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Abstract. Policy for water resources impacts not only hy- vary spatially throughout the study region for each policy.
drological processes, but the closely intertwined economicAccessible integration strategies are necessary if the prac-
and social processes dependent on them. Understandirtgce of interdisciplinary integrated simulation is to become
these process interactions across domains is an importantidely adopted.

step in establishing effective and sustainable policy. Multi-
disciplinary integrated models can provide insight to inform
this understanding, though the extent of software develop-l
ment necessary is often prohibitive, particularly for small
teams of researchers. Thus there is a need for practical met
ods for building interdisciplinary integrated models that do

Introduction

tﬁolicy for large-scale water resource management has broad
impacts spanning ecologies, economies, and societies. Such

not incur a substantial development effort. In this work we _ | .
A ) policy must promote sustainable use of water resources to
adopt the strategy of linking individual domain models to- ... . .
mitigate global trends of increasing water use and uncer-

gether to build a multidisciplinary integrated model. The __. O L - L
Lo tain availability. Sustainability requires that competing in-
software development effort is minimized through the reuse ; . .
L - o . terests are balanced in an environmentally sound, economi-
of existing models and existing model-linking tools without

requiring anv chanaes to the model source codes. and lin cally viable, and socially acceptable way. This balance can
inqthesge coxr/n one?lts throuah the use of the O en7 Modelin only be achieved through a clear understanding of the ef-

9 P . 9 P . Fects of policies on these coupled human-natural systems
Interface (OpenMl). This was found to be an effective ap-

. . . " prior to their adoption. Impact assessment to inform this un-
proach to building an agricultural-groundwater-economic in- . o s
. . 7 derstanding has traditionally been performed within a par-
tegrated model for studying the effects of water policy in irri-

. . ; icular domain or independently in multiple domains. This

gated agricultural systems. The construction of the integrated,. . . Lo ; . o
model provided a means to evaluate the impacts of two alterd|5]0|nt disciplinary science precludes the investigation of
aetp - : npacts cross-discipline effects and feedbacks despite their central
native water-use policies aimed at reducing irrigated water. . .
. . S importance in many contexts. The need for comprehensive,
use to sustainable levels in the semi-arid grasslands overly-

ing the Ogallala Aquifer of the Central US. The results ShOWSC|¢nce—baseq Impact ass_essment thgt Crosses tr.ad|.t|onal do-
o ; : main boundaries has motivated a variety of qualitative and
how both the economic impact in terms of yield and revenue

and the environmental impact in terms of groundwater Ievelq'“'am'tat've approaches. . .
Integrated Assessment (lA) is a comprehensive approach

