zin = kcinEton -
Pn

a. For kcinEton < Pn
a , Zin is truncated at 0. The sum of Zin P365

annually takes then the form of Zin, where n = 1 refers nþ1 Pf
to 1 September, and monthly, the form of n¼sZin, where s 
and f are the starting and ending day, respectively, of each 
month. 
[20] Using these annual and monthly sums of Zin, we  

can calculate the percentage of water demand per crop i per 
month m (Metim) as the monthly share of the total water 
deficit: 

f X 
Zin 

Metim ¼ n¼s ; ð10Þ 
365 X 

Zin 

n¼1 

)
Xiswm þ Xigwm ¼ Metim  aisw þ aigw  Xiland ; ð11Þ 

i i i 

where aisw and aigw are respectively the seasonal amounts of 
surface water and groundwater applied per hectare (Xisw/ 
Xiland) and (Xigw/Xiland), respectively. Equation (11) together 
with equations (7), (8), and (9) form the set of constraints for 
the linear optimization problem. 

3. Implementation of the Economic Model 
of Agriculture and Estimation of Parameters 
[22] The parameters for the CES production function 

(equations (4) and (5)) are found experimentally. Estimation 
of the full set of parameters for the production function 
with seven inputs in equation (4) requires each crop i to be 
parameterized in terms of seven share parameters bih-6, one 
return to scale parameter ei, and the crop-specific parameter 
Ai; and 12 share parameters bih, one returns-to-scale param
eter ei, and the crop-specific parameter Ai in equation (5). For 
the estimation of the parameters, Precipi is set to a value of 1. 
[23] Typically, the very limited degrees of freedom avail

able for parameter estimation may require their estimation by 
methods such as maximum entropy [Golan et al., 1996; 
Jaynes, 1957; Mittelhammer et al., 2000; Paris and Howitt, 
1998]. In this paper we follow an analytical rather than 
an econometric approach in which the parameters are calcu
lated using economic optimality conditions. We assume that 
there is no difference between the marginal productive 
effects between groundwater, surface water, and precipita
tion (i.e., @qi/@swi = @qi/@gwi = @qi/@P). 
[24] Formally, the optimality equations for each input can 

then be defined as 

Unconstrained inputs 

@qi 
pi ¼ pu
@Xiu 

Irrigation and nonirrigation family labor 

@qi 
pi ¼ lfl
@Xi fl  

Land 

@qi 
pi ¼ pland þ lland þ li 

land@Xiland 

Surface water 

@qi 
pi ¼ psw þ lsw
@Xisw 

where m = 1,  . . ., 12 (month 1 refers to 2 September to 
Groundwater 

3 October to November and so on). The optimal amount 
of applied surface water and groundwater allocated to crop i 

@qiin month m is Xi = Meti Xi and Xi = Meti Xi . pi ¼ b · depth þ lgw: ð12Þ 
swm m sw gwm m gw @Xigw 
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[25] For the unconstrained inputs (identified by sub
script u), the unitary costs are simply their market price. For 
the constrained inputs each unitary cost is the sum of their 
purchase price and shadow values lland, lfl, lsw, and lgw, 
respectively. In addition, in the case of land there is a further 
marginal cost component li that is crop and farmer 

land 
specific. This component results from the calibration con
straint represented by equation (9). Thus the total marginal 
cost associated with land allocation to crop i is composed of 
the amount a farmer pays per hectare (market price), plus 
the shadow value lland representing resource constraints, 
plus another shadow value li representing the increasing 

land 
marginal cost of assigning new land to crop i. 
[26] Subscript u in the previous equation indicates the 

unconstrained inputs in X (i.e., fertilizers, pesticides, seeds, 
hired labor, hired labor for irrigation management, machin
ery, capital, and electricity). By algebraically manipulating 
the optimality equations, we reach expressions for each of the 

crops (ei = e = 1) and a value of 0.25 for the elasticity of 
substitution (s). In the current model we further assume one 
elasticity of substitution for all inputs (they can be all equally 
substituted). For the calculation of parameters ai and y i of 
equation (1), see Appendix B. 

4. Economic Model at Simulation Time 
[27] Equation (13) uses the parameterized CES production 

Unlike in equations (7) and equation (11), equation (14) does 
not use fixed amounts per hectare but total inputs, indicating 
that the assumption of fixed input proportions has been 
relaxed. The subscript m indicates that the water constrains 
are given on a monthly basis for each water source. 

5. Hydrologic Model 
[28] In order to simulate the spatial and temporal 

impact of water reallocation derived from agricultural activ
ities, a fully coupled physics-based 3-D hydrologic model 
[HydroGeoLogic, Inc., 1996; Panday and Huyakorn, 2004] 
was used. The hydrologic model uses finite differences to 
solve a two-dimensional form of the diffusion wave approx
imation of the Saint-Venant equation for surface flows, a 1-D 
solution of the diffusion wave for channel flow, and a 3-D 
solution for variably saturated soils of Richards’ equation to 
simulate subsurface flows. By solving Richards’ equation 
for variably saturated flows, the entire subsurface domainparameters bih, and Ai as ^ functions of input prices, output 
(saturated and nonsaturated) is solved simultaneously withprices,  and input quantities (see Appendix A).  For 
the same equation. The interaction terms between the three this exercise we assume constant returns to scale for all 
domains that allow their coupling are [HydroGeoLogic, 
Inc., 1996] 

)
qgc ¼ Kc hc - hg ¼ Qgc =LPups )
qgo ¼ Kg ho - hg ¼ Qgo =ðDxDyÞ pffiffiffiffiffi 
free Þ3=2¼ Qfree q ¼ Cd 2gðho - Zbank =ðDxDyÞ; ð15Þ oc oc 

where qgc indicates fluxes between groundwater and channel 
[LT -1 is a conductance coefficient [T -1], Kc ], hc is hydraulic 

^^

q (for irrigated and nonirrigated crops) to find the 
optimal set of inputs that maximizes net revenues head in the channel [L], hg is hydraulic head in the subsurface 

system [L], Qgc is the volumetric flow across the boundary X [L3 T -1], L is the length of the reach segment [L], and Ñ ups is 
max 
X the upstream wetted perimeter [L]; qgo is the flux between the 

i " # subsurface and the surface domain [LT -1], Kg is a 

q q aiXiland y i^

^

^

function

conductance coefficient across the boundaries [T -1], ho isX 
X 2 iland 

irr 
i ðXih; PiÞ þ  pi ð Þ 0:5Xih; Pi phXih · - - -pi i the head at the surface [L], Qgo is the volumetric flux across 

h 
T -1the boundary [L3 ], and DxDy is the area of the cell ð13Þ 2through which the interaction occurs [L ]. The interaction 

between the overland flow and the channel flow domains are 

when farmers are subject to resource and water availability 
constraints: 

