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ABSTRACT

MODELS FOR MANAGEMENT OF WATER CONFLICTS:

A CASE STUDY OF THE SAN-JOAQUIN WATERSHED, CALIFORN

Competition for use of water is increasing and ¢emdmany conflicts among competing interests
with complex goals in water management systemslebd with the complex competing and conflicting
situations, a variety of changes in managementigsliare required. Technical system models are
essential to create performance and other dedisformation, but models to simulate views of the
competing parties are also needed to help resolwgtigate conflicts. These models can be used as
helpful tools to designate effective strategies aatker resources management policies that encourage
parties to cooperate by accurately simulating thkeholders’ behavior and interactions. In thisigta
new approach to agent-based modeling (ABM) wasdhiced to simulate the behavior and interactions
of the parties participating in a conflict scenarvidich was modeled as a game. Water issues of
California’s San Joaquin River watershed were @sean example of a long-standing situation. The
ABM explained the interactions among the parties lmow they could be encouraged to cooperate in the
game to work toward a solution. It was confirmeat tiis model can be used to manage conflicts in
complex water resources systems as a powerfutdastablish rules based on the timing of flowstewa
demands, environmental concerns, and legislats@urees. It provides a clear description of human-
organizational interactions and a better understgnaf complex interactive systems by simplifyigt
complexity of views and interactions of competirggtjes. Using this proposed conflict management

model, decision-makers will have more reliable supfor their decision-making processes.



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION . .. oottt tee ittt et et e e et e ae e et e e ae et aeneane neeeaees 1
1.1 PROBLEM STATEMENT ...ttt ittt et ettt e e et et e et et et e et e e 1
1.2 GENERAL OBJIECTIVE. ... ittt tet et et e et e e e et e e ae e e e et e e aee e e e neeeee 4
1.3 RESEARCH QUESTION ... ..utt ittt e tee et e et e e e e e e e et e et e e e e e ean e e aeneanas 5
R ST 1L 10 ] P 5
IR o A O I 1] P 6
1.6 SUMMARY ..ot et e et e et e e e e e e e e e e e e 7
CHAPTER 2 LITERATURE REVIEW. ...ttt et et e e e e e 9
2.1 CONFLICT RESOLUTION. . ottt ettt ettt et e e et e e et et e e e et e e e e eenaes 9
2.2.1 CONFLICT RESOLUTION MODELS.......oiiitiiiie it e e e 10
2.2 CALIFORNIA WATER QUALITY MANAGEMENT ...ttt e e e e e 12
2.3 WATER QUALITY SIMULATION MODELS. ... ...ttt e e e e e 15
2.4 AGENT-BASED MODELS ... ...ttt it e et e e e e et e e et e eeaean e 20
2.5 SUMMARY ... ottt et et e e e e e e e e e e 23
CHAPTER 3: METHODOLOGY ...t tit e et et e et et e et e ae e et e e e ea et e e eaenne e .25
3.1 SETTING UP THE OBJECTIVES FUNCTIONS ...ttt e e e e e e 25
3.2 SOLVING THE PROBLEM ...ttt et e e et e e et e e e e ees 27
3.3 SURROGATE WORTH TRADE OFF METHOD.... ..ottt e e e 29
3.3.1 GenetiC AlgOIthm. ... 30
3.3.2 Construction of the Surrogate Worth Function..............c.cocoiiiiin i 32
3.4 WATERSHED SIMULATION MODEL. .. ...ttt e et e e e 35
3.4.1 SENSHIVIEY ANAIYSIS. .. vttt e e e ———_— 37



3.4.2 Calibration of the Watershed Simulation Model............coovviiii i 38

3.4.2.1 Statistical criteria for evaluating thefpemance of hydrologic prediction.....39

3.4.2.2 Shuffled Complex EVOIUtioN............coiiiiiiiii e e 41

3.5 BEHAVIORAL SIMULATION MODEL. ...ttt it e e e e e e e e e e 43
3.5, DEfiNItIONS ... o e e 3

3.5.2 Classification of Agents’ Behaviors and IBIEIONS............ccoeeiiiiiii i 44

3.5.3 Proposed Agent-Based MOAEL..........cooiiiiiiiii i e e e e 45

3.5.4 The ABM FOrMUIALION.......ou it e e e et et e e e e e e aees 50

3.6 MEASURES TO PROVE THE HYPOTHESIS ..ot e 54
B 7 SUMM A R Y ittt et e e e e e e e e e 56
CHAPTER 4: CASE STUDY L.ttt it e e e et e e e e e e e e eanens 59
4.1 THE SAN JOAQUIN WATERSHED ... ..ottt it e e e e e e v e aae e 60
4.2 THE STUDY ARE A. i e e e e e e et e e e et e rea e 64
4.3 SOURCES OF SALINIT Y ettt it s e e e e e e e e e e e et et et e e ree e eaeens 66
A4 SALINITY IMP A C T St e e e e e e e e e e e e et e et e e e e e e 68
4.5 SUMM A Y Lo e e e e e e e e e e e 69
CHAPTER 5: MODELS SETUP ...e ittt it it it e e e s e e e et e et e e e ae e 70
5.1 DATA ACQUISITION AND PREPARATION . ...t e e e 70

5.1.1 Input Data for the AFCSWAT ModEl.........c.coviiiiii i e e 71

5.1.2 Crop Water DEMaNUS. .. ....ov ittt ittt e e e e e e e e e eaaas 77

5.1.3 Planting and Harvesting Dates...........c.coiiiii it e e emeeme e ee e eeaen 77

5.1.4 Minimum FIOW ReQUITEMENLS ... ..uiiii i e e et ee e et v e ne e 79

5.2 SETTING UP THE WATERSEHD SIMULATION MODEL.......coviiitime vt i 80
5.3 SETTING UP THE GENETIC ALGORITHM . ...t e e e ee e 81



5.4 FINDING THE SURROGATE WORTH VALUES. ... e 85

5.5 Salinity Objectives in the San Joaquin RIVET. .. e venvie e e e e v aeaas 85
5.8 SUMMARY ... ittt et et e e e e e e e s 86
CHAPTER 6: RESULTS AND DISCUSSIONS. ...ttt et et e e e 87
6.1 SENSITIVITY ANALYSIS RESULTS ... .ottt e e e et e e e e e e eenees 87
6.2 CALIBRATION RESULT S ...ttt ittt e et et ettt et e e et et e e 88
6.3 OPTIMIZATION RESULT S ... ittt et et e et et e e et e e e eae e een menees 92
6.3.1 Finding Theoretical Noninferior SOIULIONS........ccccii i s 93
6.4 VALUES OF SURROGATE WORTH FUNCTIONS ......coiiitiiiiie s e ee eeiei e e e 94
6.5 RESULTS FROM THE BEHAVIORAL SIMULATION MODEL......cowtiiiie i, 99
6.5.1 Validation of the Agent-Based Model.............cocoiiiii e e e 100
6.5.2 Evaluating Responses from different Agents.........cocooi i e 104
6.5.3 Evaluating Management Scenarios Using thenABased Model.......................... 106
6.6 SATISFACTION AND PERFORMANCE ANALYSIS. . ..ottt e e 109
6.6.1 Performance ANalYSiS. ... ..o e e e e 110
6.7 ADAPTATION ... ettt ettt et e e e e e e e et e e e n2
6.7.1 Hard TeChNOIOGIES. .. ... e e e e 112
6.7.2 SOft TECHNOIOGIES. .. .. e e e e e e e 113
8.8 SUMMARY ... ottt et et e e e et e e e e e et e e e 114
CHAPTER 7: CONCLUSIONS . .. ittt ittt e et et e e e e e et e e te e et e e e aea e 115
T.L CONCLUSIONS. .. ..ttt e e e e e e e e et et e e e e e e e e e anaees 115
4% T R o - @ Tod 13 (o o 118
7.2 SUGGESTIONS FOR FURTHER RESEARCH ..ottt e e e e e 119



L (=T (=] (07 122

Appendix

Vi



CHAPTER 1

INTRODUCTION

1.1 PROBLEM STATEMENT

Water is a unique and vital resource for all livicrgatures. Unlike other consumable resources, it i
important for almost everything from biology to eomy to aesthetics to spiritual practice (Wolf, 800
There is no substitute for water. However, the fhat it is unevenly distributed in space and timas
provided significant challenges in managing wagsources. There is no water management for a single
purpose alone and it is always managed in regaitts @@mpeting interests such as: agricultural,
industrial and domestic uses, hydropower generatamreation and environmental protection. Theggfor
the management of water resources inherently ieghbonflicts among competing users who seek to

exploit the water for different purposes.

Although many of the conflicts are purely politicahere is broad agreement in the scientific
community that the best path to wise water managensea shared governance approach based on
comprehensive analysis and facilitated stakehdtdeivement. The fundamental concept in the shared
governance approach is that the views and conadralf system operators, stakeholders, and agencies

being affected by water resource decisions shoeilcbinsidered in all stages of decision making @®ce

Most of the major systems in the United States tgome through a period of conflict over their
operations in the last decades. Some example4 )aféie Missouri River system, with conflicts betmee
navigation versus hydropower and recreation puposeownstream and upstream, respectively; 2) The

Columbia River system, with conflicts between petitegy aquatic life and hydropower; and 3) The



Apalachicola-Chattahoochee-Flint (ACF) system, witinflicts between upstream urban water supply,
downstream estuarine environment, and middle-reasigation (Lund and Palmer, 1997). The conflicts
over water management in California have been gomdor decades. The main subject of conflicts in
California has been the limited supply of water fagricultural water diversions and urban water
demands. Enacting new environmental regulationsrder to protect the ecology of the region, crgate

more limitations on the water supply.

The largest source of California’s water is ther8aento-San Joaquin Delta (the Delta). At least a
portion of water demand for approximately two-tkirdf all Californians, including even San Diego
County residents, is supplied from the Delta asdhiéadwaters in the Sacramento and San Joaquin
Rivers. These water resources supply agriculturaiewvdemands of the Central Valley, where the
majority of productive agricultural efforts in Chlinia take place. The Central Valley consists taf t
Sacramento Valley and San Joaquin Valley. AlmoKtdfahe nation's fruits and vegetables are preduc
by the agricultural activities in this region.

However, agricultural activities in the Central Mgl have increased the level of some water quality
constituents in the Sacramento and San JoaquimsRavel in the Delta. The quality of water in thdt®e
is currently unable to meet objectives for manystitments. Between the two main headwaters of the
Delta, the Sacramento watershed receives enougfalfao dilute the contaminants to an acceptable
level, but since the San Joaquin watershed is giyelrier, the water quality conditions are moritical
in this watershed. As a result, water quality mamagnt in the San Joaquin watershed is more imgortan
and challenging because of its own environmentalthend its impact on the Delta’s water quality
condition. The main sources of water contaminantié San Joaquin watershed are agricultural return
flows and naturally occurring constituents. Thesgrees of contaminants have caused higher
concentrations of salinity, pesticides, nutrieats] some other important contaminants in waterdsoof

the region.



Of all the water quality constituents, the key wafeality issue affecting agricultural activitiesthe
region is salinity (Peterson et al., 1996; Pit2€)9). Salinity is important because increasirgit cause
serious impacts on agricultural production as wasltdomestic use of water. High levels of salinitgail
water content decrease plant available water, galasé stress and ultimately result in reduction of
agricultural productivity. It also has inverse eovimental impacts and threatens aquatic life. Doad
of the research in this dissertation will be on$a® Joaquin watershed, as one of the main salinity

drivers in the Delta Region, and salinity will betparameter of interest.

Agriculture, as one of the main sources of saliititthe region, is the dominant activity and a
multibillion dollar industry in Central Valley. Hoswver, agricultural water diversions and environrakent
protection goals have negative externalities o edlcer. Therefore, intense conflicts have been
increasing between the agricultural water usersesvitonmental sectors. Water scarcity has alseezhu
conflicts between different agricultural water gsarguing to receive or increase their water righie
conflicts in the region used to be over how wasenanaged and allocated to water diversions dtleeto
water shortage. In other words, the conflicts waostly over the amount of water allocated to water
users. However, new environmental concerns andregwations to allocate enough water to the
environmental sectors in order to save aquatidiéfee created more limitations on the water ressurc

and exacerbated the conflicting situations (Shaihth Cody, 2005).

Numerous efforts have been made to solve the ctinfii situations in the region. Out of these
efforts, it can be claimed that California Bay-@eRrogram (CALFED) has been the most comprehensive
and effective effort. Nonetheless, one and a hedhdes after the formation of CALFED, there areesom
serious criticisms on its effectiveness regardiragfggmance in resolving conflicts. One of these
criticisms is that it has not been able to elimindite zero-sum nature of the game, where incredlseng
benefit to one party causes a reduction in theflignehe other party, through collaborationsh#s also

failed in adoption of new science in decision mgkimocesses (Hanemann and Dyckman, 2009).



It can be claimed that one of the circumstancesodigging the parties to cooperate is the unraiabl
future of the Delta. Without major changes in pglithe collapse of the Delta is expected (Lund.et a
2007; 2010). Although decline or collapse of therent system in the Delta could impose drastictist
stakeholders, the expectation of state or fedé@ldhacase of failure is one of the main causes hevent

stakeholder cooperation.