to understanding complex environmental processes that com-
bines knowledge and tools across disciplinary domains to
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current global environmental challenges has been welltion of water has important implications for agricultural pro-
documentedRarson 1995 Rotmans and Van Asselt996 duction and in turn the economic viability of the farmer and
Harris 2002 Pahl-Wost] 2002 Parker et al.2002 Jakeman the rural society as a whole. Through the integration of agri-
and Letcher2003 and water resources are no exception ascultural, groundwater, and economic models, these cross-
they are intimately tied to the human and natural systems thatlomain impacts can be simulated. In this paper, we describe
depend on thenParker et al(2002) identify five dimensions  how we used the linked-model approach to build an inte-
of integration: disciplines, models, stakeholders, scales, andrated model for the purposes of studying process interac-
issues, and stated that the most comprehensive form of intions in irrigated agricultural systems in semi-arid grasslands.
tegrated assessment includes all five. Integrated Assessmevie present the integration methodology next, followed by a
and Modeling (IAM) contributes quantitative results along description of the models and how we created reusable mod-
these five dimensions as a supplement to other forms of asling components from them. The efficacy of this integrated
sessment. The intent of IAM is to combine existing modelsapproach is illustrated by studying the feedbacks and inter-
and methods that were previously employed through isolatedctions across the agricultural system.
disciplinary procedures, approaches, methodologies, and on-
tologies. While it remains to be seen whether integrated as-
sessment establishes a unifying theory with broadly-accepted
methods, it is clear that the transition from traditional re- 2 Methods
ductionist approaches to simulation will require methods and
tools for interdisciplinary, integrated modeling. 2.1 Model linking method
On this impetus, there has been increasing interest in mul-
tidisciplinary integrated modeling, from informal collabora-
tions between researchers within and across institutios ( Model linking, that is, enabling individual models to col-
mann et al.2005 Ahrends et a.2008 Bithell and Brasing-  lectively conduct a simulation, is typically a challenging
ton, 2009 to international alliances uniting scores of scien- task due to the inherent differences in how models are de-
tists (van Ittersum et a).2008. Governmental recognition Signed and used in different disciplineBulatewicz and
for the need of integrated modeling is evident through initia- Cuny, 2009. Differences between models vary from their
tives such as the European Union’s Water Framework Direcimplementation (e.g. programming languages) to their con-
tive and the US Department of Agriculture’s refactoring of ceptualization (e.g. spatial and temporal discretization). A
existing models to support integratioB4rlson et al.2009. fundamental challenge in linking models is resolving these
Despite the success of such work, challenges remain that déacompatibilities. Furthermore, high-frequency interaction
ter the broad practice of integrated modeling. The greatesbetween models demands automated methods that allow
of these is arguably the extent of software development necthe linked model to execute autonomously. The need for
essary, which is particularly prohibitive for small interdisci- model linking (also called model coupling) has motivated
plinary teams of researchers. Thus, there is a need for efconsiderable work toward methods and todlaréon et al.
fective and agile methods for model integration that require200%; David et al, 2002 Buis et al, 2006 Bulatewicz and
minimal software development yet enable multidisciplinary Cuny, 2006 Ford et al, 2006 Joppich and Kurschng2006
investigation while building capacity for further collabora- Gregersen et gl2007).
tion through the exchange of knowledge and tools. These tools provide a mechanism for model programs to
As a result of decades of research in the field of modelingexchange meaningful data, enabling the modeled quantities
and simulation, there is a wealth of established and truste@f one simulation to be incorporated into the simulation of
models across nearly all scientific disciplines, and as a reanother model as the simulations are being carried out, thus
sult of increased interest in integrated modeling over the pasenabling the modeling of process interactions. Extreme ap-
decade, there are a variety of methods and tools for linkingoroaches are to either create a specialized tool that commu-
models. By leveraging this existing work, the extent of soft- nicates and translates quantities between a particular set of
ware development necessary for model integration is mini-models, or enable the models to interact through a general-
mized. In addition, through the use of standards-based linkpurpose tool using a standard protocol.
ing techniques, integration efforts contribute to building ca- Specialized tools are appropriate in situations where a
pacity for further studies and collaboration between scientistsnodel is only intended to be linked to a specific set of models
and across institutions. Thus, model linking using existingin a fixed configuration or when general-purpose tools prove
models and tools is an accessible means to integrated modeieo restrictive or impractical. In cases where a model may be
ing for small interdisciplinary teams of researchers enablinglinked to a variety of other models in different configurations,
the simulation of human-natural systems. it is advantageous to employ a standard protocol that supports
Irrigated agricultural systems (Fid) possess close inter- experimentation through rapid reconfiguration of the partici-
actions between biological, hydrologic, and economic pro-pating models and the interactions between them without the
cesses. In such a system, policy that regulates the consumpeed for programming. The use of standard protocols also
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Fig. 1. Conceptualization of an irrigated agricultural system.

promotes collaboration between modelers across institutions The extent of software development that is required to con-
and the establishment of a common repository of reusabldorm an existing model to the interface varies and is most
model components. influenced by whether or not the model itself is modified in
For these reasons, we have utilized the Open Modelinghe process. Changing a model source code to meet the re-
Interface (OpenMl) Moore and Tindall 2005 Gregersen quirements of the interface permits complete control in how
et al, 2007 which describes a standard way for models to the capabilities are supported by the model, but is not always
exchange data with each other. The interface defines a sglossible or practical. In cases where a model source code is
of capabilities that a model must possess in order for it to benot available or is too complex to modify (or re-verification
linked to other models. These capabilities are both descripof the modified model is not feasible), the model can be left
tive, to support the task of specifying model interactions atunchanged and treated as a black box to which inputs are
the domain level, and functional, to support the execution of agiven and from which outputs are read. This reuse strat-
linked model. To fulfill the descriptive requirements, a model egy has been referred to fadl model reusg¢Robinson et a.
must be capable of providing a list of the domain quantities2004) and it can substantially reduce the software develop-
that it simulates and those that it uses as input, along with thenent effort involved in the process, but may impose limits in
units and spatial distribution of each. These are callgtd the operation of the linkable component, for example, in the
put exchange itemandinput exchange itemsTo fulfill the frequency at which it can exchange data with other compo-
functional requirements, a model program must be capable ofients. When a model program is treated as a black box, then
sending and receiving data (that corresponds to the exchanghe greatest frequency that it may exchange data is the mini-
items) during execution. A model that meets the require-mum time span of a single execution of the model. Whether
ments of the interface is callediakable componerdand can  the time span is acceptable or not depends on the particular
be linked to other models in a highly automated way. Usingmodel and the needs of the study. For example, consider a
visual software tools@ATC, 2009, a scientist chooses a set groundwater model and surface water model that are to be
of linkable components of interest, interactively specifies thelinked at time scales appropriate for each model (hours to
guantities to be exchanged between them, and then executsgasons for surface water and hours to decades for ground-
the linked model. Components can be easily added and rewater). If linkable components are created for these models
moved and the links between them reconfigured, facilitatingusing the black-box approach, then the models would not be
experimentation and rapid prototyping of linked models. able to exchange information at intervals that are shorter than
the simulation period of a single run of either model. So if
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a single run of the groundwater model simulates a time pe-et al, 2002 Huang et al.2006, and cropping systems man-
riod on the order of months or years, then data could notagement have all been evaluated with EPWafner et al.