X 
Land Xiland < Bland 

i 

X 
Family labor Xifl < Bfl 

i 

X 
Surface water Xiswm < Bswm 

i 

X 
Groundwater Xigwm < Bgwm 

i 

X X X )
Xiswm þ Xigwm ¼ Metim Xisw þ Xigw : ð14Þ 

i i i 

free given by qoc in case the interaction can be described as a 
free-flowing weir (channel discharge is below the banks, no 
flooding) [LT -1]; Cd is the weir discharge coefficient [], g 
is the gravitational constant [LT -2], Zbank is the channel 
bank elevation [L], and Qoc is the volumetric flow across the 

T -1bank [L3 ]. 
[29] The flow through the well is governed by a 1-D vari

ably saturated flow equation [HydroGeoLogic, Inc., 1996]: 

( )
@ rg @hw @Sw @hw2 r krw ¼ þ SwSs ; ð16Þ w@l 8m @l @t @t 

where l is distance along the well screen [L], r is the density 
T -1of water [ML -3], m is the viscosity of water [ML -1 ], rw 

is the radius of the well [L], krw is the relative permeability 
within the well cell, Sw is the dimensionless saturated 
thickness of the well cell (ratio of saturated thickness to cell 
thickness), Ss is the wellbore specific storage [L 

-1], and hw 
is the hydraulic head in the well [L]. Water withdrawals are 
applied to the bottommost screened node of the well and the 
formulation appropriately distributes the contribution of each 
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screened node to the well yield. A variety of modules are 
included to simulate wells, weirs, reservoirs, water diver
sions, and other hydraulic structures [HydroGeoLogic, Inc., 
1996]. 
[30] The hydrologic model operates in stress periods 

similar to MODFLOW [McDonald and Harbaugh, 1988]. 
A stress period is defined as a time span in which the 
boundary conditions of the system are constant throughout 
the spatial domain. Conveniently and unlike MODFLOW, 
transient boundary conditions (precipitation and reference 
evapotranspiration) can be entered in the hydrologic model 
using time series with arbitrary time resolution within stress 
periods. 

6. Model Linkage 
6.1. Common Terms 
[31] During a simulation run, the economic model solves 

for the values in the input matrix Xih that maximizes equa
tion (13). The optimized applied water for each crop using its 
optimal proportions of surface water Xisw and groundwater 
Xigw as well as the optimized land allocated for each crop 
Xiland provides the common terms connecting the economic 
model to the hydrologic model. 
[32] This information is used to calculate the rates of 

applied water for each crop, the water diversions from the 
reservoirs or wells, and the area dedicated to each crop, which 
are the needed boundary conditions to run the hydrologic 
model and that provide the link from the economic to the 
hydrologic module. The rate of applied water (R) per unit area 
on crop i at growth stage u is calculated as proportional to the 
crop coefficient at u: 0 1 ,B kciu C

Xiaw 
X @ A

kciu 
u 

Riu ¼ ; ð17Þ ·Xiland Dtiu 

where kciu is the given crop coefficient for crop i during 
growing stage u, Xiaw is total applied water to crop i (Xiaw = 
Xisw + Xigw), and Dtiu is the time length of the growth period u 
for crop i. Therefore water is assumed to be evenly applied 
within each growing stage but can be different across growth 
stages. 
[33] The water diversion rate D from each water source 

w (surface reservoirs or wells) at a given stress period t is 
calculated as the sum of the water demand from that source: 

Dwt 

0
 > X
 8 > > @> > RiuXiland > < i retrieving
 
water from v ¼ 0 > X > > >@> > RiuXiland : 
i retrieving 

water from v 

1 (  )
swi A if surface water ð ÞXiawnisw 1 t ;!  
gwi A ) if groundwater 

Xiawnigw
t 

ð18Þ 

where ni is the number of surface water sources and ni sw gw 

is the number of groundwater sources involved in the 
water supply to crop i at a given period t and (swi/Xiawnigw) 
and (gwi/Xiawnigw) are the proportion of total demand that 
would correspond to each surface and groundwater source, 
respectively. A computer program was developed to read the 

output of the economic model and produce the necessary 2-D 
arrays (raster layers) needed to run the hydrologic model. The 
land allocated to each crop is given by the economic model as 
a proportion of the total arable land in each farm. Going from 
top to bottom and left to right in the raster image, pixels in the 
farm that are not already assigned to a crop are allocated to the 
new crop until the optimal allocated area is achieved. 
Similarly, a set of layers holding the values of R at each 
growth period u are given for each pixel associated with crop i 
are created and information on the values of D for each water 
source w at each period t is also properly formatted to be used 
by the hydrologic module. This computer program facilitates 
the iteration processes by taking the required information 
from the economic model and outputting the set of raster 
layers with spatial information in a format ready to be used by 
the hydrologic model. 
[34] Once the hydrologic model is run, the water con

straints calculated by the hydrologic model provide the link 
between the hydrologic and the economic model closing the 
iteration loop. The constraints for each surface water source 
(potential water availability) to the economic model are 
approximated by aggregating per month the incoming flux 
information 

Z m2 

Bswm ¼ Som1 þ Qinð Þt dt; ð19Þ 
t¼m1 

where Bswm 
is the total potential surface water available for a 

given source (lake, pond, river reach) at month m, So is the 
m1 

water stored in the source at the beginning of month m1, m2 

indicates the time at the end of the month, and Qin is the 
incoming discharge to the source. 
[35] Similarly, the maximum potential available ground

water during month m is approximated by multiplying the 
wetted perimeter of the well times the average hydraulic 
conductivity of the soil around the well (Ks), dm being the 
distance between the water surface in the well and the well 
bottom and rw being the radius of the well: 

Bgwm ¼ dm · 2prv · Ks · ðm2 - m1Þ: ð20Þ 

Note that only an approximation is needed since the actual 
water availability will be calculated and updated each time 
the hydrologic model is run. Convergence is discussed later. 