1.2 GENERAL OBJECTIVE

A main objective in water resources managemerdngict management and its aim is to come up
with consensus solutions that, to some extengfgdtie goals of all stakeholders in a system. @dve
forms of conflict resolution approaches have be¢mduced. These approaches generally emphasize the
need of communication, understanding, and negotidimong different parties or stakeholders (Raiffa
1982). To develop an effective and applicable éanfhanagement plan, these communications and
negotiations must be mathematically formulated sindilated. These simulations can be used as tols t

evaluate the impact of different management scesari

In this dissertation, the main objective is to reglgonflicts over water quality management in the
San Joaquin watershed through development of dictomfanagement model, which simulates the water
users’/stakeholders’ behaviors and interactiond,emaluating some predefined management scenarios.
For this purpose, the main parties in conflicthia tegion are considered to be agricultural dieesiand
environmental protection agencies. The State @ssidered as a mediator party. The management

scenarios are mostly defined to encourage agrialiivater users to cooperate in the game.



1.3 RESEARCH QUESTION

Major Question: Theories exist that although science and engingerie essential, conflicts like the
ones in California are resolved ultimately by tbgdl and political processes and finance is alvaalyig
issue. Therefore, it is critical for scientists amdjineers to identify and propose feasible satstibat are
transparent and coherent, and which can lead eeagnt among the competing parties. Therefore, it
should be specified whether the conflicts in the $@aquin watershed can be reduced through

management enhancements?

Sub Questions:n case the management enhancements can lead tolefict, what social
enhancements are more feasible and applicable? &kn#ite most effective legislative improvements?

To what degree must different social and legistatimhancements be incorporated?

1.4 SOLUTION

Encouraging parties to cooperate could be a keplie the conflicts in the Delta (Madani and Lund,

in review). Perception of the parties about theareg future must be changed in order to encouthgm

to shift from their self-optimizing attitude. Thisay be achieved through an exchange of informatiah

a degree of education and social learning by progichore interaction among stakeholders. Changing
and enhancing the stakeholders’ perceptions aheuegion’s future helps them believe that theustat
quo, which ultimately could end up with the Delsdldre, will result in less benefit since the staddelers
should solve the problem on their own. Meanwhlie, state should also take into account that in chse
the Delta failure, the main loser is going to be skate itself. Therefore, the state involvemermsioiing

the region’s conflict is required. This involvemeatn be accomplished by providing some financial



incentives to encourage parties to cooperate. Thremecial incentives might be proportional to thes

imposed to the state from non-cooperation and Rellapse.

In this dissertation, a variety of management séesawhich represent educational, social, and
political enhancements, are defined. These scenarethen tested using a behavioral simulationeinod
linked to an optimization model. While the optintisa model finds the theoretical best solutions, th
behavioral simulation model tests the possibilitingplementing these solutions in an actual sitrati
The scenarios could be defined to evaluate thedhydastate involvement through some constitutional
amendments as well as provision of some finano@@ritives to determine the degree at which the stat
involvement in the game (as a political enhancejrismffective, and to assess the influence of igiog
some knowledge enhancement and educational prognedifferent levels (as social improvements).
Another scenario may put the stakeholders themsétveharge of solving the problem in case of a
collapse. This case can be interpreted as impg&nglties on the stakeholders as a result of non-
cooperation. These penalties are generally leskematfit to stakeholders since they should solge th
problem on their own. These scenarios may helpifofsom the zero-sum aspect of the conflicting
situation. The results obtained from implicatiorddferent management enhancement are then compared

with each other as well as with the status quceterthine the best management scenario.

1.5 HYPOTHESIS

The main hypothesis of this research is that timdlico management model proposed in this study
with more reliable simulation of outcomes for tloenpeting and conflicting parties can help to define
management scenarios resulting in higher levelgabér users’/stakeholders’ satisfaction in the kcinf
resolution process. Using this model helps to redbe existing conflicts in the study area by

incorporating some management enhancements.



The proposed conflict management model simulagedéhaviors of all water users/stakeholders
with the main objective of reducing the confliciseowater quality management in the San Joaquin
watershed. The model is trained to show agentsaviets due to different management scenarios. Then,
a variety of management scenarios are definedtiarere the system. The general framework of this
conflict management model is shown in Figure 1. demts in this figure represent different water siggr
stakeholders in the system. As demonstrated irfithise, a behavioral simulation model is linkecdato
decision-making optimization model to help deteimgndifferent levels of water demands due to

implementation of different management enhancements

Political Process

Environmental and
agricultural Allocations

Multi-criteria Decision

. ... Behavioral Simulation
Making Optimization |«

Agricultural Water

A \ Demands A A
Water Quality ‘ Operation )
and Quantity + Rules Behaviors
Watershed Simulation Agents Scenarios

Figure 1.1The general framework of the proposed conflict ngenaent model

1.6 SUMMARY

Fertile soil in the Central Valley of Californiadareated a multibillion dollar agricultural indrysin

the region. The San Joaquin Valley, which covemsoal half of the Central Valley, is of great im@ote



for agricultural activities. However, water shogdups created difficulties in supplying water dedsan
and, in consequence, some conflicts has ariserebetdifferent water users expecting to receiveastl
their water rights. Agricultural activities incimathe level of salts in the watershed and result i
developing more limitations and negative exteriedibetween agricultural water diversions and
environmental protection agencies. In this dissieriaa conflict management model is developed,
containing three main models: watershed simulatiodel, decision-making optimization model, and
behavioral simulation model. This model is thendugetest the impacts of applying some defined
management scenarios on conflict reduction in¢igéon. The effectiveness of these scenarios isdest
using the utility functions of different water usitakeholders to measure their satisfaction. $icena

resulting in higher satisfaction levels than tregigt quo are considered as the solutions of tHaqro



CHAPTER 2

LITERATURE REVIEW

2.1 CONFLICT RESOLUTION

Conflict is a disagreement among individuals ougothat differ in attitudes, beliefs, values, goal
or needs. Because of these differences, the partdikely to have different perception of theuiss in
conflict. The key issue in the analysis of conftigtsituations is to identify the parties; i.e.iwiduals,
groups, organizations, nations, or other systemyg|ved in the conflict (Bercovitch, et al. 200Fhese
parties might disagree about the amount, timind,urality of their share from a common resource.

In the field of water resources systems, in allsgiseof analyzing, operating or designing a project,
decision makers must ensure that the project isipaly, environmentally, financially and economigal
feasible. They should also check the feasibilityhaf project due to social and political issuesrdarh a
socially acceptable compromise, decision-makersidhattempt to find an optimal trade-off between
conflicting objectives (Raquel et al., 2007). Watssources management is a combined process of
sharing water and resolving conflicts among wasarsiand stakeholders. Stakeholders in this context
refer to individuals, organizations, or institutsothat have stakes in the outcome of decisionteckta
water or assimilative capacity sharing, becausg déine either directly affected by the decisionbave
the power to influence or block the decisions (W2@#02). Meeting the alternative goals of conflict
resolution requires cooperation of all participaams stakeholders. Non-cooperative behavior aviges
at least one water user neglects the externatifibts adopted water usage strategies (Loaicigd4 R0

A proper management scheme must have a multi-olgegpproach to take into account various

interests such as domestic users, agriculturaligtiopower generators, recreators and environtissta



within the region of interest. When conflicts amveloped, negotiations start among the mentioned
interests to find an acceptable solution. Howetrer complexity of finding mutually acceptable s@uots
increases exponentially as more stakeholders aodvied (Wolf, 2008). Wolf claims that there are ifou
different types of negotiation in the process afftict resolution in water management: rights-based
needs-based, interest-based, and equity-basedategat. Parties involved in a conflict may have
various perceptions of the conflicting issue. Waalfegorized various perceptions into four Worlds:
physical, emotional, knowing and spiritual. To cldgese types, he considered a glass of water as an
example. The glass of water is recognizably onyeiphl plane (physical perception). If one is ttyirhie
perceives it emotionally (emotional perceptiondh be intellectualized considering its componants
interaction of water with our body (knowing perdep). One may also say a blessing over the watgr an
it becomes a source of spiritual nourishment (&@tiperception).

To clarify the impact of having various perceptiafisvater on conflict resolution processes, Wolf
(2008) evaluated an actual conflicting case. Inpib@ce negotiations between Israel and Arabs, sdeh
had different approach to the issue of water. Arabstly had physical and emotional sense to therwat
issue; while for the Israeli side it was mostleifgctual.

Rothman (1991) specified four stages of negotiatas 1) adversarial, in this stage each side efin
its positions or rights 2) reflexive, which addresshe needs of each side that bring them to their
positions 3) integrative, in this stage negotiatmesnstorm together to address their underlyingrasts
4) action, in which negotiators work on implemeintatand re-entry.

For an effective water resources management witHicoresolution purposes, specifying the parties
in conflict and determining the type of their pgytien of water can help to designate the type of

negotiations and conduct negotiation processes.

2.1.1 CONFLICT RESOLUTION MODELS
Conflict resolution began to emerge as a specilfieéd in the 1950’s (Bercovitch, et al. 2009). In
the 60's and 70's, theories of conflict resolufmmmd their roots in economics and game theorysamoh

10



thereafter it became of interest for many reseascinethe field of water resources. Since then, enous
waste-load allocation models have been developtdtiaé intention of resolving or reducing conflicts
between water users or adapting to new circumssdiocavater quality management purposes. These
models minimize total effluent treatment costs,levkatisfying water quality standards throughoet th
system. The majority of the classical models inocaife the uncertainties of waste-load allocation
problems by choosing particular low flow valuesstsas 7Q10, and the maximum observed water
temperature (Karamouz et al., 2006).

The conflict resolution models are usually compkca nonlinear, and computationally intensive,
especially when different stakeholders, who haeé twn priorities, are involved (Bazargan-Lariagt
2008). Clearly, a successful management scheméddstadwe into account the interests of all
stakeholders. Loucks (1990) developed a sharedrnvisiodel which was the common development of a
single model or modeling framework by differentgps of stakeholders (Theissen and Loucks 1992;
Palmer and Keyes 1993; Keyes and Palmer 1993, 188Eck and Whipple 1994). In this approach, all
parties impacted by water resource decisions (aadystem operators, stakeholders, and agenoges) ar
provided the opportunity to participate in modetida, development, and evaluation. The goal is to
provide these parties with tools that increase tstdeding of the conflict and the ability to evakia
potential trade- offs (Lund and Palmer, 1997).

Nandalal and Simonovic (2003) developed a simpéesy dynamics-based bargaining model to
resolve a conflicting situation between two wateens. They allocated water from a hypotheticalrrive
two water users according to their aspirationsrafative weights. Despite the significant resutisyt
obtained from their proposed conflict resolutiontinoel, their model had been developed for only two
water users and it did not consider quality isskesamouz et al. (2006) extended the Nandalal and
Simonovic model to simulate the bargaining proeeseng multiple players. They incorporated the
objectives and preferences of stakeholders andideemakers of the system in the form of utility

functions have the capability of considering batialiy and quantity issues. Using this approacly the

11



could provide a final agreement among the playdneir model provided optimal water and waste load
allocation policies in a river system.

In another study, Karamouz et al. (2010) extenfiedt tonflict resolution model further to consider
the impacts of an upstream reservoir operationgy Tésolved the conflicts over the quality and qiyan
allocations from the downstream river system withard to the operating rules of the upstream regerv
derived from an optimization model. The optimizatimnodel determined the quality and quantity of
water released to the river. They compared theitet® performance with another conflict resolution
model based on the Nash bargaining theory. Forcthigoarison, they used reliability, resiliency and
vulnerability criteria. The results showed betterfprmance of the system dynamics model in
comparison with the Nash model. They, therefo@nwd that their proposed model could provide an

effective tool for water allocation and water gtiafhanagement in a reservoir-river system.

2.2 CALIFORNIA WATER QUALITY MANAGEMENT
For decades, there have been serious conflictshmyemater resources are managed in California.
The main subject of conflicts among stakeholdeds@mpeting interests in this state has been the
limited supply of water (Sheikh and Cody, 2005).ater and how to transfer water from the Delta
region to users elsewhere has been the root cétise conflicts in California (Hanemann and Dyckman
2009). Enacting new regulations to prevent the ystes and health of the region created more litoits
the water supply and new controversies raised aratakgholders over water supply distribution. Water
diversions and implementing new regulations togumbthe Delta ecosystem create negative exteewliti
on each other and the situation can be seen as-@w® game, where increasing the benefit to ong pa
causes a reduction in the benefit to the otheyp&8adme of the main new regulations that exaceddike
conflicting situations in the region are (Sheikhl &ody, 2005):
1) Endangered Species Act (ESA) enacted in 1973 doatk specific water supplies to natural areas
as well as fish and wildlife. This act caused clesnp dam operations, water flow, and pumping
facilities.

12



2) Central Valley Project Improvement Act (CVPIA), whichanged the priorities for water supply
to the CVP by ranking fish and wildlife water needshe same level as irrigation and domestic
water uses.

3) Clean Water Act (CWA), through which mutually actge water quality standards were
adopted by the state and federal authorities. Thewrities concurred to regulate the CVP and
SWP operations to meet the standards and alsos&dogpetarget flows for ESA listed species.

The CWA regulates both surface water and groundveatality and is enforced by the EPA.

To deal with water management competing and cdinftjidssues in the region, a variety of
innovative ideas have been developed. Howevermntia criticism to them is that they did not have an
overall framework. It can be claimed that the momshprehensive effort to resolve water resources
conflicts in the region has been the California Bafta Program (CALFED) which was initiated in
1995. There are 23 federal and state agencieg iGALFED Policy Group that are responsible for
overseeing the implementation of CALFED, assesisingrogress, and reviewing and coordinating
CALFED and related programs (Gerlak and HeikkiR0&).