be exchanged at a sufficient rate to capture daily interaction4997).

between the groundwater and surface water. In such a case,

the models would require modification to enable them to ex-2.2.2  Groundwater model

change data after each internal time step. In addition, a model

must not rely on an interactive graphical user interface forGroundwater provides a reliable source of water for irrigated
input and/or output, since this would prevent a wrapper pro-agriculture to supplement precipitation in crop production.
gram from accessing the input and/or output. In this work,Groundwater stores are replenished by recharge, which is
we have adopted the black box approach to conforming thehe portion of precipitation and irrigation that filters down-
relevant models to the interface. We use the tbltatk box  ward past the root zone of plants to the top of the ground-
to refer only to the model program; knowledge of the modelwater table where pores between granular aquifer media are
itself, its theoretical basis, concepts, and assumptions is egully filled with water. Groundwater moves from regions
sential to the sound application of any model. We present thevith higher groundwater elevation to lower elevation and
models next, followed by the design of the linkable compo- eventually emerges to the land surface through withdrawal in

nents. wells, baseflow to streams, or uptake by phyreatophytic veg-
etation with roots that tap the top of the groundwater table.
2.2 Domain models The groundwater model predicts the elevation of groundwa-

ter, the velocity of groundwater movement, and the impact of
Both human and natural processes interact at the parcel levehanges in natural or anthropogenic forcings, such as climate
in irrigated agricultural systems (Fid). Agricultural deci-  change or changes in pumping practices.
sion making, including crop choice and irrigation practice, is  The computation model adopted for this study is founded
influenced by external factors such as crop value and watefin the Analytic Element MethodStrack 1989. The model
use policy as well as internal factors such as water availabilutilizes mathematical expressions that exactly satisfy the
ity and the cost of pumping. The yield that results from crop continuity of flow equation as well as Darcy’s Law, which is a
growth is limited by water availability through irrigation and constitutive relation between groundwater flow and changes
precipitation and other weather variables such as solar radian groundwater elevation. Equations have been developed

tion and relative humidity. to model recharge and irrigation in pumping welBt¢ward
_ et al, 2009, changes in bedrock elevatioStéward 2007,
2.2.1 Agricultural model Steward et a).2008, and groundwater ecohydrologic inter-

actions with plants$teward and Ahring2008. The data to

We used the Erosion Productivity Impact Calculator (EPIC) support this study is readily available in GIS form&téward
model to serve as the agricultural model. EPWiljams and Bernard2006h Yang et al, 2009.
et al, 1990 estimates crop growth (biomass) on a daily time
step based on intercepted radiation estimates and radiation )
use efficiency. Biomass accumulation duration is determinec?'z'3 Economic model
by user input or when minimum temperature limits occur.
Grain yields are estimated as a function of crop harvest in-The economic model predicts irrigators land-use choices on
dices. Crop water use is estimated based on potential evaporrigated fields each year. A common modeling approach
transpiration and estimated light interception. in the groundwater economics literature is an optimization