6.2. Bridging Between Disparate Time and Spatial 
Model Resolutions 
[36] One requirement for model linkage is to bridge the 

different spatial and temporal resolutions at which each 
model operates. The economic model operates at a spatial 
resolution corresponding to the farm or household level while 
its temporal resolution is a year, although it operates implic
itly using monthly information on water availability. The 
hydrologic model typically operates at a finer spatial and 
temporal resolution. Depending on the size of the basin, the 
volumetric grid size used to partition the space ranges from 
decameters to 1 km on the sides and from decimeters to 
several meters in depth. The temporal resolution is deter
mined by the speed at which the processes occur, typically 
minutes to hours. 
[37] The economic model is technically nonspatial. The 

relative position of the farms is implicit in the water con
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Figure 1. Schematic of the loop between the hydrologic and the economic model of agriculture. 
The modules iterate until the economic model converges to a state that is consistent with the available 
resources. 

straints (farmers at the end of the pipeline or water sources 
with smaller contributing areas will face tighter water con
straints). In addition, it captures implicit temporal informa
tion about planting dates for crops through their different 
calculated water demands (crops in the dry months will need 
more supplemental water). Spatial and temporal coherence of 
the system is therefore kept by the spatially distributed 
hydrologic model because it explicitly contains spatial and 
temporal information about the landscape and the boundary 
conditions. Setting the initial crop mix and planting calendar 
similar to the observed and agricultural activities ensures that 
the models captures what the farmers actually did during 
the survey period. In the economic model the watershed is 
disaggregated according to categories of farmers, determined 
by the size of the farm. 
[38] Figure 1 summarizes the linking scheme. When the 

hydrologic model is run, the available water for irrigation 
from surface water and from groundwater via depth to the 
water table (in the case of wells) are calculated at the point 
sources (wells, lakes, etc.) and the time series are aggregated 
to provide the economic models with monthly information on 
available water volume and average water table depths. The 
economic model then operates with that information and 
recalculates the optimal cropping mix and use of water. Once 
the new crop scenario is calculated, the spatial and temporal 
information, contained in an aggregated form in the economic 
model, is restored in the hydrologic model. The generated 
information provides the hydrologic model with updated 
crop areas, updated water diversions from the different 
sources, and updated applied water per crop. This process 
is run iteratively until convergence occurs. The system 
converges when for nonwater-binding conditions the 
changes in cropped areas are smaller than a predefined 

percentage or, in the case of binding (water restricted) 
conditions, when the water demand for the optimal crop 
mix is met by the hydrologic system. 

6.3. Iteration Procedure During Model Run 
[39] The model interaction occurs explicitly in a linked 

scheme, so the models are run sequentially and the feedback 
information is updated after each model run. The economic 
model provides the boundary conditions to the hydrologic 
model, which in turn provides the water constraints to the 
economic model as previously explained. 
[40] During the first iteration, the hydrologic model is run 

with no water diversions and no applied irrigation water (a 
hydrologic system without agricultural load). The simulated 
flows and water table depth in wells represent the water 
availability under natural conditions, which is aggregated by 
month using equation (19) and equation (20). This informa
tion is used in the economic model (as restrictions in water 
availability implemented in equation (14)) to produce the 
optimal crop pattern with the available water according to the 
production functions (qi). The crop areas, applied water, and 
the surface water – groundwater trade-off calculated by the 
economic model are used to calculate the rate of applied 
water and rate of water diversions from the different water 
sources in the hydrologic model using equation (17) and 
equation (18). The hydrologic model is run to test the 
feasibility of the scenario and evaluate the hydrologic impact 
of the water allocation. Farmers diverting from sources 
upstream are optimized first. 
[41] Because total inflows are not evenly distributed dur

ing a month and flows fluctuate about the average, instanta
neous potential water availability may be different from 
monthly average potential water availability. Thus, unless a 
large reservoir functions to provide steady water availability, 
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Figure 2. Location of farmers, center pivots, reservoirs, and wells within the Buriti Vermelho catchment 
area. 

the water that can be diverted at a specific rate may be deter
mined by the lower flows and therefore be smaller than the 
potential water availability as calculated by equation (19). In 
that case, especially when water availability is binding, a 
farmer may not be able to sustain the irrigation at the optimal 
rate predicted by the economic model because this prediction 
is based on steady monthly potential water availability rather 
than on instantaneous potential water availability. Because 
this problem is difficult to solve given the disparate temporal 
resolutions of the economic and hydrologic models, a heu
ristic approach is used in order to calculate optimal water 
application according to actual availability. When the calcu
lated water diversion rate cannot be sustained during a month, 
the original potential water availability used by the economic 
model for this month is decreased by a small arbitrary value 
(e.g., 10%) and the crop areas, amount of applied water and 
its surface – groundwater trade-off are recalculated using the 
economic model. 

7. Modeling Scenario 
[42] In order to test the model, a demonstration setup 

using information obtained for a rural watershed in Brazil 
was used. This rural catchment (Figure 2), located near 
Brası́lia, is a first-order basin of 9,407,100 m2. Its climate 
is tropical, with a clearly defined dry season during the 
Brazilian winter months of June through September. Sup
plemental irrigation during this season offers the potential 
to expand the production and increase net profits. The 
soils are considered to be 16.5 m deep to bedrock, forming 
a single-layered, unconfined aquifer [Campos and Freitas-
Silva, 1998]. 

7.1. Implementation of the Hydrologic Model 
[43] The model was run using a digital elevation model 

(DEM) with 30 m grid spacing. Vertically the model was 
discretized in 10 layers of variable depths. The first layer is 
0.5 m deep, the next two layers are 1 m deep, and the 
remaining seven layers are 2 m deep. The channel is 
composed of a single reach with 154 segments 30 m long 
each. Each segment is 4 m wide and 2.5 m deep. The 
hydrologic model assumes soils with 0.52 porosity, 0.24 
volumetric residual water content, 0.37 volumetric soil 
moisture at field capacity, and 0.29 volumetric soil moisture 
at wilting point. The assigned horizontal hydraulic conduc
tivity was 0.037 m h -1, and the vertical hydraulic conduc
tivity was 0.0037 m h -1. 
[44] Five reservoirs are built at different points, but only 

two reservoirs supply water for irrigation (Figure 2). Reser
voir 2 has a maximum storage capacity of about 2400 m3, and 
reservoir 5 has a maximum capacity of about 1800 m3. 
Groundwater is used only for irrigation of gardens and groves 
in small properties within the community of farmers (farmer 
4). A field of 24 wells is set within the community (Figure 2). 
The assigned proportion of groundwater extraction for irri
gation is equally distributed between the 24 wells. Note that 
this does not mean that all wells can sustain the same amount 
of groundwater extraction (which depends on the depth and 
location of the well). The hydrologic model will indicate if 
any of the wells fails to produce the prescribed water. In that 
case, a new more restrictive groundwater availability con
straint will be imposed in the next model iteration. 