CALFED designated the “problem area” as the Daiththe “solution area” as all areas hydraulically
connected to the Delta or relying on its water segpmainly Sacramento and San Joaquin Rivers
(CALFED, 2000). Addressing three main problems thasfocus of the program: ecosystem health,
water quality, and water supply reliability. CALFERtended to respond to the conflicts through &eser
of agreements and revisions that have involvedréd@ed state legislation, and stakeholder accords
(Sheikh and Cody, 2005). Early in the program tBé.EED agencies figured out that the program
needed to have very active public involvement,ipaldrly from identified interest groups or NGOsa®©
of the best and earliest achievements of CALFED pudidic awareness and their participation into wate
conservation activities (Macaulay, 2001). Howeteere have been some main concerns in

implementation of the CALFED program. These conseme (Sheikh and Cody, 2005):

13



» Some agricultural stakeholders have concern owearimount of water they will receive and ask
for assurances to receive a certain percentagefdontracted supplies.

» Other agricultural and urban contractors fear tivgiter supplies may be threatened by such
assurances.

» Some are concerned that the program is not balaarthe methods of distributing water may
disadvantage them.

» Some question the legitimacy of scientific findirigs environmental water needs.

» Others are worried if legislative efforts to resmbome of these issues undermine the ability of
the CALFED to restore fisheries and the Bay-Dettasgstem.

» Some environmental groups argue for more flowsuppsert the recovery of endangered plant
and animal species.

e Some believe in investing in water conservatiomgigaew technologies, and new pricing
strategies to lower demand for Bay-Delta water

» Environmental groups prefer managing existing sepphore efficiently rather than

development of new surface storage projects.

Despite the strong scientific fundamentals and celmnsive and adaptive planning for the
CALFED program, it can be claimed that it has regrisuccessful after years of implementation.
Hanemann and Dyckman (2009) claimed that the CALIRB®not been able to eliminate the zero-sum
aspect of the game through collaborations, negmtistand collective decision makings by stakehalder
They considered the CALFED program as a continfaiigre to adopt new paradigms of governance, to
organize adequately, to deal with complex systémsppe with dynamic ecosystems, to embrace science
in decision-making, and to adapt to new knowledugk rrew ways of knowing. Besides, the significant

disagreement about the property rights and thelfiattactors prefer to spend their energy fightong
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change their property rights rather than accomniingléd them has created an intangible situatioritfer
bargaining solution.

Elimination of the strong support from the polititeadership in Washington and Sacramento after
President Bush was elected caused the situatiGABEED to begin a slow decline (Hanemann and
Dyckman, 2009). New leadership that was less stipparf CALFED, creation of the California Bay-
Delta Authority (CBDA) without enough authority, ddepletion in external funding secured earlienfro
Congress and the state taxpayers were other refsdhs decline of CALFED (Nawi and Brandt, 2008).
All'in all, a review by the Little Hoover Commissig2005) found CALFED to be “costly,
underperforming, unfocused and unaccountable”.

To deal with the conflicting situation in the agad resolve it, some major changes in policy are
required to help protect the Delta against beidgpsed (Lund et al., 2007; 2010). Madani and L(ind
review) evaluated the nature of the conflicts ia relta Region. The main conclusions of their stay
summarized in the following. For half a centurye tiature of the conflicts in the Delta has had a
Prisoners’ Dilemma game-theoretical structure, walknsides of the conflict prefer not to cooperael
act individually. This behavioral strategy ultimigteauses the Pareto optimum solution to be lems th
even when all parties cooperate. Nowadays, dugetdeterioration of the Delta and more environmenta
social, and political limitations, some parties éd& compromise and cooperate. This situationlisctca
Chicken game, when a party (especially the one kigher risk aversion) accepts to participate in
cooperation and becomes the chicken. In Chickeregathe dominant strategy of the parties is to amit
long as possible to force other parties to devfrat® non-cooperative strategies. However, since a
collapse can impose significant costs to the statestakeholders, the sooner the parties coopénate,

lower losses for the parties and state.

2.3 WATER QUALITY SIMULATION MODELS
One of the requirements for water resources dewatop and watershed management is an
understanding of hydrological variations due tonges in watershed characteristics over long-term
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periods (Bhadurét al, 2000). Regarding quality impairments in watedshevater quality assessment
technigues have recently become more into congiderd he current techniques include two methods:
(a) water quality field monitoring and (b) computeathematical modeling (Parajuli et al. 2009). diel
monitoring is the most reliable method but it ipemsive. Computer/mathematical models help to save
time, reduce costs, and minimize the need forrtgstianagement alternatives (Shirmohamneadi,
2006).

The digital computer was brought to the hydrolagest a powerful new tool in the late 1950's
(Snyder, 1965). Computer models of water resowstms require a clear and consistent
conceptualization of the workings knowledge of thegstems (Lord, et al. 1990). In developing water
resources systems models, the challenge is toaeedbasin-scale model that: (1) is computationally
efficient; (2) allows considerable spatial detéd) requires readily available inputs; (4) is cootus-
time; (5) is capable of simulating land-managensesnarios; and (6) gives reasonable results (Argiold
al. 1998).

Numerous watershed models with various capabil#resdegrees of complexity are currently
available. A number of these models estimate ruseffiment yield, and phosphorus loads, and many
help water quality goal development and implemémmaiBorahet al, 2006). In general, these models
are used as tools for developing management sigategreduce effects of non-point source pollutan
water quality (Parajuli et al. 2009).

In developing conceptual models, the Stanford Véaest Model (Crawford and Linsley, 1966) was a
first step. It is a simulation model of the hydmwilocycle. The model gets hourly rainfall and daily
potential evapotranspiration (as its inputs) amggihourly stream flow any time the flow is above a
preselected base level, mean daily flow, total ahrunoff, end-of-month soil moisture and grouncevat
storages, actual evapotranspiration and otherrirdtion. However, SWM could not represent the
ultimate in precipitation-runoff relationships (lsiey 1967). After SWM, numerous conceptual models

and approaches have been developed. Some comnsaaycanceptual models are:
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1. The Streamflow Synthesis and Reservoir Regulati®@SARR) model, which provides
mathematical hydrologic simulations for systemdymisito help planning, design, and operation
of water resources (Rockwoed al.,, 1972).

2. The HEC-1, originally developed in 1967, considemiver basin as an interconnected system of
hydrologic and hydraulic components and simulatessurface runoff response of the basin to
precipitation (Hydrologic Engineering Center, 198The model provides the computation of
streamflow hydrographs at desired locations inritber basin.

3. HYMO, which is a problem-oriented computer languémyause in modeling the runoff from
watersheds. The name, HYMO, comes from the worgldrtilogic model”. HYMO provides
simple means of building hydrologic models for tlesign and evaluation of flood control

structures, flood forecasting, or research stu@éfliams and Hann, 1973).

The Sacramento model (Burnaattal, 1973) and the tank model (Sugaweral, 1976) are other
commonly used conceptual models. In all of thesdeats some processes are described by differential
equations based on simplified hydraulic laws, ateioprocesses are expressed by empirical algebraic
equations.

Soil moisture replenishment as well as depletiaghr@distribution for the dynamic variation in areas
contributing to direct runoff have been incorpodaite more recent conceptual models. For exampée, th
ARNO model (Todini, 1996) uses a probability distion of soil moisture and TOPMODEL (Beveh
al., 1987) uses a topographic index. ARNO is a sastitbuted conceptual rainfall-runoff model. The
name, ARNO, was derived from Arno River. The a@agpplication are both in land-surface-
atmosphere process research and as an operatathfdrecasting tool. ARNO represents the soil
moisture balance as well as the transfer of rutwoffie outlet of the basin. The concepts of a apati
probability distribution of soil moisture capacapd of dynamically varying saturated contributinges

are incorporated by the model (Todini, 1996).
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TOPMODEL is a physically-based computer model citbaaydrology. The name was derived from
topography-based hydrological model. The model doatthe spatial variability of source areas Wi t
average response of the soil-water storage ofdbito reduce the number of model parametershaend t
fieldwork required. TOPMODEL subdivides cachment® iseveral hydrologically homogeneous
subcatchment units. These units are modeled separahis model has been designed specifically for
unforested catchments with a humid-temperate clirfB¢ven et al., 1984).

Physically-based, distributed catchment modelshbaé the potential to overcome many of the
deficiencies associated with simpler approaches aew generation of hydrological models. Diffeiaint
models based on conservation of mass, energy antentam such as SHE (Abbett al, 1986) and
IDHM (Bevenet al, 1987; Binleyet al, 1989) can be considered as another class oblogical models.

The SHE model is a physically-based, distributedlehowhich simulates water movement in a basin.
This simulation is performed with the finite difearce solution of the partial differential equations
defining the processes of overload and channel, flmsaturated and saturated subsurface flow,
interception, ET and snowmelt. An orthogonal gritwork represents the basin to achieve the spatial
distribution of catchment parameters. The modeadriporates data on topography, vegetation and soil
properties and does not require a lengthy hydroonelegical record for its calibration. The SHE Isa
able to quantify uncertainties by accomplishings#térity analyses for realistic ranges of the pagten
values (Abbott et al. 1986). However, the data ireguents for this model are substantial and thength
of differential models like SHE lies beyond thddief pure rainfall-runoff modeling (Jaet al, 1992).
Another physically-based catchment model for ovetliow, saturated and unsaturated subsurface flow
and channel flow is Institute of Hydrology Distried Model (IHDM) developed by Beven and Calver
(1987).

Non-point source modeling was initiated in the ¥d870s in regard with the Clean Water Act.
Knisel (1980) developed a model called Chemicalsd®, and Erosion from Agricultural Management
Systems (CREAMS) model, to simulate the impactafiimanagement on water, sediment, nutrients,
and pesticides leaving the edge of a field. Thisiehavas later expanded further by Leonard et 88T}
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to simulate groundwater pesticide loadings (GrowatéwlLoading Effects on Agricultural Management
Systems, GLEAMS) and by Williams et al. (1984) itnate the impact of erosion on crop production
(Erosion—Productivity Impact Calculator, EPIC). Hoxer, none of these models considered subsurface
flow, ET or plant growth (Arnold et al. 1998).

In order to overcome these shortcomings, in thiy 4890s, USDA developed a conceptual,
continuous time model to assist water resource gexsan assessing the impact of management and
climate on water supplies and non-point sourceugioh in watersheds and large river basins. Thideho
is called SWAT (Soil and Water Assessment Toolk Tain objective of developing the SWAT model
was to provide a tool to predict the impact of ngamaent on water, sediment and agricultural chemical
yields in large ungauged basins as well as to asga®r supplies and non-point source pollutiotaoge
river basins (Arnold and Fohrer 2005).

SWAT is a flexible model that can be applied toewvsihieds with a wide range of different
environmental conditions (Arnold and Fohrer 2006ncorporates features of several USDA
Agricultural Research Service (USDA ARS) modelduding the Simulator for Water Resources in
Rural Basins (SWRRB) model (Willianes al, 1985; Arnoldet al, 1990), CREAMS, GLEAMS, and
EPIC. The model SWAT is applicable for integratiixer basin management and has the following
components: weather, hydrology, erosion/sedimanmtagfilant growth, nutrients, pesticides, agricatur
management, stream routing and pond/reservoimguti

The models that have been most commonly used b$ttte and Federal water management
agencies in California include DWR'’s Delta SimwatiModel 2 (DSM2), CALSIM-II, and the Resource
Management Associates (RMA) Bay-Delta Model (CALFB&y-Delta Program, 2007).

DSM2 is a one-dimensional mathematical model, wiighamically simulates tidal hydraulics, water
guality, and particle tracking in a network of nive or estuarine channels. There are three modules
DSM2 including: HYDRO (hydrodynamics), QUAL (wateuality), and PTM (particle tracking). It can
simulate stages, flows, velocities, many mass pamprocesses (including salts), multiple non-
conservative constituents, temperature, and moveaiéndividual particles (USDI, 2008).
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The CALSIM model was designed by the California Bament of Water Resources to separate the
physical and operational criteria from the actuatpss of determining the allocations of water to
competing interests. It evaluates operational rétieres of large, complex river basins (California
Department of Water Resources, 2000).

The Resource Management Associates (RMA) modehimalimensional model, which provides
more accurate simulations of the movement of watersolutes in the large channels and floodeddslan
of the Bay and west Delta. The effects of majomgjes to Delta geometry such as the breaching of

levees can be predicted appropriately using thidelh(CALFED Bay-Delta Program, 2007).

2.4 AGENT-BASED MODELS

Agent-based modeling is a young yet already widéfysed approach to the analysis, modeling and
simulation of complex systems (Bandini et al., 2009s a basis for modeling social life as intgians
among reconciling agents who influence each otbeoraing to the influences they receive (Macy and
Willer, 2002). An agent-based model provides a tookpresent a human decision-making process
explicitly (Soman et al., 2008).

Galan et al. (2009) evaluated some studies (Epst@#iD; Axtell, 2000; Bonabeau, 2002; Bousquet
and Le Page, 2004) on agent-based modeling andiegebe advantages of this approach over therothe
modeling paradigms. Based on their study, usingtalgesed modeling:

1) More natural and transparent descriptions oftrstems can be provided.

2) The hypothesis of homogeneity in the populatian be relaxed.