Plant water supplies are determined from soil profilesprocedure (e.g., mathematical programming) structured to
which are controlled by user input. Up to ten soil layers canreproduce a land managers annual decision protess(
be defined to depths appropriate for each crop. For corn, soiét al, 1986 Bernardo et a.1993 Burness and Brill2007).
profile depth was set to 2 m. Input values for soil profiles thatSuch models typically maximize profits subject to land- and
are important for estimating soil water content on each dailywater-use constraints. Here, we follow a common method
time step include: layer depth, soil texture, volumetric waterfrom the literature on the economics of land uk&ljten-
content at-0.033 and—1.5 MPa, and bulk density. System berg 1989 Hardie and Parks1997 Wu et al, 2009 in
inflows include precipitation and irrigation, with soil water which land use choices are predicted by probabilistic equa-
outflows are crop water use, soil evaporation, and drainagetions that were econometrically estimated from land man-
EPIC includes an automatic irrigation feature in which irri- agers observed choices. The two methods are conceptually
gation dates and amounts are a function of plant stress. Soéquivalent, as the form of the probabilistic equations is de-
losses Bhuyan et al.2002, groundwater rechargédéroche  rived under the assumption of individual optimization. The
et al, 1999, climate changeBrown and Rosenberd 997 econometric approach was selected for our study because of
Dhakhwa et a].1997 Tan and ShibasakP003, soil C se- the field-specific nature of the land use data, where the ob-
questration, soil water conteritde et al, 1996 Costantini  served decisions are typically the corner solutions of planting
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all available land to a single crop. These data are not well Data transfer between models has been realized in
suited to the available techniques for calibrating optimizationdifferent ways with varying levels of automation.
models (e.g.Howitt, 1995. Draper et al.(2003 used an economic model to esti-
The modeling framework is described mate economic benefit and loss functions that were then
by Hendricks(2007 and Steward et al.(2009. Irriga- used as input to a water resource optimization model.
tors are assumed to choose the crop on each field thdnh Volk etal. (2008, ecological and economic models
maximizes expected income i.e., expected crop revenuexchanged data through an intermediary GIS that stored
less production costs. Revenue of each crop is determinethodel inputs and outputsAhrends et al(200§ coupled
by its expected price and its expected yield, which in turna groundwater model to an economic model employing a
depend on site-specific factors such as soil type. Variatiorcustom program that executed the models and translated
in production costs of a particular crop can be explained byinput/output files in an automated fashion. The IWRAM
variation in the application cost of water, which dependsDSS (akeman and LetcheR003 employed a variety of
on variation in energy prices and in pumping lifts. The modular approaches, from creating component models in a
probability of a particular crop being planted is assumedcommon programming language or software tool allowing
to be an increasing function of its expected income. Thethem to be executed together, to creating an integrating
multinomial logit model Maddala 1983 was applied engine that executed customized models written in different
to estimate functions that relate the probability of eachlanguagesQuddy et al.2005.
crop being planted to the underlying causal factors (crop Two of the fundamental challenges of the modular ap-
prices, energy prices, pumping lift, and other site-specificproach are (1) identifying the appropriate data exchanges and
variables). Data to estimate the model consisted of 1952) enabling the models to transfer dataa et al, 2003
field-level observations from the study region spanningBrouwer and Hofkes2008. Our work is one of the first
the period 1991-2004. This dataset contains records ostudies to utilize a standardized, modular linking interface
irrigated fields in the county that were planted to the fourthat provides automated execution and data exchange be-
most common irrigated crops: alfalfa, corn, sorghum, andtween multidisciplinary models without requiring them to be
soybeans. Once estimated, the logit equations constitutenodified.
the simulation model to predict land use choices in the
study region. When invoked for a particular simulation year, 2.3 Creating linkable components
the model randomly assigns one of the four crops to each
irrigated parcel, where the logit equations and field-level To make a model into a linkable component, it must be given

data govern the probability that each crop is selected. the capabilities required by the Open Modeling Interface.
Since we did not wish to modify the models, the capabilities
2.2.4 Related work were implemented in a helper program calledrapperthat

acts as a broker between the model and other linkable com-
Within the disciplinary context of integrating agricultural, ponents. The wrapper meets the descriptive and functional
groundwater, and economics models, there has been considequirements of the interface and invokes the model program
erable research dating back to the 19@8asr{, 1964 1966. for specific time spans as necessary. The basic functional
This literature is reviewed b¥oundouri (2004, Brouwer  requirements of a linkable component are that it can (1) ac-
and Hofkeq2008, andHarou et al(2009. As Harou et al.  cept input quantities that are incorporated into its simulation
point out, one of the criticisms of previous integrated models(set value} (2) advance the simulation forward in time, and
is that they have drastically simplified certain model com- (3) provide output quantities to other modee{ valuey(al-
ponents and spatially aggregated the base data. For instandépugh some components may only support (1) or (3) and
the hydrologic relationships are often reduced to simple massot both). Note that a linkable component only advances its
balance equations that update the water stock between persimulation time in response to a request for a quantity at a
ods over a large region. This is particularly true when mod-later point in simulation time. We used a common design
els are integrated in kolistic (Braat and van Liergpl987) (Fig. 2) for the three model wrappers in which the wrapper
manner in which a single model simulates all disciplinary generates the model input files for the next time span to simu-
processes endogenously (i.e. economic and hydrologic equdate, including any input quantities that it received from other
tions are solved simultaneously). Explicit hydrologic models linkable components, executes the model, and then reads the
can predict spatially detailed water level changes that are ofeutput files from which it extracts the output quantities that
ten relevant for management decisions at a regional scalean be provided to other linkable components. After each ex-
Such models are better accommodated by modulacqor-  ecution of the model, the wrapper advances its internal clock
partmentalBraat and van Lierodl 987 integration in which ~ accordingly. To enable the component to exchange quanti-
independent models transfer data. Data is either transferreties with other components at the highest frequency possible,
in one direction from one model to another, or there is a bidi-the wrapper executes the model for the shortest time span
rectional exchange. supported by the model, which is 1 year in the case of these
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models. The softyvarg _devel(_)pment effort involved in CI’eat'TabIe 1. Input and output exchange quantities exposed by the link-
ing the wrappers is minimal since the wrapper need only keep,e components.