7.2. Implementation of the Economic Model 
[45] Regarding socioeconomic characteristics, the Buriti 

Vermelho subcatchment area is a small watershed composed 
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Table 2. Farm Water Sources and Productsa 

Activity Water Source Irrigation Technology 

Large-Scale (Farm 1) 
Irrigated corn adjacent watershed center pivot 
Rain-fed corn 
Irrigated beans adjacent watershed center pivot 
Irrigated wheat adjacent watershed center pivot 
Rain-fed sorghum 
Rain-fed soybeans 

Large-Scale (Farm 2) 
Rain-fed corn 
Irrigated beans reservoir 5 center pivot 
Irrigated wheat reservoir 5 center pivot 
Rain-fed soybeans 

Medium-Scale (Farm 3) 
Irrigated corn reservoir 2 sprinklers 
Irrigated beans reservoir 2 sprinklers 
Irrigated limes reservoir 2 sprinklers 
Irrigated vegetables reservoir 2 drip 
Irrigated orchard crops reservoir 2 sprinklers 
Rain-fed pasture 
Rain-fed soybeans 

Small-Scale (Farm 4) 
Irrigated limes reservoir 2 and well field sprinklers 
Irrigated vegetables reservoir 2 and well field sprinklers 
Irrigated orchard crops reservoir 2 and well field sprinklers 
Rain-fed pasture 

aSource, University of California, Davis/Embrapa field data. 

of several types and scales of farming activities. Circles in 
Figure 2 identify the location and size of capital-intensive 
center-pivot irrigation schemes. Large patches of rain-fed 
agriculture remain in the Buriti Vermelho as the areas outside 
the center pivots for farmers 1 and 2. The tube well field is 
operated by an ensemble of small-scale farmers, which are 
grouped as farmer 4. The reservoirs from which farmers 
withdraw surface water are labeled. 

[46] We identify four archetypical farm scales (seeTable 2). 
Farms 1 and 2 are large-scale grain farms using center-pivot 
irrigation technology. Farm 3 can be viewed as a medium-
scale operation with a diverse product mix. Farm 4 is a col
lection of homogeneous small-scale operations, each com
posed of multiple crops grown on about 3.8 ha each. Most of 
the descriptive data in this demonstration appear in Table 3. 
Data on the quantities of other inputs such as fertilizers, 
pesticides, and electricity were omitted for the sake of clarity. 
Farmers (of all scales of operation) in the Buriti Vermelho are 
assumed to be price takers. There is currently no market for 
water. 

7.3. Baseline and Drought Scenarios 
[47] On the hydrology side, a calibration run using rainfall 

and potential evapotranspiration data for the 2005 agricul
tural year is set as the baseline reference scenario as listed in 
Table 2.Water supply from the center pivots used by farmer 1 
is imported from the adjacent basin, and it is assumed that the 
external source can satisfy the demand of the farmer (irriga
tion activity by farmer 1 is not constrained by water avail
ability within the catchment area being modeled). Farmer 2 
pumps water from reservoir 5 to supply water to the only 
center pivot situated near the basin outlet. Farmers 3 and 4 
divert surface water from reservoir 2. In addition, farmer 4 
has access to the well field to irrigate their small properties. 
The groundwater demand by farm 4 is divided homoge
neously across the 24 wells. There are no water rights in 
place; farmers withdraw water from the sources to satisfy the 
demand that maximizes their net revenues given the physical 
and resource constraints. 
[48] On the economic side, a calibration run was per

formed with the baseline data in Table 3 (plus the data, by 
crop and farmer, on other input quantities: fertilizers, pesti
cides, seeds, machinery, electricity used in irrigation, and 

Table 3. Selected Baseline Values of Agricultural and Water Use Characteristics, by Farm Type 

Water Use 
(m3 ha -1 yr -1) 

Farm Type and Planted Area Yield Total Annual Net Revenue Hired Labor Use 
Agricultural Activity (ha) (tons/ha -1 or heads ha -1) (1000 Brazilian Reais) (person-day ha -1) Surface Water Groundwater 

Large-Scale (Farm 1) 
Irrigated corn 157 9.0 141.7 0.9 3358 0 
Rain-fed corn 126 5.5 68.1 0.2 0 
Irrigated beans 157 3.0 224.5 1.1 584 0 
Irrigated wheat 86 5.5 72.9 0.9 4270 0 
Rain-fed sorghum 80 3.6 30.2 0.2 0 0 
Rain-fed soybeans 206 3.6 145.9 1.0 0 0 

Large-Scale (Farm 2) 
Rain-fed corn 314 4.5 128.7 0.2 0 0 
Irrigated beans 42 2.9 32.9 1.1 1572 0 
Irrigated wheat 20 4.9 15.8 1.8 4282 0 
Rain-fed soybeans 318 3.1 168.7 1.5 0 0 

Medium-Scale (Farm 3) 
Irrigated corn 4 7.5 2.1 1.6 2300 0 
Irrigated beans 4 2.8 2.9 2.6 1806 0 
Irrigated limes 3 11.2 5.3 7.4 3200 0 
Irrigated vegetables 9 20.0 56.5 16.2 2670 0 
Irrigated orchards 3 14.0 13.0 18.3 3000 0 
Rain-fed pasture 2 2.0 0.8 2.0 0 0 
Rain-fed soybeans 4 2.9 1.5 0.8 0 0 

Small-Scale (Farm 4) 
Irrigated limes 28 14.0 118.5 7.4 2662 0 
Irrigated vegetables 37 16.0 158.9 3.8 3857 0 
Irrigated orchards 19 10.8 61.9 14.5 4014 0 
Rain-fed pasture 10 15.0 52.3 5.1 0 0 
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Figure 3. Calculated water storage (thin curve) and water diversions (bold curve) from reservoir 2 for the 
baseline simulation. The large fluctuations in storage are due to the small size of the reservoir with respect to 
the inflows. Reservoirs in the study area were built to maintain the water levels above the diversion channel 
and not to store water. 

irrigation capital). Using these data, parameter values for the 
rain-fed and irrigated crops production functions were cal
culated and introduced to equations (4) and (5). The param
eterized production functions were then used in the model set 
up by equations (13) and (14). The results from this optimi
zation run in terms of crop and input mix, including surface 
and groundwater use, were then verified against the baseline 
values. Ninety-two percent of the differences between what 
the model predicts and the baseline data were within an 
acceptable range between 0% and 4%. In this fashion, the 
economic model was then considered as calibrated. 
[49] In order to assess the response of the hydrologic and of 

the economic systems two more optimization runs were done 
simulating droughts of different severities with respect to the 
baseline case. In the drought scenarios, all is kept identical as 
the baseline except for 25% and 50% reduction in precipita
tion and 15% and 25% increase in evapotranspiration for 
drought scenarios 1 and 2, respectively. The exercise is 
intended as a sensitivity analysis to test the models and give 
guidance to drought policy making. 
[50] Finally, it is worth noting that the effect of the 

elasticity of substitution parameter on the results was evalu
ated. A sensitivity analysis was run using elasticity of sub
stitution parameter values ranging from 0.25 to 0.8. This 
analysis showed that in this range there is little variation in 
the outputs and thus does not carry into the results presented 
below. 