3) Explicit representations of geographical envinents can be incorporated.

4) Local interactions can be modeled.

5) The bidirectional relation between the individuand the system can be modeled.

6) The emergent behavior can be captured.

7) The potential criticisms and suggested modificest to the model, made by domain experts and
stakeholders, can be easily incorporated.
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8) Economic, social, territorial, technologicaldaavery influential dimension can be included in

one model.

In agent-based modeling, agents are defined as@utuus entities that have particular knowledge
and information (Parker et al., 2003). They caeritt with other agents and a common environment.
Agents are also goal directed; can act upon thea@maent; and can react to policy and market
conditions (Woolridge and Jennings, 1995). An agentbe any type of independent component
(Bonabeau 2002). In simulating social processewumjent-based modeling, agents are considered as
people or groups of people, and agent relationgkeipesent processes of social interaction (Giliedt
Troitzsch 1999). The first social agent-based satioth was developed by Thomas Schelling in 1978 to
study housing segregation patterns. Agents insihisilation represented people and agent interaction
represent a socially relevant process (Schellirg81L9

In the past few years, there has been a signifibewelopment of agent- based modeling applications
in the water management domain (Galan, et al. 200Q)ierdo et al. (2003) developed an agent-based
model, called FEARLUS-W, for river basin land usel avater management to investigate ways of
synthesizing stakeholder priorities. Their modeswaa extension of an already existing model,
FEARLUS, developed by Polhills, et al. (2001). Téimtially-explicit agent-based model was built to
evaluate the complex interactions among water uggggseam and downstream a river. They concluded
that their model provided flexibility to addressamsnetries due to the flowing nature of river watdrile
interactions between the socio-economic and thimgical aspects of the river basin were also célsefu
taken into account. According to their conclusiBBARLUS-W is a tool to increase our understandihg o
socio-economic interactions between stakeholderigén basin management.

Edwards et al. (2005) assessed the relevanceraf asiaggregate versus an agent-based (called
individual-based in their study) model of water somption according to the information availablettom
resource. Their model was the adaptation of You(i®99) sociologic diffusion model for residential
water domains. They consider two kinds of individua their study: households and farmers. These
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individuals had different basic needs in water diffgérent social parameters defined their evolution
Each individual could choose between two typesatewconsumption behaviors: careful or indifferent.
They concluded that these models are highly deperatethe available information on the resource and
the type of this information plays a key role notyoon the evolution of both individual-based and
aggregate models but also on the difference oftsekatween them.

Galan, et al. (2009) developed an agent-based nmdébmestic water management in the
Valladolid metropolitan area, Spain. They integilatgdels of urban dynamics, water consumption, and
technological and opinion diffusion in an agentdshmodel linked with a geographic information
system. Their opinion diffusion model was formuthbmsed on Edwards et al.’s (2005) work. Using this
model, they could simulate and compare various maEmand scenarios by evaluating the influence of
urban dynamics and other socio-geographic effeattomestic water demand. They concluded that using
agent-based modeling can help to overcome some oamveaknesses, relative to most traditional
methodologies, such as the difficulty to understédmedunderlying assumptions of the models, the
willingness to ignore geographical aspects of trstesn, and the complexity and failure to integrate
diverse socioeconomic aspects in one single modgkneral, their model was a tool to obtain
complementary insights on the complex issues cteniaimg water management systems.

Zechman (2007) proposed a multi-agent modeling émaonk that combined agent-based,
mechanistic, and dynamic methods to simulate canttion events. Using this simulation, she analyzed
threat management strategies in water distribitietems. The framework was designed to consider the
typical issues incorporated in water distributibreat management. This modeling framework enabled
her to evaluate management strategies based otasimyumore realistic interactions.

Kock (2008) used Agent-Based Modeling in Socio-Hjogical Systems. He developed two agent-
based models of society and hydrology for Albac8gsin, and the Snake River, eastern Idaho, USA, to
investigate the societal effects of incorporatingadditional institution to the existing water restes
management institutions. He integrated essengahehts of the regional society (such as real world
actors), hydrology, geology; and economic intorh@els. According to his conclusions, institutional
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capacity and water conflict dynamics are highlatedl, however, their direction of influence mayywar
Furthermore, in his research, Kock specified aitelements of the design of ground water banking
institutions.

Soman et al. (2008) developed a multi-agent basmtehto capture multiple farmer typology
behaviors in making land use decisions that affeziproduction. They considered agents as land@yner
divided into different groups based on their gossl crop productivity, and the size of their farm
operations. They also analyzed the possible ecanand environmental outcome for policy scenarios,
such as change in agricultural/environmental pediciuch as soil conservation, using this agentdbase
model. Their model helped to understand the intema@and feedback between the agents and their
environment associated with different policy irtitras. This model was a tool to predict future laise
decisions regarding to various market conditiorts pwlicies.

Kennedy et al. (2010) developed an agent-basedIrtmdenulate conflicts between herdsmen in
east Africa. Using agent-based modeling, they satedl interactions and conflict between herders with
different ethnic identities as well as herders tamthers over the utilization of the common grazemg
and water resources. Their intention was to figureif adding wells improves the conflicting condits.
This agent-based simulation model provided therh witool to evaluate the effect of changing the

number of watering holes in reducing conflicts.

2.5 SUMMARY

According to the literature reviewed in this studgnflict is inevitable in water resources
management. In California, there have been lortghiaand complex conflicts over how the limited
water resources are managed and whether or hgansfér water. Raising environmental concerns and
enacting new regulations to protect the environmaadtaquatic life in the region imposed more linits
water supply and exacerbated the conflicting sibnafTo manage the water resources in California,
several innovative ideas have been developed.fAliiese ideas suffered from the lack of an overall
framework. The most comprehensive effort to manegier resources in California was the creation of
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CALFED. However, after one and a half decades plémentation of CALFED, its failure has been
claimed by some researchers. One of the mainisnigto CALFED is that it has not been successful i
encouraging the parties to cooperate and elimthateero-sum aspect of the game. However,
encouraging the competing parties to cooperatiedrgame is a key to resolve the conflicts.

In this dissertation, an optimization model whiglimizes a multiobjective function is defined to
fine the theoretical best solutions for the probl&ims model is then linked to a behavioral simiolat
model, which simulates the parties’ behaviors @attions to different situations to find a more
applicable solution for the conflicting problem#$eéehn, a variety of management scenarios are defindd
introduced to the behavioral simulation model idesrto evaluate the parties’ reactions due to these
scenarios. Evaluating the performance of impleniemaf these scenarios, the most effective oria(s)

encouraging the parties to cooperate are specifigid.process is explained in detail in Chapter 3.
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CHAPTER 3

METHODOLOGY

In this chapter, the proposed conflict managemeastahis discussed. This model is a combination of
three models including: an optimization model, darghed simulation model and a behavioral simutatio
model. The methods to develop these models araiexpl in detail in the following sections. After
developing the conflict management model, it shdn@ladtonfirmed that the proposed model can help to
define management scenarios that result in highetd of water user and stakeholder satisfactidhean
conflicting situation. For this purpose, a multiteria objective function is defined, which is dissed in
the next section. The performance of the proposadketris tested solving this problem. The measwres t

verify the performance of the model will also b&dduced and explained in this chapter.

3.1 SETTING UP THE OBJECTIVES FUNCTIONS
To manage the conflicts in the study area, a naultéria objective function is defined as preserited

Equation 3.1:

min {f; (x), f>(x), f3(x)} 3.1

where,f; (x), f>(x), andf;(x) are the objective functions of the system, whitpectively
maximize the outflow and minimize salinity loadthe Delta, and maximize water diversions. This mult

criteria objective function and all constraints eoastructed on a daily basis, which provides the
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opportunity to consider the timing of flow and alftions. The objective functions of this study are
defined as:
1. To maximize the outflowmnax f; (x), to the Delta area for downstream environmentgdqses.
Since the overall multi-criteria objective functimto be minimized, to maximize this function,

its negative value is minimized:

fi(x) =—f(x) 3.2

2. To minimize the salinity loadnin £, (x), being transferred to the Delta area for enviramiade
purposes; and
3. To maximize the water allocated to diversionaax f;(x). The negative value of this objective

function is minimized as explained for the firsjaatiive function.

f2(x) = —f3(x) 3.3

To solve this problem, the constraints of the systeust also be taken into account. These

constraints are:

1.  The minimum environmental flow requirements mustoesidered along the river and its
tributaries, i.e. at least the minimum environmefitav requirements must be met after each
diversion.

2. Agricultural water users cannot receive more thmeeir tmaximum water demand. The
maximum agricultural water demand for each fieldsimated as the difference between the
crop water demand in the growing season and theiainod water that each field receives from

precipitation or snowmelt.

26



3.2 SOLVING THE PROBLEM

Reducing conflicts among different stakeholderséwasers is the main purpose of solving this
multi-criteria objective function. Therefore, a it management model, which is a combination of
three models, is developed. These models are:tithiaption model, 2) watershed simulation model an
3) behavioral simulation model. In the optimizatimodel, the objective function presented in Equmtio
3.1 will be solved using the Surrogate Worth Traffg SWT) method, introduced by Haimes and Hall
(1974). This method provides alternative solution®rms of a Pareto optimal set of solutions. fihal
optimum solution is then selected from this Paogttimal set by interacting with decision-makers$haf
system. In general, the SWT method has four majpsstDebeljak et al., 1986):

1. Generation of non-inferior solutions

2. Generation of associated trade-offs

3. Interaction with the decision-maker(s) to obtaiafprence or worth information

4. Choice of the best-compromise solution.

These steps will be discussed in detail in Se®iBnA watershed simulation model (explained in
Section 3.4) is linked to the optimization modettiermine the variation of flow and salinity irethiver
as well as the availability of water to be allockte diversions. The amount of allocations is dateed
regarding to the water users’ demands as welleasdhstraints of the system. It should be noted tha
water demands are influenced by the water usehsieral processes and social networks. In order to
simulate these influencing factors, an Agent-Bddedel (ABM) is developed and linked to the other
models of the conflict management model as thehets simulation model.

ABM is a newly developed approach to simulate ttt@as and interactions of autonomous agents
and to assess their effects on the entire systemegdMind North, 2010). This class of simulation has
recently become into the consideration of reseasc$iace its computational fundaments have been
provided due to the recent computer advances. Betiaihe ABM approach will be discussed in Section
3.5.
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The overall interaction between the watershed sitran, optimization, and behavioral simulation
models is illustrated in Figure 3.1. As demonstfarethis figure, the optimized values of diversas
well as outflow and salinity loads being transfdrte the Delta are determined by the optimizatiadeh
which is linked to the watershed simulation modélese values are introduced to the behavioral
simulation model. This model simulates the readtiohdifferent agencies to implementing different

scenarios. Therefore, it can help to evaluate ffieetereness of management strategies.

Conflict Management Model

« Climate Data
« Topological Data

« Soil Type

« Land Use

. Boundar;; Conditions

Watershed
Simulation
4 Model \

Agents and their attitudes
Agents’ behavior scheme
Agents’ Interaction Rules
Management Scenarios

/ - Operation Rules N : ; .
(Rate of Agricultural O;)\;a;:g :lr:) (:1;);?:tlty B.ehavm.ral
i Withdrawals/Water River = Simulation
| Allocations) P ol ity iversions, Model

‘\ Optimized flow | | °f Outflow R e

| and salinity loads | | ~ Avalla'ble Waterifor /

\“ to the Delta Allocation //

| Optimization
Model

o . I Best-Compromise
« Objective Functions

« Constraints Solution

Figure 3.1 The overall interaction between the watershed stian, optimization, and behavioral

simulation models
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3.3 SURROGATE WORTH TRADE OFF METHOD

In the Surrogate Worth Trade Off method, introdulbgdHaims and Hall (1974), a set of Pareto
optimal solutions is formed first and the tradefaffictions are constructed using the Lagrange
Multipliers method. Then, the surrogate worth afteaf the Pareto optimum points is specified,
interacting with decision-makers. Using these vgltiee surrogate worth function is constructed. The
final optimum solution is selected from the valoésurrogate worth function received from decision-
makers. The process of constructing the surrogatéhviunction and selecting the optimum solutiofl wi
be discussed in Section 3.3.2. To clarify the mitlagsume the general form of a multi-objective

problem withn objective functions as shown in Equation 3.4:

min {f; (x), f(x), .., fn (%)} 3.4

Subject to

where,f;(x) are the objective functions agg(x) are the constraints of the system. To use the
Lagrange Multipliers method, one of the objectivadtions is considered as the primary one and the

others are treated as constraints. Then, the Lggraquation is generated as follows:

L=f1(x)+22”=1uk'gk(X)+Z?=z/11j'[]3-(x)—sj]; j=2,..,n 3.5

where,f; (x) is the primary objective functiop, andl,; are the Lagrange multipliers. The

multipliers can be zero or nonzero. A zero Lagramgétiplier corresponds to the inferior set of s,
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whereas a nonzero multiplier shows that particedenstraint limits the optimum and corresponds ¢ th

non-inferior set of solutions. The Kuhn-Tucker civioths are now defined as:

Alj . [f}(x) — g]] =0 ] = 1, 2, W n 3.6

A1 =0 j=12..n 3.7

If either of 4, or f;(x) — ¢; is nonzero, Equation 3.6 can only be valid in daseother one is zero.
Hence, the Lagrange multiplier of inactive (notddrg) constraints is zero, whereas the valug, gffor
an active (binding) constraint is not necessaeiyz Therefore, the sets of active and inactivestamts
are determined using Equation 3.6. The trade-aittion is then developed based on the active
constraints.