track of the current simulation time and perform simple file

input and output. The wrapper is written in the C# program- —, .,
ming language and the models are written in FORTRAN or

Direction  Quantity

Scilab. Such differences in the modeling tools customary in  Agriculture  Input Crop choice
different disciplines are common and are easily accommo- Agriculture  Output Irrigated water use, Yield, ET, PET,
dated by the wrapper design. Runoff, Percolation

The quantities that we chose to expose in each component Groundwater Input Pumping rate, Recharge
are given in Tablel. Most of the primary inputs and out- Groundwater ~ Output Groundwater head, Saturated
puts of each model are exposed in the component. The more thickness
inputs and outputs that are exposed, the greater the compo- gconomic Input Saturated thickness

nent’s potential for reuse. During execution, when a compo-
nent provides a quantity to another component or accepts a
quantity from another component for a specific point in time,
a set of values is exchanged where each value represents the
quantity at a different geo-referenced location. These loca-

[ Linkable Component }

Economic Output Crop choice, Irrigated water use

tions can be points, line segments, or polygons, and each
quantity is associated with a group of these geographic el-

ements, called arlement set The processes simulated by i f

these three components exchange quantities that are associ”  set! getE

ated with pumping wells, so the element set associated with "a'“eﬁ VEE -

these quantities is the set of 2-D points at which pumping : @ i } Fu”g; L.

wells are located throughout the study region. Thus, each ! advance |

value exchanged between the components is associated with '\\ time e execute model | Model
a specific 2-D point (one of the elements in the set) where N > (Scilab o
a well is located. The groundwater and economic models Wrapper (C#) TTha input «| FORTRAN)
employed in this study are spatially distributed, but the agri- Files |--~~

cultural model is not. For this reason, the wrapper for the
agricultural model is slightly different than the other wrap-
pers in that it executes the model once for each point in the
element set, enabling the linkable component to perform &Fig. 2. Model wrapper software design. Dashed lines indicate the
spatially distributed simulation even though the model itself flow of data.

is a lumped model.

A model need only be made into a linkable component . o
once and can be reused thereafter. We found that it requirelf! the linkages as recharge past the root zone to the aquifer is

approximately one week for a skilled software developer toPUffered through a very deep vadose zone that dampens surfi-
create working components from the three models. Since alfi@! Signals. Instead, the groundwater model uses a long-term
components share the same interface, any component can G¥€rage recharge rate.

linked to any other (although it is up to the scientist to ensure At the start of the first simulation year, the groundwater
that the linkages are meaningful). In this way, utilizing stan- COmponent provides the observed saturated thickness to the
dard interfaces for linking models builds capacity for further €conomic component. The economic component then se-
work and collaboration, and contributes a common reposiJects the crops to be grown for that year for each well and

Linkable Component

tory for reusable model components. informs the agricultural component of its selection. The agri-
cultural component simulates the growth of the crops and
2.4 Creating the integrated model provides the groundwater component with the year-end to-

tal water pumped by each well. The groundwater component
The system conceptualization in Figprovides a blueprint ~ then simulates the water level at the end of the year and pro-
for the design of the linked model. The direct process inter-vides the saturated thickness to the economic component as
actions include the extraction of water from the aquifer for the starting thickness for the following year. The circular
irrigation and the economic choice of the crop that is grown,execution of the components continues until the end of the
which is based in part on the water depth. These interactionsimulation period is reached.
translate into three quantity exchanges between the linkable Using the available software tools, we interactively speci-
components as shown in Fi§. Recharge to the aquifer fied the quantities to be exchanged between the models and
from the agricultural model was not explicitly represented then executed the linked model. The execution of a linked
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3.1 Study region: semi-arid grasslands of the

Crop Model Central Plains

simulate yield Trigger The Ogallala Aquifer has supported irrigated agriculture, and

and water used N in turn the rural societies, throughout the semi-arid grass-
for year \ lands of the Central Plains of the US for 50 years. This

irrigation water ‘| hgs resulte_zd in groundwater declineg_of up to 302_Ins(t0-
applied for year dio, 2002 in some areas. The transition to sustainable use

/ of the aquifer will impact ecologies, economics, demograph-
s ics, and the landscape, all of which must be considered in

the development of policy to guide this process. In this ret-

crops chosen
for year

Economic Groundwater . .
Model Model rospective study, we show what the resulting effect of two
decide crops to < ) imulate head policies would have been in 2004 for a county in western
grow for year / Saurated thickness at |\ ST 478 18 Kansas had they been adopted in 1991. We chose a study

end of previous year region of one county (Sheridan County, KS, approximately

50 km50 km) as this is the typical aggregation level for eco-
nomic data such as prices and yields. The data sources for