8. Results 
8.1. Baseline Scenario 
[51] After running the model for the baseline scenario, 

surface water was not binding for farmers, so there was no 
need to resort to groundwater for irrigation. Farmers 3 and 4 
withdrew water from reservoir 2. The evolution of the storage 
in this reservoir and the rate at which water is diverted 
(demand) is shown in Figure 3. The most intense diversions 
from the reservoir were at the beginning of the simulation 
period, which is the end of the dry season. There is one short 

h -1pulse of water demand of about 128m3 that soon drops to 

h -1 h -1about 101 m3 and then further to about 37 m3 . Those 
water withdrawals correspond to irrigation of the last stages 
of crops planted the previous season that gradually decrease 
as the crops are harvested. By November, the wet season 
has begun and crop water requirements were satisfied by 
incident rainfall, but by early March and until April the 
decrease in precipitation made some supplemental irrigation 
necessary. 
[52] As the dry season advanced the demand for irrigation 

increased to an average constant requirement of about 74 m3 

h -1 from mid-April through the end of the season. Farmer 2 
supplied water to the center pivot from reservoir number 5 
(Figure 4). The pivot irrigated the last stages of crops planted 
at the end of the dry period the previous season causing a 

h -1demand peak of over 90 m3 for a short period. Farmer 2 
h -1started irrigation at a demand rate of 57 m3 again in late 

March when he grows beans, although water requirements 
h -1decreased between 20 and 30 m3 later in the dry season 

when he grows wheat. The inflows to both reservoirs were 
typically larger than the water demands so a decline in the 
storage is only clearly noticeable during very high demand 
peaks (recovery of storage when high demand loads at the 
beginning of the simulation period decrease). Therefore, 
because surface water was not binding to farmers, no ground
water was extracted for irrigation. 
[53] The results of the baseline for crop mix, irrigated 

areas, yield, net revenues, labor use, applied water, and water 
productivity is shown in Table 3. Farms 1 and 2 are large-
scale farms with large rain-fed areas and center pivots to 
irrigate corn, dry beans, and wheat. Farm 1 irrigated 157 out 
of the 283 ha of corn planted (total size of the center pivot) 
and 157 ha of beans. Irrigated corn and irrigated beans were 
their most profitable crops. Dried beans along with rain-fed 
soybeans were the most labor demanding crops. Farm 2 did 
not irrigate corn but irrigated all the beans and wheat planted 
under the small center pivot. Rain-fed corn and irrigated 
beans were the most profitable crops. Farmer 3 is a more 
diversified farmer and irrigated all crops except pasture and 
soybeans. Vegetables and orchard crops were most profitable 
but also the most labor intensive. Farmer 4 is a set of small
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Figure 4. Calculated water storage (thin curve) and water diversions (bold curve) from reservoir 5 for the 
baseline simulation. The large fluctuations in storage are due to the small size of the reservoir with respect to 
the inflows. Reservoirs in the study area were built to maintain the water levels above the diversion channel 
and not for water storage. 

scale producers with small irrigated plots. They irrigated all 
products except pasture. Vegetables and limes were the most 
profitable crop. 

8.2. Drought Scenarios 
[54] The water available for irrigation in the basin is 

strongly influenced by the decrease in precipitation and 
increase in atmospheric demand set in the drought scenarios. 
The effects of the drought are not the same for all farmers and 
at all times. There is a strong spatial and temporal component 
in the availability of water and in its demand. Figure 5 shows 
the evolution of the water storage and the change in water 
diverted from reservoir 2 for the two drought scenarios run in 

the simulation. The reduction in inflows to the reservoir for 
drought scenario 1 forces farmer to react, which is reflected 
in reduced water diversions respect to the baseline scenario. 
Still, the reductions are small (between 2% and 9% with 
respect to the baseline), indicating that water is not strongly 
binding. In fact, there is about a 2% increase in the water 
diverted from the reservoir between September and October 
with respect to the baseline case to partially compensate for 
the rainfall shortfalls. 
[55] For the other more severe drought scenario, the impact 

on the inflows to the reservoir and on the reservoir storage 
was enough to make surface water strongly binding to farm
ers during the entire year. Still, irrigation during the wet 

Figure 5. Calculated water storage (thin curves) and change in water diversions from reservoir 2 with 
respect to the baseline simulation (bold curves) for the 25% precipitation reduction (black lines) and the 
50% precipitation reduction (gray lines) scenarios. The large fluctuations in storage are due to the small size 
of the reservoir with respect to the inflows. Reservoirs in the study area were built to maintain the water 
levels above the diversion channel and not for water storage. 
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Figure 6. Proportion of groundwater in total applied water 
by farm 4 for the two drought scenarios. 

season was not necessary. In many months farmers drew 
water from the reservoir at the maximum rate allowed by 
inflows (the reservoirs are small and are only used to min
imize fluctuations in the elevation of the water surface to 
ensure a steady hydraulic head and not as an effective water 
storage). In the severe drought scenario, water became the 
main limiting factor for agricultural productivity and farmers 
maximized the use of water and finished the year with an 
empty reservoir. 
[56] Overall, a reduction of 25% in precipitation forced a 

reduction of diverted water from the reservoir an average of 
3% with peak reductions of 9% with respect to the amounts of 
water diverted the baseline year. A 50% precipitation short
fall reduced diversions an average of 13% although those 
reductions were as high as 45% at the beginning of the 
simulation period. Because water became a limiting factor for 
productivity during the droughts, pumping groundwater 
started to be profitable for farm 4. Figure 6 shows the 
proportion of applied water from groundwater for farm 4. 
For a 25% reduction in precipitation a supplement of ground
water (12 – 29% of total applied water) was only necessary to 
finish the crops at the end of the dry season. For the 50% 
reductions in precipitation, groundwater proportions of total 
applied water by farm 4 increased between 40% and 55% 
from September to November. 
[57] After the wet season, �16% of applied water was 