To use the Lagrange Multipliers method, the exgaa&on of each objective function must be
available. However, the objective functions of ttisdy are dependent on a variety of different
watershed, meteorological, topological, etc. patamseand each of the objective functions is a
combination of multiple physical and hydrologicguations. Therefore, it is not practical to use the
Lagrange Multipliers method for this study. In artie overcome with this issue, the Pareto optireis
determined using multi-objective Genetic Algoritli@A) method, which is discussed in the following

section.

3.3.1 Genetic Algorithm
Genetic algorithms have being widely used to fiptimal solutions to computationally difficult
problems. Holland (1975) developed the geneticralyn method for solving both constrained and

unconstrained optimization problems. This methoitkitas the process of biological evolution and
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successively modifies the solutions of a problemeXplain how the genetic algorithm works, firstreo
important terminologies are defined as follows:
Fitness Functions:or objective functions are the functions that nhesoptimized (minimized or
maximized).
Individual/Chromosome: is a set of parameters which result in a proposkdisn to the problem.
Gene:each parameter in a chromosome is called a gene.
Score:the value of the fitness function based on arviddal/chromosome is the score of that
individual.
Populations: an array of individuals is called a population.
Generations: each consecutive population is called a generation
Parents and Children: in each iteration, certain individuals are selédtem the population to
create the new generation. These selected indigidwma called the parents. The individuals created

in the next generation are called children.

Three main types of rules are applied to produdedrem for the new generation: 1. Mutation, which
is referred to as random changes to a single pdrenbne or more genes are changed in a parent
chromosome; 2. Crossover, which is swapping aqgidhe genetic information containing in two
chromosomes; 3. Elite children. The chromosomastieg in the best solutions in each iteration are
considered as the elite of each population anddivilictly be transferred to the next generatiormauit
any change. Figure 3.2 illustrates the creatiocgss of different types of children. Selecting pgsend
creating children are two of the main steps of @Aasic genetic algorithm has four main steps
(Goldberg, 1988):

1. Creating the initial population of chromosomes

2. Computing the fitness function(s) based on the [adion

3. Selecting of parents from the current populatiooreate the next generation. For this
purpose, chromosomes that result in better scoeesetected as parents.
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4. Producing the children for the next generation
After generation of the new population, steps tlroagh four are repeated for a fixed number of
generations. Therefore, a population of individgwltions is repeatedly modified over successive
generations and the population evolves toward at@aptimal front. This successive process coninue
until one of the stopping conditions is reachedesEhstopping conditions include: a fix number of

generations, time limit, fitness limit, etc.

Parents Children

Mutation Child

Crossover Child

Elite Child

Figure 3.2 Schematic diagram of three types of children benegted in a GA optimization process

3.3.2 Construction of the Surrogate Worth Function

After determining the Pareto optimal front, theregate worth function must be formed based on the
non-inferior solutions in the Pareto front/tradé&fahction. Interacting with decision makers, aregate
worth function,Wij,i #jandi,j=1,2,..,n,is defined as a function of each point on thderaff
function between every two objective functionstie scale of -10 to +1(;; shows the value of each
point on the trade-off function between objectivadtionsi andj. The value of -10 indicates thg

marginal units of objectivieis much less than one marginal unii.ofVhereas, +10 indicates the opposite.
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In this study, to provide decision-makers with mtznegible values, the rati@,;, betweerg;; and
the status quo is calculated and decision-makerasied to determine the surrogate worth of these
ratios. For example, assurfig is a point on the trade-off between water divarsiand outflow to the
Delta and it corresponds foamount of water diversion aflamount of outflow to the Delta. The status
quo values for diversion and outflow akeandB’, respectively. In this case, decision makersalce t
thatA/A’ decrease or increase in diversions will resuB/B’ increase or decrease in the outflow and they
are asked to determine the surrogate worth cornelipg to these ratios. After the surrogate worthlbf
trade-off points are determined, the solution igretthe surrogate worth is equal téQ; = 0. This
means that the solution belongs to the indifferdrarel. The optimum/best compromise solution is @her
the surrogate worth is simultaneously equal to ferall pairs of objectives.

There are three different alternatives to deterrttieandifference band. In one approach, which
considers ordinal scale of the surrogate worthtfoncthe decision maker is asked to determine the
corresponding values &f;; to two distinctr;;. Then, the linear function between these Wyp is
developed. The value &; is equal taR;;* wherel;; = 0 along the linear function (Figure 3.3). After

*

determining alR;;", theR;;(x) = R;;" relations are solved simultaneously.

w.. 4

10 -

Ordinal Scale
[«

. > Bij
Bij

Figure 3.3 Determination of the indifference bandra}” (Haims and Hall, 1974)
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In another approach, the surrogate worth funcsaeiveloped via regression analysis in the function
space. In the third approach, which is preferreet te other ones, the corresponding valug i) to
R;;" is determined. Then, the single objective optitniraproblem in Equation 3.8 is solved to specify

the desired:*.

min f;(x) 3.8

Subject to

fi(0) < fi" (%) j#i and j={1,2,..,n}

gk(x) <0 k=12,..,m

For more details please review Haimes and Hall4L9%igure 3.4 demonstrates the overall

algorithm of the surrogate worth trade-off methodhis study.
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\ Start )

i

Genetic Algorithm Optimization
Setting up the objective functions and constraints of the system i i
! > Initial population !
v | ) |
Performing the genetic algorithm optimization to determine the i i
Pareto fronts between diversions and outflow to the Delta as ! Selection € |
well as salinity load being transferred downstream < i ¢ i
v i |
. . . 1 Mating |
Selecting points from each trade-off function, S, to be shared ! !
with decision-makers ! i |
| |
| |
¢ | Crossover i

|

| |
Finding the ratio between the selected noninferior solutions and ! i !
the status quo, R;; l |
i Mutation i
' | |
Determining the surrogate worth values, ¥, for the i i
corresponding ratios by interacting with decision makers ; }
} Yes No |
' | |
| |
Noninferior solutions that belong to the indifference band ! !
(solutions with ;= 0, for all js) are determined. | T

Are there more than one
solutions in the indifference
band?

Yes All R;*, where Wj; = 0, are considered

Y

J;* are calculated based on R;*
The optimal solution is the one in the indifference band

\ 4

\ 4

. End N\ Equation (3.8) is solved to obtain the

\ /" optimal vector of decisions x*

Figure 3.4The overall algorithm of the surrogate worth traffemethod

3.4 WATERSHED SIMULATION MODEL
In this research, the San Joaquin watershed idatietito assess the variation of flow rate and
salinity concentration along the river and at it¢flow to the Delta. This simulation model is useda

tool to evaluate the influence of the managemesnados on the quantity and quality of water in the
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study area. For this purpose, ArcSWAT simulatiordeids used. The ArcSWAT is a graphical user
input interface for the SWAT (Soil and Water Asseent Tool) model (Arnol@t al, 1998) which is
added to ArcGIS-ArcView as an extension.

SWAT is a continuous time, physically-based rivasih, or watershed, scale model. It can be used to
evaluate and predict the impact of managementipescbn water, sediment, and agricultural chemical
yields in large, complex watersheds having diffesils, land use, and management conditions over
long periods of time (for more information pleaseck the ArcSWAT website at
swatmodel.tamu.edu/software/arcswat). Unlike mb#he simulation models, SWAT does not
incorporate regression equations to describe théorship between input and output variables.eadf
it simulates a number of various physical processé®e watershed to obtain predictions/simulations
even where there is not a measured data. SWAT mpedtfic information about weather, soil propestie
topography, vegetation, and land management pescticcurring in the watershed (Neitsttal, 2005).
The main input data required to simulate a watetstsng ArcSWAT are:

» Digital Elevation Model DEM) files, which arespaced grids of elevation points
« Land cover database (such as N'C&nd NAS$

« Soil geographic data bases (such as STATSGSURGG, NATSGO, etc.)

» Climate data (temperature and precipitation)

e Point source data (location, flow rate, and quglity

The NLCD land cover database classifies land usgasultural, urban, open water, etc., but the
NASS database specifies the type of crops beinggaldan each agricultural land. Therefore, to ble &
specify the water demand of each agricultural fidld NASS database will be used in this study.tiker

soil database, STATSGO is used since it is alrdaidlyyin the SWAT model as default. Once the above

! National Land Cover Data

2 National Agricultural Statistics Service
3 State Soil Geographic Database

4 Soil Survey Geographic Database

5 National Soil Geographic Database
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mentioned input data are introduced to the motdklineates the watershed’s subbasins and sirsulate
the quality and quantity of water flowing in theet regarding to the inflows, runoff, point and pomt

sources, etc.

3.4.1 Sensitivity Analysis

After developing a hydrological model, it is impamt to calibrate it and verify the predictions
obtained from the model. However, to calibrate drblpgical model, a significant number of parameter
that influence the hydrological system must be wmed and optimized. These parameters include
climate, hydrologic, water quality, sediment, chalrprocesses parameters, etc. However, the model
might not be sensitive to all of these parametarerder to reduce calibration computation timés it
helpful to perform a sensitivity analysis in advane specify the parameters to which, the model is
sensitive. Therefore, calibration is accomplishsitigi only these parameters.

Sensitivity is a measure of the effect of changena factor regarding to change in another factor
(McCuen, 1973). Sensitivity analysis is a technitha helps to discover whether different valuearof
independent variable will impact a particular degent variable under a given set of assumptiondfand
so, how the impact would be. Sensitivity ind&f) €an be used as a measure to determine the siysiti
of a dependent variable to an independent vari&hlepresents the change in simulation results in
accordance with the change in a specific modelrparer. Sensitivity index for a time series is chdted

as:

Simk,t—Simzt Pary—Pary
SL =13 [ = —k k)T 3.9
Simy ¢ +Simy, . Pary+Pary,

where, S| is the sensitivity index for parameterPary is the default value for parameterPar; is
the adjusted value for parameke§imy , is the simulated value obtained from the modéhae t while

parametek has its default valug,im, , is the simulated value obtained from the modéhae t while
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parametek has its adjusted value, and 1, ..., T Clearly, the model is not sensitive to the paranse
that their correspondingl value is equal to zero. The parameters that h&le@ue other than zero will

be considered sensitive and will be used to cdbhirse simulation model.

3.4.2 Calibration of the Watershed Simulation Model

The main purpose of calibrating a hydrologic madéb find values of model parameters so that the
predictions values have a reasonable match witblikerved values. In calibrating hydrologic models,
one or more objective functions, which represeatsimilarity between the observed and simulated
values, should be optimized (Zhang et al. 2009& fiost commonly used objective functions are sum of
squares for error, Coefficient of Determinatiorf)(Rias, Nash-Sutcliffe Efficiency (NSE), root mean
square error, relative error, etc. The optimizediehds then used to evaluate the effectivenessatdmw
resources management scenarios.

Different calibration methods have been developatlapplied to enhance the reliability of SWAT
simulations (Eckhardt and Arnold, 2001, Bekele Hitklow, 2007; Kannan et al., 2008). Duan et al.
(1992) developed a powerful global optimizationgadure, entitled the shuffled complex evolution
(SCE-UA) method. This method efficiently and effeely identifies the optimal values for the model
parameters. Van Griensven et al. (2006) incorpdréite shuffled complex evolution algorithm for
parameter calibration of SWAT. Muleta and Nickld20(5) combined Genetic Algorithms (GA) and
Generalized Likelihood Uncertainty Estimation (GLUethods to conduct parameter calibration and
uncertainty analysis of SWAT.

To calibrate the San Joaquin watershed simulatiodetn five different objective functions were
optimized using the shuffled complex evolution alon. These objective functions are discussed in

Section 3.4.2.1 and the shuffled complex evolusilgorithm is explained in Section 3.4.2.2.
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3.4.2.1 Statistical criteria for evaluating the peformance of hydrologic prediction
The statistical criteria that have been used mshidy to evaluate the performance of the San
Joaquin watershed simulation model are discusstdsrsection. These criteria are relatéreor, PBIAS,

coefficient of determination, Nash-Sutcliffe effcicy, and root mean square error.

Relative Error (RE) helps to designate the ratio between absolute ana the observed data values.
It is a measure of the uncertainty of simulatios@mparison with the measurement and in most ¢ases

expressed as percentage. RE is calculated as:

RE = [(Obs, — Sum,)/0bs,| x 100 3.10

Where,0bs; is the mean of observed data values for the ettt seriesSum, is the mean of

simulated data values for the entire time series.