Fig. 3. Circular pattern of data exchange between the models. ‘ '
each model are given in Tahke

3.2 \Verification of the models

model begins with the component that is marked with a o .

trigger, which is the groundwater component in this case Each model was individually calibrated to the study re-
(since it is the last of the components to execute on a giver§ion N earll_e.r works. The calibration of the agricultural
year). The trigger asks the groundwater component to per[nodel identified values for 10 model parameters that most
form its simulation. Before the groundwater component ex-Closely reproduced observed water-use and yield over the
ecutes a time step, it must obtain the current water use fronperiod 1990-2001Hulatewicz et al. 2009. Applying the

the agricultural component by requesting it. When the agri-c@librated model to the time period of this study (1991~

cultural component receives a request, it advances its simiZ004), the RMSE for irrigated water use at the well-level was
lation time to the requested time. 64.5x10°m? and the RMSE for county-level yield was 1.9t

_ . averaged over the four crops included in the calibration. The
Similarly, before the agricultural component executes a . .
economic model and groundwater models were calibrated to

time step, it must obtain the current crop choice from thethe time period 19912004 iSteward et al(2009. The

economic component by requegtmg I, Wh.'Ch causes the €C0%conomic model predicted the correct crop for 4560 of 9767
nomic component to advance its simulation time to the re-

: : - observations (47%, single run). Many of these incorrect pre-
quested time. After the economic component advances its;. .. )
) S o . ) dictions, however, were a result of the observed crop choice
simulation time, the crop choice is provided to the agricul- S . -
tural component which can then advance its simulation timenOt being included in the model. The prediction accuracy
P was 74% (4560/6161) within the subset of observations that

and provide the resulting water use to the groundwater Comfeported crops that were included in the model.

ponent, which can in turn advance its simulation time. These The groundwater model was calibrated to match the

dependencies are automatically identified and the order in roundwater elevation at observation wells. The residual dif-

which the components advance their simulation times an(f .
) erence between the simulated and observed groundwater el-
exchange data is fully automated.

evation at 70 observation wells throughout the study region
was 4.69m and is within the yearly groundwater elevation
fluctuations.

3 Study: water policy and agricultural production 3.3 \Verification of the linked model

By linking together agricultural, groundwater, and economic In linked models, each model must not only be verified when
components, simulations can be performed that capturexecuted independently, but also when executed collectively.
the dynamics between these processes in irrigated agricuWhen a model is executed in a linked fashion, some of its
tural systems. Policy scenarios can be investigated by reinput data are replaced with simulated data that are provided
parameterizing one of the components, and then observingy other models. If the simulated data differ from the orig-

the effects in the other components. In this study we demoninal input data, this may induce greater (or lesser) error in
strate how the linked model can be utilized to evaluate thethe model results than when the model is executed inde-
human and natural impacts of two sustainable water use polipendently. In linked configurations that include feedback
cies. loops, this error can be compounded. Thus, when a model
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Table 2. Model data sources.

Agricultural Model Data

Source

Water Use
Irrigation Type
Crop

Soil

Weather

Wilson et al.(2005

Wilson et al.(2009

Wilson et al.(2005

USDA (2009

High Plains Regional Climate Cent(009

Economic Model Data

Source

Irrigated Acres
Irrigation Type

Crop Type

Input Price

Crop Price

Expected Crop Prices
Expected Input Prices
Weather

Soll

Wilson et al.(2005

Wilson et al.(2005

Wilson et al.(2005

Commodity Research BuredR006, USDA (2008
Commodity Research BuredR006, USDA (2008
Commodity Research Bure2006, USDA (2008
Commodity Research BuredR006, USDA (2008
Kansas Weather Data Libraf2008

USDA (1994, USDA (2009

Groundwater Model Data Source

Base Elevation Macfarlane and Wilso2006
Pre-development Saturated Thicknes&utentag et al(1984
Hydraulic Conductivity Cederstrand and Beckgr998h
Specific Yield Cederstrand and Beckér9983
Recharge Hansen(1997)