from groundwater. The groundwater supplements were 
smaller at the end of the period compared with the rate at 
which groundwater was pumped at the beginning because a 
larger amount of water was required (longer irrigation period 
after the wet season) and the groundwater table elevation did 
not recover compared with the baseline initial depth, and 
therefore its pumping cost remained high as the season 
advanced (Figure 7). It should be kept in mind that the 
drought scenarios have a reduction in precipitation and an 
associated increase in atmospheric demand, which increases 
water consumption by plants, accelerates evaporation from 
reservoirs, and reduces groundwater recharge. 
[58] The water diversion operations in reservoir 2 strongly 

affected reservoir 5 and the behavior of farm 2 (Figure 8). 
With 25% reduction in precipitation, farm 2 increased irri
gation when possible to make up for the rain shortfall. In this 
scenario farm 2 diverted �25% more surface water to 
increase irrigation at the end of the wet season, when water 
was still available, to compensate for the reduced rainfall and 
for the loss of productivity in rain-fed crops. As the dry 
season continued, the intensification of diversions from 
reservoir 2 reduced the water inflows to reservoir 5, forcing 
farm 2 to reduce irrigation to almost 40% of the water 

diverted in the baseline scenario. For the more severe 50% 
rainfall reduction drought scenario, water availability in 
reservoir 5 became more restricted and farm 2 lost the 
opportunity of increasing irrigation even for a short period 
at the end of the wet season. Unlike the 25% precipitation 
reduction scenario, water diversion at the end of the wet 
season for the 50% rain shortfall was reduced almost 20% 
with respect to the baseline amount. Later in the dry season, 
as water became even less available because of the drought 
and the intensified water use upstream, the water diverted 
from the reservoir was severely reduced to 65% of the 
baseline amounts. 
[59] In general, farmers reacted to reduced rainfall by 

decreasing the applied water per hectare and therefore 
stressing the crops and accepting productivity losses. The 
sharpest reduction in applied water was by farm 2 for wheat 
(Figure 9). Farmer 2 is at the end of the river channel drawing 
water from reservoir 5, which receives the remnant water 
once the other farmers have withdrawn water from reservoir 2 
located upstream. 
[60] Farm 3 had a small total irrigated area and withdrew 

water from reservoir 2 having maximum accessibility to the 
available surface water and so did not significantly stress the 
crops but rather increased the amount of supplemental 
irrigation for corn, limes, and vegetables to compensate for 
decreased precipitation. The lower levels in reservoir 2 had a 
larger effect on farm 4 because his total irrigated area is larger 
than for farm 3 and therefore required more water. Even 
though farm 4 had access to groundwater, farm 4 still reduced 
applied water per hectare for vegetables and fruits. 
[61] Farmers also reacted by changing the cropped areas 

for the products they grow (Figure 10). For each drought 
scenario, the area planted with rain-fed crops (e.g., pasture, 
soybeans, and sorghum) was either sharply reduced (e.g., 
pasture for farm 3 or 4 or soybeans for farms 2, 3, and 4 for 
drought scenario 1) or totally eliminated (pasture for farm 4, 
drought scenario 2). Typically those reductions in rain-fed 
crops were compensated by increasing the areas dedicated 
to irrigated crops. This reshuffling of crop mix in response to 
water scarcity is a result of the nonuniform marginal contri
bution of water to farm level profitability and to the farmer’s 
effort to allocate the increasingly scarce water to the most 
profitable crops at the different periods of the year. 

Figure 7. Depth to the water table in one of the wells used 
by farm 4. 
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Figure 8. Calculated water storage in (thin curves) and change in water diversions from reservoir 5 with 
respect to the baseline case (bold curves) for the 25% precipitation reduction (black lines) and 50%. 

[62] As indicated by hydrologic results, farmers’ reactions That farm reacted to the decrease in precipitation by reducing 
and their location relative to the resources had effects on the the area planted with rain-fed crops (pasture and soybeans) 
amount of water they could use for irrigation. Farm 3 with- and increasing irrigation in his irrigated products, which 
drawswater from the upstream end of the system (reservoir 2) resulted in an increase use of water with respect to the base
and therefore had the best opportunity for surface water use. line values (Table 4). The negative impact of farm 3’s 

Figure 9. Changes in applied water for the irrigated crops with respect to baseline applied water: (a) 25% 
precipitation reduction scenario and (b) 50% precipitation reduction scenario. 
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Figure 10. Changes in allocated land per crop with respect to baseline areas: (a) 25% precipitation 
reduction scenario and (b) 50% precipitation reduction scenario. Letter ‘‘r’’ indicates rain-fed, and ‘‘i’’ 
indicates irrigated. 

decisions on farm 2 forced the latter to increase the stress on 
the irrigated crops and to reduce the areas dedicated to them. 
Farmer 4 avoids a decrease in crop production by increasing 
groundwater use. 
[63] Crop diversification, total applied water, and access 

to different water sources also explain a large part of the 
variation of farm profits in the event of a drought. Table 5 
shows the changes in farm profits (from the baseline refer
ence) for the different drought scenarios, and Figure 11 
shows the change in profit per farmer and per crop. Farm 1 
and farm 2 are the largest but least diversified (only grain) 
farmers, and they had the largest rain-fed areas (planted with 
corn, soybeans, and sorghum); therefore the decrease in 
rainfall had a strong impact in their net revenues. On the 
other hand, farm 3 had few rain-fed crops, is located upstream 
and hence had first access to surface water, and is well 

Table 4. Percent Change in Applied Water per Source per Farm 

With Respect to Baseline Applied Water, by Drought Scenario, by 

Farm Type 

Scenario 1 Scenario 2 

Farm 1 1 1.1 
Farm 2 -10 -43.8 
Farm 3 15 42 
Farm 4, surface water/groundwater -5/+6 -27.2/40 

diversified (grains, orchard crops, vegetables, and pasture). 
This greatly reduced the effect of droughts on overall 
profitability. Farm 4 mitigated the effects of the drought by 
resorting to groundwater extraction. Although profits for this 
farm decreased 6.8% and 8.6% for the drought scenarios 1 
and 2, respectively (Table 4), without access to groundwater 
the impacts on profits from reduced precipitation would have 
been much greater. 
[64] Farmers not only adjust crop area and applied water in 

dry years, but they also adjust other inputs that may affect 
productivity and farm profitability. For instance, hired labor 
was also very sensitive to reduced rainfall and may have an 
external impact on the local economy. In Figure 12 it can 
be seen that hired labor was reduced for rain-fed crops and 
eliminated for pasture (farm 3 and farm 4) and soybeans 
(farms 1, 2, and 3) when farmers eliminated those crops in 