PBIAS demonstrates the average tendency of the simudatado be larger or smaller than the
corresponding observed data (Gupta et al., 1998lI18r PBIAS values signify a more reliable
simulation. Positive values point to overestimaticend negative values indicate underestimations

(Gupta et al., 1999). PBIAS can be calculated as:

whereSim; is the model simulated value at tilm@bs; is the observed data value at timandt =

1,2,...,T

Coefficient of Determination (RP) is equivalent to the square of the Pearson’s mtechoment
correlation coefficient (Legates and McCabe, 198%xpresses the proportion of the total variaince
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the observed data that can be demonstrated bydbtelni¥ ranges between 0.0 and 1.0 and the closer it

is to 1.0 the better performance of the modelait lbe determined as:

Rzz{ £L1 (05, 0B (Sim,~50me) _ 0.5}2 3.12
[Z{zl(ObSt—Obst)] [Z{zl(ObSt—Obst)]

Nash-Sutcliffe Efficiency (NSE)is used to evaluate the predictive power of hydyigial models. It
ranges from-oo to 1 and reveals how well the plot of the obsemdath value versus the simulated data
value fits the 1:1 line (Nash and Sutcliffe, 197TNe closer the NSE values are to 1.0, the betbetein

performance. Equation 3.13 shows how NSE is fortedla
NSE = 1.0 — $1_, (Sim, — 0bs,)?/S1_,(0bs, — 0bs,)’ 3.13

Root Mean Square Error (RMSE)is a measure of the difference between the meahs#rved
data values and the simulated data values. RMSEegags these differences into a single measure of

predictive power. It is formulated as:

T i 32302
R 3.14

Table 3.1 presents general performance ratingstfeamflow, sediment, and nitrogen/ phosphorous
for bias and Nash-Sutcliffe for a monthly time stighe performance ratings of these measurenfents
the San Joaquin watershed simulation model meefalies shown in Table 3.1, the simulation model

can be considered accurate.
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Table 3.1General performance ratings for streamflow foskiad Nash-Sutcliffe for a monthly time step

(Moriasi et al., 2007)

Performance  Nask-Sutcliffe Bias (%)
Rating Streamflow Sedimen N,P

Very gooc 0.75 < NSE< Bias < +1( Bias < +1! Bias < £2!
1.00

Gooc 0.65 < NSE< +10< Bias < +15<Bias < +25< Bias <
0.75 15 +30 40

Satisfactor 0.50 < NSE< +15< Bias < +30< Bias < +40< Bias <
0.65 25 155 70

Unsatisfactor NSE<0.£ Bias> +25 Bias> +55 Bias> +7C

3.4.2.2 Shuffled Complex Evolution

Shuffled complex evolution approach was first idtroed by Duan et al. (1993). The method is based

on a combination of four concepts that have pratentessful for global optimization (Duan et al.93p

1. Combination of random and deterministic approactiesformer assists to make the algorithm

flexible and robust, and the latter allows the S@gorithm to effectively use the response surface

information to conduct the search.

2. The concept of clustering: helps to focus attentibthe search on the most promising of the

spaces identified by the initial complex.

3. The concept of a systematic evolution of a complgxoints spanning the region toward global

improvement. This strategy helps to ensure thaséaech is relatively robust and is conducted by

the structure of the objective function.

4. The concept of competitive evolution, which helpsmprove global convergence efficiency

The process of the SCE method can be summarizeti@ss (Duan et al., 1992): It starts with a

population of points randomly selected from thesfiel@ space. The population is then divided into

several communities that each of them contaims 1 points, whera is the dimension of the problem.

Each community evolves based on a statistEfaloductionprocess. This process uses sheplex

geometric shape to direct the search in an imprewnemiirection. At fixed intervals in the evolutidhge
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entire population is shuffled and points are reated to communities to guarantee information slyari
If the initial population size is sufficiently laegduring the search progress, the entire populatioves
to converge toward the neighborhood of global optimThe algorithm of SCE is presented in Figure

3.5. For more detail please see Duan et al. (1862.893).

ﬁ
[ Start

Input: n = dimension, p = number of complexes
m = number of points in each complex
Compute: sample size s = pxm

|

Sample s points at random in Q.
Compute the function value at each point

v

Sample s points at random in Q.
Compute the function value at each point

v

Sort the s points in order of increasing function
value. Store then in D.

v

Partition D into p complexes of m points.
ie,D={A k=1, .., p}

v

Evolve each complex Ak, k=1,...,p

v

Replace Ak, k=1,...,m into D

'

T~
No Convergence criteria—_

satisfied

Competitive Complex
Evolution Algorithm

4

A

Yes

Figure 3.5Flow chart of the shuffled complex evolution (SGEgthod (Duan et al., 1992)
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3.5 BEHAVIORAL SIMULATION MODEL

The behavioral simulation model is developed usiggnt-based modeling, which is a nearly new
modeling paradigm. In this approach, the systeforiaulated from the perspectives of the individual
agents, which are modeled as discrete autonomaitieemwith particular goals and actions (Ng et al.
2010). In comparison with traditional models, ageam¢ed models are flexible, they capture emergent
phenomenon, and incorporate real world systemdvimgpcomplex human decision making (Bonabeau,
2002). The key steps in developing an agent-basetthare (Macal and North, 2006a and b):

1. Identifying agents;

2. Accurately specifying their distinct behaviors;

3. Defining the environment the agents live in anératt with;

4. Identifying the agents relationships and get amhebtheir interaction with each other and with

the environment;
5. Getting the essential agent-related data;
6. Appropriately representing agent-to-agent inteoactias well as environment-agent interactions;

7. Validating the agent behavior model.

3.5.1 Definitions

Agents:Macal and North (2006a) defined agents as “autaumsndecision-making units with diverse
characteristics”. Agents have their own goals agtthbiors and are capable of adapting and modifying
their behaviors. They are characterized by th#itbates, behavioral rules, memory, decision-making
sophistication (the amount of information an agequires to make decisions), and resources/flows
(Macal and North 2006b). An agent can be any tfpedependent component such as software, model,
individual, organization, group, etc. (Bonabeau20t applications of ABM to social processes,jeo
or groups of people are considered to be agerdsagent relationships represent processes of social

interaction (Gilbert and Troitzsch 1999). It shobklnoted that in this approach, it is assumedpbaple
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and their social interactions can be plausibly niediat some reasonable level of abstraction fol-wel
defined purposes (Macal and North, 2006b).

Environment:The environment includes pertinent elements ofthmilated system that are not
agents. The overall dynamics of the system andtsffbat influence agents are determined by the
environment. In general, the environment providgenés with their perceptions, which are relativéhis

current structure of the system and to the arraegéwf agents living in it (Bandini et al., 2009).

3.5.2 Classification of Agents’ Behaviors and Inteactions

Bandini et al. (2009) classified agents’ behaviots reactive and deliberative. Reactive agent&hav
a defined position in the environment. Their actiare the consequences of their perception of Etimu
(events in the environment that influence behavibh)s perception comes either from other agents or
from the environment. Therefore, reactive agergsidviors are specified as a set of condition-action
rules coupled with a selection strategy which hédpshoose an action to be taken whenever different
rules are activated. For deliberative, also catleghitive agents, the selection mechanism is more
complex. Their behavior is based on agent knowledigeit the environment and on memories of past
experiences.

In addition to reactive and deliberative agenthim class can also be defined called Hybrid, Wwhic
is a combination of reactive and deliberative agelntthis class, agents can have a layered actinie
The structure of layers can be vertical or horiab(Brooks 1986). There are no priorities assodisbe
horizontal layers. In this structure, to analyze digent's behavior, the results of the differeygra must
be combined. In vertical structure, there is a &ighriority for reactive layers compared to deldiise
ones and these layers are activated only whenawtive behavior is triggered.

The agent interaction models can be categorizedi models: direct and indirect interactions. In
the former, which is the most widely adopted mottedre is a direct information exchange between
involved agents. In the indirect interaction mogdals intermediate entity mediates agent interastion
This entity can even regulate the interactions (fairet al. 2009).
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3.5.3 Proposed Agent-Based Model

The ABM proposed in this study is intended to pdeva tool that helps to find effective management
scenarios to encourage competing and conflictimigsato cooperate. It uses a new approach to densi
parties’ reactions to new decisions and to forneutatggested social and institutional enhancemeats.
develop an ABM for the situation in the Delta, #revironment must be considered as the entire Delta
system. This includes all areas hydraulically cated to the Delta. The agents must be assignell as a
water users, operators, stakeholders, and paftiatecest.

However, due to computational restrictions, theespswas simplified and this study was
accomplished on only a portion of the area. Thérenment is considered to be the San Joaquin
watershed, which is one of the two main rivers liisging into to Delta. Three groups of agents were
defined for this system: one decision-maker agedtta’o demand agents. The decision-maker agents are
federal or state agencies and the demand agentsateediversions/farmers (demanding for water) and
environmental sector (demanding for enough watevifig along the river with an acceptable quality).
The agent type “diversions/farmers” is called “dsiens” hereafter. The federal/state agents can be
represented as deliberative agents, while the otleare reactive agents.

It should, however, be noted that in the actuahade, the system is significantly more complex.
Federal agencies as well as all other governingg wain be considered decision-makers in additidhdo
state. Furthermore, different types of diversioardag can be defined based on the fact that some
diversions might be concerned about the environmedtcooperate; some might obtain more benefits by
cooperation and have more willingness to coopeeatte;some might not care about the environment and
be persistent in noncooperation.

To deal with conflicts over water resources, aarimstitutional understanding of the whole system
is required. In other words, the system must beetoplated as a whole, not only an individual pathe
pattern. Therefore, it is important to specify tharacteristics of each agent involved in the dctirig
situation and the influence of these charactesgiit the other agents. Figure 3.6 shows the
characteristics of each agent. These characterigtitude: attributes, behavioral rules, memorgjgien-

45



making sophistication, and resources/flows (Maadl ldorth, 2006b). However, determining these
characteristics is a complex task. It needs a cehgmsive and accurate knowledge about each type of
agents. It should also be taken into account thatirtuous hydrologic, social, and economic changes,
shifting goals, and new principles and targetsalbimfluence these characteristics. On the otlzexdh
depending on the situation, the agents might blemigtic and show characteristics other than whay th
really have.

To take into account the influence of agents’ ctiaristics on the others, understanding the
“system’s perception” about water is important. ldear, system’s perception without “mental models,”
which impact agents’ behavior, has no meaning. Klenbdels are the assumptions, generalizations, or
even pictures that influence our understanding atieuworld and how we take actions (Senge, 1980).
this respect, the world of perception has beenadtalhe characteristics mentioned above. Theréoare
worlds of perception: physical, emotional, knowiagd spiritual, which were defined by Wolf (2008)
and discussed in Chapter 2. Physical and knowingepéons have rational roots, and spiritual petioap
has emotional roots. Emotional perception, whidbeised on values, has a direct emotional rootf but
can somehow be rooted by rational perception. Eigur shows the mental model developed in this
study for the agents involved in the conflictingiplem.

The action/behavior of each agent is based orttitsde, which is influenced by the environment as
well as pressure from other agents. Figure 3.8 shbeoverall influence of the environment and the
agents on each other. As shown in this figuregth@éronment influences the attitude of all agents;
because the environment determines water avatlabilind limitations of the system. The agents also
mutually influence the environment since their@usi may directly impact it. Both diversions and
environmental sector influence the attitude ofdtage by informing it about the concerns and demand
and justifying the importance of their goals. Irdiidn, the state affects the attitude of the dii@ns by
informing them about the new regulations, educaligians, assigned incentives, etc. The environahent

sector’s attitude is only influenced by the enviramnt.
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Agent 1:
Demand Agent

Agent 2:
Regulator

Attribute: Water diversions/farmers
Rules of Behavior: Maximize diversions
World of Perception: Physical, Knowing

Memory: Past allocation rules, Water
rights

DM Sophistications: Simple

Flows: Amount of allocations

=

Attribute: Federal/State agencies
Rules of Behavior: Maximize diversions,
Maximize river flow rate, Minimize
salinity

World of Perception: Physical, Knowing
Memory: Past allocation rules, Water

rights, Historical hydrological data,
Historical salinity data

DM Sophistications: High

Flows: Quality and quantity of water along
the river, Rate of allocations

Agent 3:
Demand Agent

Attribute: Environmental sector

Rules of Behavior: Maximize river flow
rate, Minimize salinity

World of Perception: Physical,

<)::> Emotional, Knowing

Memory: River water quality standards,
aquatic life water needs, Historical flow
and salinity data

DM Sophistications: Medium

Flows: Quality and quantity of water along
the river

Figure 3.6 Agents in the study area and their characteristics

Root

World of Perception

Agents

Rational Perception

Emotional Perception

Agricultural Agencies

Federal/State Agencies

Environmental Agencies

Figure 3.7 The mental model for the agents involved in theflacting problem

Sector

Attitude

Attitude Attitude

Diversions

Figure 3.8 The influence of the environment and other agenteach agent
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Figure 3.9 illustrates details of the agent-to-agem environment-agent interactions. The Statatage
has a direct interaction with both diversions andmnmental sector, but there is an indirect iat&pn
between the diversions and the environmental sgdtaving the state as the intermediate/mediatmtag
As demonstrated in Figure 3.9, the environmentrdetes the quality and quantity of water along the
river as well as water available for allocationiles the interaction of all agents determines adgical
water demands for the environment. In indicatirgjrtivater demands, diversions may have two types of
behaviors: cooperative, and non-cooperative. Ircéise of cooperation, supplying their total demaitid
be compatible with the system’s capability of sypy water and will not harm the environment.
Therefore, the negative externalities between thersions and environmental sector might be reduced

an unimportant level and the environmental secightcompromise minor violations.