Historical Pumping Rate Wilson et al.(2005

Historical Groundwater Level Hausberger et a(1998

is executed in a linked fashion, there is greater importancdow, so that the error in total water use over the entire sim-
placed on the accuracy of the outputs that are provided talation period is minimized. This highlights the challenge
other models than may be placed on these outputs when ex@ef ensuring that the quantities provided by a model meet the
cuted independently. specific accuracy requirements of the model that consumes
This sensitivity to the accuracy of exchanged quantitiesthem, which may vary from one level of spatial or temporal
was observed during the initial trial runs of the linked model. aggregation to another.
The error in the water level simulated by the groundwater The earlier work in the calibration of the individual agri-
model systematically increased after each year of simulatiorcultural model identified 250 different parameterizations of
resulting in a significantly higher water level at the end of the the model and reported the parameter set with the lowest er-
simulation period than was observed. This was a result of theor. Some of these parameter sets had comparably low error
agricultural model’s consistently low prediction of county- (as they were the result of the same optimization process)
wide annual water use. Although the individually-calibrated yet did not exhibit the same bias toward low simulated water
agricultural model reported in the earlier study achieved lowuse. We chose one of these parameter sets that (when exe-
absolute relative error in county-wide annual water use (13%cuted independently) has water use and crop yield error that
for corn), the total simulated annual water use was consideris equivalent to the reported parameter set and that closely
ably lower than observed on each year of the simulation (to-matched the total observed water use over the entire simula-
taling 89.6x10°m? less than the observed 138&40fm?3 tion period. These are given in Tal8e
over all years). This bias toward low water use in the total When the agricultural model was executed indepen-
county-wide annual water use error of the agricultural modeldently with the alternative parameter set, the simulated to-
made it unsuitable for linking to the groundwater model. tal county water use was 3171L0°m? lower than observed
With respect to the verification of the groundwater model, (947.1x1°m®). The RMSE of water use per well was
the error in the water use simulated by the agricultural model1.6x10°m? and 1.9t for yield at the county-level, averaged
must not only be small, but must also not be biased high orover the four crops. When executed in a linked fashion, the
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Table 3. EPIC parameter values used for the simulation of corn.

Parameter  Description Value
IRI Minimum application interval for automatic irrigation  11d
BIR Water stress factor to trigger automatic irrigation 0.83
ARMN Minimum volume allowed for automatic irrigation per 9.3 mm
application
ARMX Maximum volume allowed for automatic irrigation per  32.8 mm
application
WA Biomass to energy ratio 49.0t
ha-t Myt
B Optimum temperature for plant growth 346
TG Minimum temperature for plant growth 8.3
DLAI Fraction of growing season completed
when the ratio of leaf area to ground area begins to 0.83%
decline
RLAD Leaf area decline rate 5.45
RBMD Biomass-energy decline rate 2.84

total water-use was only 2:610°m? lower than observed 3.4 Water policy scenarios
(1388.4x 10°m3) with similar error to the original parameter
set (water use RMSE per well of 6%20°m? and average We considered two policies for limiting water use to sustain-
1.7 tfor yield at the county-level). Using the alternate param-able levels adopted frorSteward et al(2009: regulating
eter set for the agricultural model, the groundwater modelwater use, and offering an incentive-based water-right buy-
water level error was 4.76 m, comparable to the error wherback program. The regulation policy strictly enforces the
executed alone. The accuracy of the economic model wagrior appropriation doctrine to limit groundwater consump-
minimally affected, resulting in an error of 46% (4524 cor- tion to match the natural recharge rates in a specific high-
rect of 9780 observations) and 73% (4524/6170) when thepriority area (outlined in Fig4b). Within the high-priority
observation was one of the modeled crops. The results oérea, the total water use would have to be reduced by 90% to
the linked model for the historical scenario (in which exist- match natural recharge, based on the five-year average water
ing policies were used) is shown in Figa. The net change use of each well prior to 1991. This resulted in the removal
in the saturated thickness (left) between the predevelopmerdf 173 wells from the high-priority area leaving the 23 wells
groundwater table and the end of the simulation period iswith the most senior rights. These wells were removed from
shown, and the size of the wells are scaled based on the totéthe agricultural model and all other parameters of the three
water used over the simulation period. The total revenue oimodels remained the same as in the historical scenario.
each parcel over the simulation period is also shown (cen- The results in Figdb indicate that the policy results in less
ter), where each well is associated with the PLSS land unifgroundwater decline in the high-priority area with a maxi-
in which it resides. This was estimated by multiplying the mum water level decline of 9.8 m as compared to 22.1m in
annual yield of the crop grown on each parcel by the aver-the historical scenario. The resulting economic impact is also
age price of the crop that year. The crop that was chosen bygonsiderable, reducing the total county revenue by 30% from
the economic model most often over the 14-year simulation$323.2x 10° to $229.0x 10° over the study period (Tab4.
period is shown in the map on the right, and was predomi- |n the incentive policy, the same net water savings is
nantly corn. The 13 parcels marked as “multiple” indicates achieved as in the regulation policy, but is done so through
that more than one crop was associated with a parcel. a county-wide voluntary water-right retirement program. It
These results show that the area facing the most intensivis assumed that each landowner would be offered a govern-
irrigation results in the greatest agricultural production andment payment just equal or slightly above his losses in in-
the largest decline in groundwater level. It is clear that thiscome from the water right. This payment would vary from
level of agricultural production cannot be sustained throughlandowner to landowner. A reduction of 34% in total wa-
irrigated water use, but it is not clear what effects policy for ter use over the entire county is necessary to match natural
reduced water use may have on production levels. To invesrecharge (again, based on the 5-year average water use of
tigate this question, we consider two policies. each well and the average recharge over the region). Since
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a) Existing policy
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Fig. 4. Linked model results for three water use policies.
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Fig. 5. Variability of the 30 random samples in the incentive policy simulation.