Table 5. Change in Total Farm Profits per Year With Respect 

to the Baseline Scenario, by Drought Scenario, by Farm Type 

Scenario 1 Scenario 2 

Farm 1 
Farm 2 
Farm 3 
Farm 4 

-17.1 
-48.0 
-1.3 
-6.8 

-19.9 
-62.3 
-1.4 
-8.6 
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Figure 11. Changes in crop-specific profits with respect to baseline values: (a) 25% precipitation 
reduction scenario and (b) 50% precipitation reduction scenario. Letter ‘‘r’’ indicates rain-fed, and ‘‘i’’ 
indicates irrigated. 

drought scenario 2. For drought scenario 2, hired labor was 
severely cut back for corn and wheat (farm 2). 
[65] Whenever possible, farmers will try to improve yield 

by increasing labor in their most profitable crops such as 
dried beans (farm 3) or corn and wheat (farm 1) as a substitute 
for water. Because the constant and common elasticity of 
substitution, unconstrained inputs (fertilizers, pesticides, 
seeds, and machinery) have the same magnitude of change 
so they can be pooled together as materials and machinery. 
Table 6 shows the changes in total quantities of those inputs 
for the crops most affected by the most severe scenario by 
farm 2 and farm 4. Again, farmers reduced materials and 
machinery for the rain-fed crops but increased them for his 
irrigated crops in an attempt to maintain net revenues by 
reallocating costs in materials and machinery to their most 
profitable crops. 

9. Discussion 
[66] The results show how severe reductions in the amount 

of precipitation force farmers to change product and input 
mix. Furthermore, the reduction in net revenues is not 
proportional to the precipitation cutbacks. Water manage
ment adaptations that significantly mitigate the impact of dry 
warming scenarios and that include more conjunctive sub
surface-surface water use were also found for large multi
sectorial systems such as the Central Valley of California 
[Medellı́n-Azuara et al.,  2008; Tanaka et al.,  2006]. 

In systems investigated in this research, the strategy that 
farmers follow to deal with decreased rainfall depends largely 
on their location within the basin. For severe reductions in 
precipitation, farmers located upstream with better access to 
water will replace their rain-fed crops with irrigated products 
increasing their amount of used water. Farmers located 
downstream will be affected not only by a reduction in 
precipitation but also by a reduction in their inflows due to 
the upstream intensification of the irrigation activity. In the 
absence of water rules, farmers located downstream will 
stress irrigate their crops and will be affected the most in 
the event of a drought while allocating the available water to 
higher valued crops as also reported by Cai [2008], thus 
increasing its marginal value. In the absence of surface water 
(at no charge in the study area), farmers with wells start 
finding it profitable to pump more groundwater to supple
ment irrigation although the depth to the water table and thus 
pumping costs increase during a period of drought and during 
the months when the water is needed most (the unitary cost of 
groundwater (pgw) for the 50% precipitation reduction sce
nario ranges from 0.37 cents of Brazilian Reais in April to 
0.44 cents in August). For this, farmers allocate water to high-
value, drought-sensitive products. Farmers with access to 
groundwater will reduce the risk of losing crops to a drought 
but will only turn to that source when cheaper surface water 
becomes scarce or expensive as also reported in other studies 
[Lefkoff and Gorelick, 1990b; Schoups et al., 2006]. For 
several drought-tolerant products, farmers may stress irrigate 
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Figure 12. Changes in hired labor dedicated per crop with respect to the baseline hired labor: (a) 25% 
precipitation reduction scenario, and (b) 50% precipitation reduction scenario. Letter ‘‘r’’ indicates rain-fed, 
and ‘‘i’’ indicates irrigated. 

the crops and keep the planted area large rather than reduce 
the area and provide the crop with optimal irrigation. It is 
worth nothing that the final optimal solutions would be 
more optimistic if the spatial distribution of groundwater 
had not been taken into account. During our optimization 
runs, farm 4 had to scale back its crops because wells located 
in some points would run out of water or had to decrease the 
diversion rates from wells that had lower recharge rates. 
[67] In terms of timing of effects, in case of a severe 

drought water diversion is the highest at the end of the 
summer, when supplemental water is needed to complete a 

Table 6. Changes in Total Use of Fertilizers, Pesticides, Seeds, 
and Machinery With Respect to the Baseline Scenario, for Farm 2 

and Farm 4 

Materials and Machinery 

Crop 25% 50% 

Farm 2 
Rain-fed corn -30.3 -82.1 
Irrigated beans 18.2 17.4 
Rain-fed soybeans -63.8 -100 
Irrigated wheat 17.8 16.9 

Farm 4 
Irrigated limes 5.6 9.2 
Irrigated vegetables 5.2 8.5 
Irrigated orchards 10.4 16.6 
Rain-fed pasture -64.3 -100 

large area of high demanding crops planted at the end of 
the rainy season. Groundwater use slightly increases after 
the rainy season when surface water becomes scarce. Few 
models in the literature optimize intraseasonal water appli
cation. Cai et al. [2003a] and Cai [2008] offered a formula
tion that used monthly intervals to calculate restrictions to 
the economic model and indicate that without the optimi
zation at a temporal resolution higher than a season, 
erroneous groundwater pumping or reservoir releases will 
be calculated. 

10. Conclusions 
[68] A hydroeconomic model has been presented linking 

a 3-D spatially distributed and physics-based hydrologic 
model, and an economic model of agriculture based on a 
nonlinear multi-input multioutput production function, 
solved using positive mathematical programming. The model 
was applied to an experimental watershed in Brazil to test 
its capabilities and investigate the economic behavior of 
farmers, the agricultural production, and the interactions 
between the hydrologic and the agricultural systems. 
[69] In the present study, the hydrologic component takes 

into account the spatial distribution of water within the 
landscape with high resolution and therefore ensures conver
gence to a solution that is hydrologically feasible at all points 
in the landscape. The high resolution also permits calculating 
water restrictions at the farm level allowing the use of farm 
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resolution economic information. Given the differences in 
crop types and irrigation technology, an aggregation by 
district or region as seen in other models would have very 
different economic and hydrologic response functions to 
changes. Aggregate efficiency measures gloss over distribu
tional impacts of water policy changes. 
[70] Also, the presented approach explicitly includes effec

tive precipitation as an argument in the production function 
within a positive mathematical programming framework. 
The models are linked at a monthly time step, so intraseasonal 
water application can be optimized even though the produc
tion function technically works at the season scale. Herein, 
the higher resolution of the hydroeconomic linking permits 
more detailed insight into the temporal distribution of the 
water requirements within the season taking into account the 
different crop growth stages and within-season fluctuation 
of water availability (using also monthly restrictions to the 
economic system). 
[71] Future work may involve implementing an uncer

tainty component to the model and a risk aversion component 
to the model that will optimize input and product mix. This 
is especially important in semiarid areas or areas of high 
variability of precipitation or in environments with variable 
commodity prices. 