-_———————— — — — —_
| Environment |
I I
| ‘Watershed Simulation Model L—
I I
I I
Quality and Quantity| | Optimization Model |
of water e ———— N Agricultural Water

(in Allocations and Demands
Along the River)

Agent-Based Model

Social
Pressure  Educatio

o2

/“» Incentive

- Penalties -
\; Enacting New

I

Diversions
Regulations

A

Lawsuits in Court
Pressure to enact new /

regulations ;
Cooperation,

Y / Noncooperation
,— Environmental /
Compromise Sector

Figure 3.9 Agent-to-agent and environment-agent interactions
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Diversions’ non-cooperative behavior may resuthiree possible reactions from the environmental
sector. If the impact of not cooperating in regarthe quantity and quality of the river water igar or
negligible, the environmental sector may compropugieerwise, it may file a lawsuit, or put pressare
the state to create more limitations through engatiew regulations in order to protect the rivacgiatic
and environmental health. Meanwhile, the stateptamide some incentives (as financial aids or [pams
encourage cooperative behavior. It can also consmae penalties for violators. Enacting new
regulations can also result in more pressure oersiions to cooperate.

In addition to pressures from the environmentalseand the state’s policies, social pressure and
education are two other factors influencing theetdions’ willingness to cooperate. Edwards et2406)
implies that in addition to an agent’s personatiiest, social pressure (influence of the behavigso
neighbors) has considerable effect on the decisidhe agent to change its behavior. Figure 3.1vsh
the impact of social pressure. Cooperation and omperation are, respectively, represented by “@’ an
“NC" in this figure. According to this figure, whethe majority of the neighbors of an agent are of a
certain type (cooperative in this figure), the @agemore likely to change its initial behaviorrtwatch its
neighbors. In addition to the social pressure gasing the knowledge of the parties in order tangha
their perception about the region’s future can leglpourage them to shift from their self-optimizing
attitude. Education and social learning could cleaihg stakeholders’ perceptions about the fact that
behaving like the status quo ultimately could epduith failure and may result in less benefit sittoe

stakeholders should solve the problem on their own.

NC [INC—»C C

Figure 3.10The influence of the social network on each agent
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3.5.4 The ABM Formulation

In formulating the ABM, water allocations to divienss are determined by the environment (results
from the optimization model using the watershedusation model). These allocations may or may not
satisfy diversions or environmental agents. Indage of dissatisfaction, these agents interact and
influence each other’s behavior. Then, the diveisigpecify their new water demands based on the
interactions they had with each other and with otiages of agents. This procedure is formulated as
follows:

Total available water to be allocated to diversisnsalculated by deducting the environmental
minimum river water requirement from the total avfls (from precipitation, upstream inflow and
tributary inflows) as shown in Equation 3.15. Ttadue is then divided by the total area of agrimalt
lands in the study area and then multiplied byattea of each individual lando determine the total
water available for that diversion (Equation 3.16)he water demand requested by agestmore than
the available water for this agent, the behavidhisf agent is considered non-cooperative; othenviise

agent is cooperating (Equation 3.17).

TAWy,m,d = f(Qin,y,m,dt Qmin,y,m,d) 3.15

AVVi,y,m,d = f(TAWy,m,di LA;, CWDi) 3.16

If AVVL',y,m,d < Dmax,i,y,m,d => (- NC
3.17
If AWi,y,m,d = Dmax,i,y,m,d => i->C

where,

TAW,, m.q is the total available water in ddymonthm, yeary;,

Qin,ym,a 1S the inflow to the river from the upstream atidrébutaries;
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Qmin,y,m,a IS the minimum river water flow rate required &srvironmental purposes;
AW; , m, d is the amount of available water for diversipn

LA; is the area of the agricultural land

CWD,; is the crop water demand being planted in thecaljural landi; and,

Dinax,iy,m d is the maximum water demand for water user

After designating the cooperative and non-coopegagents, it is determined at what degree an
agent is willing to change its behavior. The ugktof different agents];, to change or keep their current
behaviors are determined using Equations 3.18 ¢iir@L21. These formulas have been adapted from

Edwards et al.’s (2005) adaptation of Young's (D28&iologic diffusion model for residential water

domains.
Ui(C->C)=axV(C)+E, 3.18
U;(C > NC) =1—[bXxV,(NCO)] 3.19
U (NC—->C)=cxV,(C)+E, 3.20
U;(NC » NC) =d x V;(C) + Ey, 3.21

where,U;(C — C) is the utility of agent to cooperate if it has behaviGrand is willing to keep its
behavior,U;(C — NC), is the utility of agent to cooperate if it has behaviGrand decides to change its
behavior,V;(C) andV; (NC) are the proportions of neighbors of ageott behaviorC andNC,
respectivelya, b, ¢, andd are parameters of the model. Edwards et al. (20@4giderech = 0.7andb =

¢ = 0.3 Fy,is the modification factor and is a function oftamavailability, education, and pressures from
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the environmental sector and the State. In the@bquations, the first term on the right-hand side
represents the social pressure and the seconditeEquations 4 and 6) represents the pressurgstire
other agents and the environment as well as teetedf education.

If there is enough water available to allocatenewater userd;,, = E;, and:

1—1[0.7 xV;(C)] For Eq.3.18
Fr = 3.22
1-[03xV;(C)] For Eq.3.20

SubstitutingF,;, in Equations 4 and 6 resultslith = 1 (or 100% utility). In other words, since the
available water can supply the aggstdemand, this agent is considered as a coopegient. Table 3.2
presents different values of modification factoe da various actions taken by the other agents.
According to this Table, if the environmental sedties a lawsuit in a court, or if the State esawtw
regulations, the diversions are obligated to coaeeln this case, the modification is considemuabéto
E;, in order to achieve 100% utility for the corresgimy agent to cooperate. In case the environmental
sector compromises, there will not be any pressarie agent to cooperate. The agent might only be
influenced by its social network (the neighborsdhis case. Therefore, the value of modificaticrtdais
considered equal to zero.

Supposing that the state provides some incentiveadourage diversions to cooperate, the value of
the modification factor is corresponding to the amtoof incentives provided. In other words, a
diversion’s benefit might be reduced due to cogpmmaThe percentage of this reduced benefit that i
compensated by the incentives is considered amdioification factor. Clearly, to encourage diversio
to cooperate, the state does not need to compet3@de of the lost benefit due to the fact thataloci
pressure makes up a portion of it. The State cana@insider some penalties for the violators. is th
case, the modification factor will be a functiontieé negative impacts (or damages resulted frortt)eof

agent’s noncooperation (its extra water demandaautidé salinity of its return flow). The modificati
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factor for education is determined based on therdigns’ change of perception about the future.

Therefore, it will be set as a function of the prsvalue of potential future damages to the system

Table 3.2Modification factors for different state and emrimental sector pressure

Category Action Modification Factor
Legal FiIIir_lg a Lawsuitin a Cou _ E, = FE;,
Environmental Sector Compromi: E,=0
Providing Incentives by the St. E,, = Percent of the lost benefit
Management Considering Penalties by the S E, = f(D;, x3)
Educatiol E, = f(PV[future damages])
Legislative Enacting New Regulatio E, =E;

Now, the demand modification rate for agem]™, is calculated as following:

m _ .
iymd — (Dmax,i,y,m,d - AWi,y,m,d) X (1 - Ui)l v Dmax,i,y,m,d > AWi.y.m,d

3.23
Dir,’;/,m,d =0; v Dmax,i,y,m,d < AWi,y,m,d
and the agerits new maximum demaniy,D;, is determined as:
NDmax,i,y,m,d = AVVi,y,m,d + Dir,rgl/,m,d 3.24

In case of a water shortage, if the agent coopgt@dte= 1, the agent’s demand modification rate will
be zero; and therefore, its new demand will be Egutae available water. Otherwise, its demand
modification rate will be greater than zero, anel digent claims for more water than what is avalabl
However, this new demand might not be the samkeaadent’s initial water demand, since it has been
influenced by the society, environment, and otlygemés. The new demand determined in Equation 3.24
is then introduced to the optimization model anistitutes its initial value in the corresponding

constraint, which is the second constraint disaligs&ection 3.1.
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3.6 MEASURES TO PROVE THE HYPOTHESIS

To evaluate performance of the proposed ABM angktiffeness of the defined scenarios a measure
is required. This measure may determine the lefabter user’'s/stakeholder’'s satisfaction due @ th
allocations and decisions made. For this purpbseutility functions of different water
users/stakeholders are considered as a satisfawéasure. The general form of a utility function is
shown in Figure 3.11. The vertical axis represémgauitility in the scale of 0 to 100% and the honial
axis depends on the type of stakeholder the ufilitgtion is being developed for. For diversiome t
horizontal axis shows the range of allocations.tRerenvironmental sector, two utility functiong ar
developed. In one, the horizontal axis expressesahge of streamflow rate. For the other one, it

represents the range of salinity concentratioménriver water.

Utility

100 — — —

v

Figure 3.11The general form of a utility function

Using these utility functions, each water user&dsholder’s utility relative to its allocated watar
the quality of water along the river is determidedall scenarios. These utilities are then comgavih
the corresponding ones in the status quo. Thescitecked if implementation of management scesario
has resulted higher levels of satisfaction. If ¢hés any increase in the water users/stakeholders
satisfaction, it can be claimed that the conflfcdse been reduced.

To compare the influence of the management scenaith each other and with status quo, using the
utility functions, statistical performance indicesuch as reliability, resilience, and vulnerability

introduced by Hashimoto et. al. (1982) will be usEdese indices express different aspects of thdemo
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performance and show how often the system failafiéty), how often the system recovers from
failures (resilience) and how significant the séyeof failures are (vulnerability) (Karamouz et.,al
2006).

In this study, reliability ¢) is assumed to be the probability of no failuréhwi the planning horizon:

a = prob[x; € S] 3.25

where,x; is the status of the system at time dtephich in this study, it is considered as the fiate
or salt concentration in the San Joaquin Ri8eepresents the set of all satisfactory conditiwhen
there is enough water flowing in the river withagsteptable level of salt concentration. Reliabiktyhe
opposite of risk, which is the probability of systéailure during the planning horizon. Resilienbews
how quickly a system recovers from failure (suckiatation from water quality standards) once it

occurs. The resilience of a system in the planhimizon can be expressed as follows:

B = prob{x¢y, € S| x; € F} 3.26

Where,F is the set of all failures. Vulnerability measutiee magnitude of a failure if it occurs. The

overall system vulnerability can be defined as fifasto et al., 1982):

V = Yier Sibi 3.27

where,p; is the probability that;, corresponding te;, is the most unsatisfactory outcome that

happens among a set of unsatisfactory states.CEmasos that result in higher reliability and liesice

and lower vulnerability are designated as the raffitient scenarios for reducing conflicts.
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3.7 SUMMARY

In this dissertation to this point, a conflict mgaament model has been developed to reduce the
partial conflicts among the water users/stakehsl|dehile their behaviors and interactions are satadl.
This model has three models: optimization, watetsimulation, and behavioral simulation. The canfli
management model solves a multi-criteria objediivetion that has three objectives: 1. maximizing t
San Joaquin River flow rate at its outflow to thelt®; 2. minimizing the salinity load being tranmséal to
the Delta area; and 3. maximizing the water aliooatto diversions. Minimum environmental flow
requirements and maximum crop water demands wergidered as the constraints of the system. This
multi-criteria objective function and all constrwere constructed on a daily basis during thigeent
time series. Therefore, the model simulates thangrof flow and allocations.

In the conflict management model, the behavioraugtion model, which was developed using
agent-based modeling, simulates the behaviorseaudions of different water users/stakeholderbén t
system, called agents, to various management seenhralso simulates the agents’ interaction eiéich
other and with the environment. This model wasdihko an optimization model which interacts with a
watershed simulation model. The behavioral simohathodel adjusted the maximum water demands of
the agricultural water users/diversions. These ma@geands were then set as one of the constrdittie o
system in the optimization model.

The optimization model was developed using theogiatie worth trade off method. This model
determines the amount of water allocations to diemis, while the watershed simulation model coatrol
the validity of allocations in the actual conditsoand determines the quality and quantity of water
flowing in the river. This watershed simulation nebdas developed using ArcSWAT, which is a
graphical user input interface for the SWAT modeArcGIS-ArcView.

To evaluate the performance of the proposed mauke#ectiveness of different management
scenarios, the utility functions of the water ussekeholders were used as the measure of satisfact

level. Some performance indices, such as religpiisilience, and vulnerability, were also defitede
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used as measures for evaluating the results.rié¢ ikeany increase in the satisfaction lever ofwat
users/stakeholders, it can be claimed that thdictmhave been reduced.

Figure 3.12 represents the overall framework ofptugposed model, illustrating the inputs and
outputs of the model as well as the required aanildata. According to this figure, the boundary
conditions, utility functions of water users/staéiketers, location of point sources, flow rate anltl sa
concentration from point sources, crop water dersaadd planting and harvesting times are introduced
to the model as inputs. The model is also suppdryesbme auxiliary data such as climate data, tcstio
time series for flow and salinity, digital elevatimaps, soil data, land cover, as well as flow saithity
objectives. The conflict management model triearety of management scenarios and determines the
most effective one(s) in reducing conflicts. Thépots are then specified based on these most igHect
scenario(s). These outputs are the rate of wdtaragions to diversions, river water flow rate, aadinity
concentration in the river water. Stakeholder &attton level and their adaptation to the new

management scenarios are also the outputs of tipeged conflict management model.
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Figure 3.12The overall framework of the proposed conflict mgement model and its inputs and

outputs
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CHAPTER 4

CASE STUDY

In the State of California, most of the lands aile and suitable for agricultural production.i§h
fact has caused the state to become the top agriiustate in the country. This state is alsorthgonal
leader in agricultural exports. In fact, agricudtis a multibillion dollar industry in Californidhe State’s
farm cash receipts totaled $36.1 billion in 2008 aanked 1st among all 50 states in this year with
approximately $13.6 billion agricultural exportshéBe exports help boost farm prices and income and
support about 157,528 jobs both on and off the farnfiood processing, storage, and transportation

(USDA, 2009).