The variation of the results of the 30 trials is shown in [Eig.
in terms of standard deviations for per-parcel revenue (cen-
ter) and groundwater use and water level change (left). The

Table 4. Total water use, yield, and revenue for each policy.

Policy Water Use £10°md)  Yield (x10%t)  Revenue &10°%) e ) -

— greatest variation in pumping rates and the resulting ground-
Existing 1535.2 3.90 3232 ter level is in th fth {intensive irriaation. Th
Regulation 1076.0 574 2273 water level is in the area of the most intensive irrigation. The

Incentive 1085.1 2.75 229.0 variation in crop choice (right) is presented as the number
(st. dev. 15.2) (st. dev. 0.044) (st dev. 3.47) of number of different crops chosen for a parcel over the 30
trials. In most cases, the crop chosen for a parcel was the
same in all 30 trials (crops only differed between trials for 44
participation in the water-right buy-back program is assumedparcels).
to be random, we performed 30 trials of this simulation,
each with a different random sampling of participating wells.
On average, each trial included 542 of the 729 wells in the4 Conclusions
county (st. dev. 10). These simulations were performed on a
computing cluster due to the significant runtime (2 days) ofIn this work we have presented an approach to construct-
the linked model which allowed the 30 trials to be performeding multidisciplinary integrated models through the linking
concurrently. of individual domain models. The software development
The results of this policy in terms of maximum ground- effort was minimized through the reuse of existing models
water level decline, total revenue, and crop selection are il-and model-linking tools. Although the utility of model reuse
lustrated in Fig4c. The groundwater decline indicated in has been debateB4ul and Taylgr2002 Pidd 2002 Robin-
the figure is an average of the maximum groundwater levekon et al,. 2004, we have found the black box approach to
decline at the end of the simulation period over all 30 tri- model reuse to be an effective way to simplify the task of cre-
als. The minimum water level was 14.9m, as compared toating reusable modeling components from existing models.
the 22.1 m in the historical scenario. The revenue per parceThe flexible design of the OpenMI accommodates this ap-
(center) is the 30-trial average of the total revenue producegbroach for both hydrological models, for which the interface
by each parcel over the simulation period. The crop choicewas designed, as well as models from other domains, thus
indicated for each parcel (right) is the crop that was choserproviding a suitable medium to bring together traditionally
most often over all trial-years (30 trialst years). The 34% isolated modeling disciplines. Utilizing an open standard in
reduction in groundwater consumption resulted in a 30% re-integrated modeling studies means that the components de-
duction in both yields and revenue throughout the cotinty. veloped for a particular study can be reused in other linked

1Under a voluntary incentive policy, the revenue losses wouldshown in Fig.4c. However, the figure accurately reflects overall
be offset by the government payments to buy the water rights, soncome losses because the government payments simply transfer
that the net reduction in local revenue would be less drastic tharthe economic burden from local landowners to taxpayers.
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models without the need for additional programming, andopment of policy. For integrated modeling to become com-

thus contributes to a common repository of model compo-mon practice, practical methods for building such models are

nents. necessary, and we believe that this work contributes to that
We employed this approach to construct an integratecheed.

agricultural-groundwater-economic model. The reusable

model components were designed as lightweight wrapperéCK”OWI'edg,ememSThisdW(,’rk was supported in_part by the g
around the model programs (Fig). The agricultural com- National Science Foundation (grants NS9889:GECE001505 an

ponent was designed to support spatially-distributed Simu_EP80553722), the US Department of Agriculture/Agriculture

lation b d licati f th derlving field | Research Service (Cooperative Agreement 58-6209-3-018), and the
ation by repeated application of the underlying fie ~SCAl€ b6\ 0st Office’s Targeted Excellence Program at Kansas State Uni-

model program. The linked model was configured such that,esjty. any findings, opinions, conclusions, or recommendations
the relevant quantities were exchanged between pairs of COMsxpressed herein are those of the authors and do not necessarily
ponents in a circular fashion (Fig). reflect the views of any funding units.
A case study demonstrating the utility of the coupled
model in the context of irrigated agricultural systems wasEdited by: P. van der Zaag
performed. Data were compiled for a study region in the
semi-arid grasslands overlying the Ogallala Aquifer in the
Central Plains of the US. The models were verified both in-

dividually and collectively as the integrated model to repro- References
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