Appendix A: Analytical Calculation 
of the Production Function Parameters 
[72] In this example we consider the estimation of the 

production function parameters for irrigated crops (the same 
methodology can be used for the estimation of the parameters 
of the production function for rain-fed crops). We demon
strate the method for 4 inputs: land (land), surface water (sw), 
groundwater (gw), and hired labor (lb). The method can be 
easily expanded for all inputs used in equation (5). 
[73] A CES production function with these 4 inputs is 

1�  )g �g g gqi ¼ Ai bi lbXi lb  þ bi land Xi land þ biw  Xi sw  þ Xi gw  þ Pi ; ðA1Þ 

letting uX be an alias for the function inside the brackets. 
Taking the derivative of equation (A1) with respect to Xifl, we  
obtain 

@qi 
@Xi land 

¼ gbi land X g-1 i land 
1 

g 
AiðuX Þ 

1 
g -1 : ðA2Þ 

Also since g = (s - 1)/s (see section 2.2) 

1 
g - 1 ¼ -s 

ðA3Þ 

1 1 

g 
- 1 ¼ 

s - 1
; ðA4Þ 

substituting equation (A3) and equation (A4) into equa
tion (A2), we obtain 

@qi 
@Xi land 

¼ bi land X -
1 
s 

i land AiðuX Þ 
1 

s-1: ðA5Þ 

[74] By following these same steps for the other inputs, 
we get 

1 1@qi -s s-1¼ bi lbX AiðuX Þ ðA6Þi lb  @Xi lb  

1) 1@qi -¼ biw  Xi sw  þ Xi gw  þ Pi
s AiðuX Þs-1: ðA7Þ 

@Xi sw  

Notice in equation (A7) that we have used surface water 
to calculate the marginal productivity of water. In fact, since 
it is assumed that there is no difference in surface water, 
groundwater, or precipitation quality, the marginal impact of 
an extra unit of water (from any source) has the same effect on 
production. Only surface and groundwater are under control 
of the farmer and surface water was chosen to calculate the 
optimality condition because in our baseline scenario, which 
represents the real conditions in the field at the time of the 
survey, no crops were irrigated using groundwater. 
[75] By equating the value of the marginal product in crop i 

for each input with their respective marginal cost (market 
prices plus shadow values), we get 

1 1@qi -sVMPi lb  ¼ pi ¼ pibi lbX AiðuX Þs-1¼ plb ðA8Þi lb  @Xi lb  

1 1@qi -
s-1VMPi land ¼ pi ¼ pibi land X s AiðuX Þi land @Xi land 

¼ pland þ lland þ l ðA9Þ
i land 

) 1 1@qi -
s-1 

@Xi sw  

¼ psw þ lsw: ðA10Þ 

VMPi sw  ¼ pi ¼ pibi sw  Xi sw  þ Xi gw  þ Pi
s AiðuX Þ 

From equation (A8) and equation (A9), we get 

1-sbi lbXi lb  plb 
1 ¼ -s pland þ lland þ l

i landbi land Xi land 

or 

( ) 1-spland þ lland þ l Xi lb  i landbi land ¼ bi lb  : ðA11Þ 
plb Xi land 

Likewise, from equations (A8) and (A10), 

( ) 1-spsw þ lsw Xi lb  
biw  ¼ bi lb  : ðA12Þ 

plb Xi sw  þ Xi gw  þ Pi 

The constant returns to scale assumption implies that 

bi lb  þ bi land þ biw  ¼ 1; or bi lb  ¼ 1- bi land - biw: ðA13Þ 
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and @qi/@pi in (B1) can be viewed as the inverse of the [76] Substituting equations (A11) and (A12) in (A13), 
derivative of MCi with respect to qi, i.e., we have 

bi lb  ¼ 1- bil 

yi¼ : 
^

y i

( ) 1	 
( )-1 -	 @MCispland þ lland þ l Xi lb  i land 
@qiplb Xi land ( ) 1-spsw þ lsw Xil - bil	 ðA14Þ [80] In this manner equation (B1) can be rewritten as 

pl Xisw þ Xisw þ Pi 

pi y i ^
yî

yi 
y i 

^ 1 pi¼ : ðB4Þhi ¼Dividing all terms of (A14) by bilb and solving for bilb, we  

bi lb  ¼^

; or
hiXiland Xi land obtain 

-	 Therefore, with prior information on the elasticity of supply, 1( )
pland þ lland þ li land Xi lb  

plb Xi land 

s	 
assumed in this exercise to be 2.5 for all crops, plus infor1þ
mation on output prices pi and land allocation Xiland, we can 

ŷ .i( ) 1 
!-1	 calculate parameter-spsw þ lsw Xi lb  

: ðA15Þ 
plb Xi sw  þ Xi gw  þ Pi 

[81] Now let the average cost of land (ACi) be defined asþ
TCLi divided by Xiland and ACi = ai + 0.5y iXiland + pland. Data 

^

on ACi can be obtained by subtracting the estimated average 
cost of each individual input except Xiland from the total av

y i calculated in (B4) is used to calculate 

Substituting equation (A15) into equations (A11) and (A12), 
biland and biw. Parameters b 

can then be calculated by using data on input prices ph and on 

^^ cost reported by the farmer. ACi together with inforwe get expressions for parameters erage 
mation on pland and

input quantities Xih, resource shadow values lland, lsw, the parameter ai: 

value on the Lagrange multiplier associated with the land 
^âi ¼ y i

of substitution s, which for this exercise is assumed to be 
equal to 0.25. [82] Acknowledgments. Financial support for this research has been 
[77] Finally, by substituting their values back into provided in part by the CGIAR’s Challenge Program on Water and Food, 

the Empresa Brasileira de Pesquisa Agropecuaria (Embrapa), and the Center equation (A1), and using the data on output quantity yi asso
for Natural Resources Policy Analysis, UC Davis. 

ciated with crop i, we obtain an estimate for the parameter Ai: 

Ai ¼ 
bi lbX bi land X biw  ^^^

^

liland, and a value for the elasticity ðB5ÞACi - 0:5 Xi land - pland :calibration constraint 
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