More than 350 crops as well as over half the ceimimuts, fruits and vegetables are produced in
California. The state’s number one crop is cot@airy products, including milk, cheese, butter agds,
contribute greatly to the economy, with milk beinghe leading farm commodity

(http://www.essortment.com/all/californiaagric_raitm).

The majority of agricultural activities in Califaen are performed in the Central Valley, which
comprises Sacramento Valley (northern half) and Bamuin Valley (southern half). The Delta area is
shared between these two halves. There are sitomikres of agricultural lands and 200 types opsr
in the Central Valley, which are irrigated by thayBDelta water. The main sources for irrigation evat
supply to agricultural activities, especially imler San Joaquin River watershed, is dependent riouga
sources including surface water diversions, growdwpumping, and deliveries from the state and

federal water projects (SWRCB, 2012 — Appendix X).
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4.1 THE SAN JOAQUIN WATERSHED

The San Joaquin watershed has been considered easth study of this dissertation. The San
Joaquin River Hydrologic Region is the northerntiporof the San Joaquin Valley, which is included i
California’s Great Central Valley (Figure 4.1). Bese of its significantly fertile soil, Central &y is of

great importance for agricultural activities.

Tulare Lake Basin

Figure 4.1 The Central Valley Region

The Sierra Nevada and the coastal mountains dbiddgo Range are the east and west borders of the
San Joaquin Valley, which contains portions of @@nties. The land use includes about %31 public
lands (such as forests, national parks, etc.), 2@Qficultural lands and 49% privately held land$JR,

2009). Figure 4.2 shows land use in the San Joawptiershed. Being one of the longest rivers in
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California, the San Joaquin River is almost 33@&mibng. The river begins from the western slophef
Sierra Nevada and changes its direction to théwest on the San Joaquin Valley floor toward théde
where it confluences with the Sacramento River. watershed approximately totals 15,550 square miles
(SWRCB, 2012) which covers %9.6 of California Stdteis area on average receives 26.3 inches of rain
annually (DWR, 2009). Figure 4.3 shows main infldawsnd outflows from the San Joaquin Rivers and
their magnitudes in 2005. The San Joaquin Rivedmrributaries, draining the Sierra Nevada, are:
Merced, Tuolumne, Stanislaus, Calaveras, Mokelurane Cosumnes rivers.

More than two million people live in the San JoagRiver Hydrologic Region. It is projected that
the population will grow to almost 4,900,000 by QBPWR, 2009). Due to the significant population
growth in some cities, which have been expandexthe surrounding agricultural lands, urban adésit
have increased over the last two decades. Howtaeedominant economic sector of the region is still
agriculture. The San Joaquin Valley, which contammse than 2 million acres of irrigated croplarg, i
one of the most productive agricultural areas elhmited States.

An important source of direct and indirect agriatél water supply in the San Joaquin Valley is the
San Joaquin River downstream of Bear Creek (KretmdrGrober, 1991). However, the San Joaquin
Basin does not receive enough rainfall to supglpfats water demands. Surface water from ther8ier
Nevada meets almost half of the local water ndlegjsorted water and groundwater are complimentary
sources to meet the remainder water needs in gfenelhe imported water is brought into the San
Joaquin watershed for irrigation purposes from3heramento River, to the northeast of the watershed
as well as the Delta region, to the west of theevediied, via the Central Valley Project (CVP) purafps
Tracy, located in the southwest of the Delta. Ttogeg there is a circulation of water between tha S

Joaquin watershed and the Delta.
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Figure 4.2Land use in the San Joaquin watershed
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Figure 4.3 San Joaquin Hydrologic Region 2005 inflows andlows (DWR, 2009)

Water is pumped from the river to agricultural laridr irrigation purposes and the drainage water is
drained back to the river. The agricultural retfiovs, being discharged to the San Joaquin Rivay m
have high levels of salinity. The imported watemfrthe Delta Mendota Canal and Tracy (CVP) also has
the corresponding salinity load from the Sacram&iter and the Delta, respectively. On the otherdha
the annual rainfall in the watershed is not endiogdilute salinity. Therefore, salinity has been
continuously accumulating and increasing in theevgited for decades. Increasing salinity is onbef t
greatest long-term chronic water quality impairnsemntwater resources in the Central Valley (Pitzer,

2009).
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4.2 THE STUDY AREA

The San Joaquin River downstream of Bear Credieisource of direct and indirect agricultural
water supply in the San Joaquin Valley. UpstreagrBtbar Creek, the San Joaquin River is normally dry
for a long stretch because of surface water andnglwater usage. Therefore, the study area of this
dissertation has been considered as the San Jdaiyeinwatershed, downstream of the Bear Creeka Dat
from the San Joaquin River gage and monitoringostatt Stevenson, downstream of the Bear Creek,
where the river resumes flowing again, have beed as one of the boundary inflows for the simufatio
model. The salinity of water in the San JoaquingRidownstream of the Old River, is mostly influedc
by the estuary backwater (Herr and Chen, 2007)tefbee, due to the computational time limitatioting
entire reach that will be simulated in this stuslyie San Joaquin River between the StevensomiStati
downstream of Bear Creek, and Vernalis Stationtreps of the Old River. Figure 4.4 depicts the gtud
area. Vernalis is roughly the location where ah+fl@odplain flows from the San Joaquin River flavio
the Delta. It is located 72 miles upstream of theflence with the Sacramento River, and is upstref
tidal effects in the Delta. Figure 4.5 shows tha $@aquin River within the study area, its maibutary
rivers, and the location of the Vernalis and Patiarstations (which will later be considered for

calibrating the watershed simulation model).
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Figure 4.4The San Joaquin Watershed with the study areaitigbtl within the watershed
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Figure 4.5The San Joaquin River within the study area, @mnributary rivers, and the location of the

Vernalis and Patterson stations
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The main tributary rivers within the reach betw&tavenson and Vernalis stations on the San
Joaquin River are: Merced, Tuolumne, and StanidRuers (Figure 4.4). In order to save computationa
time, the quality and quantity of water releasedrfthe New Exchequer Reservoir (on the Merced
River), New Don Pedro Reservoir (on the TuolumneeRi and New Melons Reservoir (on the
Stanislaus River) have been considered as oth&meaps boundary conditions for the simulation model.
Characteristics of the study area’s main inflows as follows (SWRCB, 2012):

1. Flow that enters the San Joaquin River upstreatieoferced River is a small portion of the

entire flow to this river.

2. The Merced River flows into the San Joaquin Riyggraximately 35 miles upstream of the
Tuolumne River confluence. Total length of the Met®River is 135 miles and it drains a 1,270
square mile watershed. The distance between iftuemice with the San Joaquin River and the
New Exchequer Dam is approximately 63 miles.

3. The Tuolumne River flows into the San Joaquin Ragsroximately eight miles upstream of the
Stanislaus River confluence. The Tuolumne Riveindran area of 1,870 square miles and is 155
miles long. The length of the reach between itflaence with the San Joaquin River and the
New Don Pedro Dam is approximately 55 miles.

4. The Stanislaus River flows into the San JoaquireRapproximately three miles upstream of
Vernalis. The length of this river is 161 miles andrains approximately 1,195 square miles of
mountainous and valley terrain. The length of #ech between the New Melones Dam and the

river's confluence with San Joaquin River is apprately 66 miles.

4.3 SOURCES OF SALINITY

Kratzer and Grober (1991) simulated a portion ef$an Joaquin River from Bear Creek to Vernalis,
downstream of the Stanislaus River (Figure 4.5gyTindicated that at very low flows the factor that
most affects salinity in the downstream, Vernasigthe amount of upstream salt load (primarily fritva
sloughs). If flow in the Merced River is very lohigher flows in the San Joaquin River, just upstred
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the Tuolumne, are correspondent to the worse waity at Vernalis. Kratzer and Grober also vilipwa
diverted the entire San Joaquin River upstrearhefuolumne and found better water quality in
Vernalis when the flow is primarily Tuolumne andudslaus River. From their research, it can be
concluded that the salinity problems are mostiyglthe San Joaquin River, not the tributaries &nd t
main causes of the salinity along the river arelsatls from the sloughs and from agricultural metu

flows.
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Figure 4.5A portion of the San Joaquin River studied by Keetand Grober (1991)

In general, the main sources of salinity in the $@equin River are:
1. Agricultural drainage discharge as the primary seuof dissolved salts in the river
(Grober, 1996)
2. Groundwater accretions and seasonal wetland ralé@seber, 1996)
3. Salt dissolved in Delta Mendota Canal (CVP) wateparts as the primary source in the

lower San Joaquin River basin (Grober, 1996, ante¥\acts, 2001)
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4. Naturally occurring salts in soils (CALFED, 2007)
5. Salts from the estuary’s back water in the lowen $@aquin River basin (up to the Old

River)

The imported water is mostly transferred to thetemsparts of the valley, where naturally occurring
salinity is present and drainage problems existevalinity is added to the drained water aftégation
due to various agricultural activities such as addiertilizers, pesticides, soil amendments, arsb al
evapotranspiration. This saline water is dischaigamithe Delta through the San Joaquin River &ed t
after mixing with the Sacramento River water, whies its own salt loads, is again pumped up to the
San Joaquin Valley (Water Facts, 2001). This catioh causes higher and higher salinity levelshin t

Valley.

4.4 SALINITY IMPACTS
A threat to food production and drinking water djiyak growing due to the excess salinity in
concentrations greater than the standard set teqifoeneficial uses. The main negative impacts of
excess salinity can be addressed as:
1. The higher the salinity in the San Joaquin Rivethie greater the costs of water treatment for
urban drinking water being supplied by it and wastier treatment being discharged to it.
2. The salinity problem threatens the economics ofX@etral Valley and creates limitations on
business and residential growth in the area.
3. Salinity decreases the productive life of the nfedtle soils in the world.
4. High levels of salt limit water resource managenugtions. The situation becomes significantly

more sophisticated during droughts.
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In addition, Howitt et al. (2009) reported thas#linity increases in the Central Valley at therent
rate until 2030, the direct annual costs will apmately be $1 billion to $1.5 billion. The income
impacts to the Central Valley will also be $1.2ibil to $2.2 billion. Furthermore, according toshi
report, “in terms of job losses the increase imgglby 2030 could cost the Central Valley economy

27,000 to 53,000 jobs.”

4.5 SUMMARY

California has the most fertile lands in the Unitdtes. It is the first agricultural producertie t
country and the national leader in agriculturalaig In this state, agriculture is a multibillidollar
business supporting more than 150,000 jobs. Cevialédy is the heart of agricultural activities in
California and includes Sacramento Valley and Sejuin Valley. San Joaquin River Hydrological
Region is the northern portion of San Joaquin WYalkereach of this river, between Bear Creek and Ol
River, is of great importance as one of the maitemsupply sources for the majority of agricultUuealds
in this region. However, the return flows from thegricultural lands increase salinity rate inrikier
water, threatening aquatic life and environmenggllth in the river. Furthermore, increasing safimitth
the current rate can impose significant costsacsthte, highly impact the income, and cause jsbel®.
Therefore, this reach of the San Joaquin Rivetbleas selected to be modeled in order to find some
practical management scenarios to enhance theoenvimtal conditions in the river while satisfyirg i

water users.
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CHAPTER 5

MODELS SETUP

This chapter explains how the watershed simulatiodel, the optimization model, and the
behavioral simulation model have been set up.igrdgard, data required to setup the watershed
simulation model and perform the analyses, sowtdata, as well as the steps to prepare the data t
meet the simulation model’s required format arewlised. Then, the setup process for each of thelsmod
is described. Development of a questionnaire terdehe the surrogate values of trade-off functigns
also explained. The chapter also explains minimom fequirements in the study area and salinity

objectives at Vernalis, as the location of outflimihe Delta area.

5.1 DATA ACQUISITION AND PREPARATION

Intensive geospatial data are required for the SWi#otlel in order to drive watershed dynamics.
These data include: Digital Elevation Model (DEIgfyeams and water bodies, upstream boundary
conditions and inflows, point sources, soil dagad cover, and climate data. In addition, to obtain
accurate results, it is important to set up the ehoda way that irrigation schedules match with #etual
irrigation times. Therefore, planting and harvegtitates as well as crop water demands must be
introduced to the model and to avoid allocatingenwater than available, minimum river flow
requirements are defined as the constraints afytbeem. Furthermore, data for crop yields and prize
also prepared for performance analysis. The adoprisaind preparation of these data is discusséusn

section.
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5.1.1 Input Data for the ArcSWAT Model

As explained in Chapter 3, Section 3.4, ArcSWAB&risinterface of the Soil and Water Assessment
Tool (SWAT) with ArcGIS. To set up a simulation nebih ArcSWAT, multiple GIS layers and input
data files should be provided to be introducedorhodel. Before preparing any GIS layer, it is
important to make sutdat all GIS layers are in the same geographioaddinate system. The San
Joaquin Watershed is located in Zone 10 of thelNarerican Datum (NAD) 1983 in the Universal
Transverse Mercator (UTM) system. The spatial ezfee of all GIS layers has been controlled to
make sure they match with this zone and transfoomduas been fulfilled for the ones that are not
compatible with the required coordinate syst@he general input data for the ArcSWAT model

include:

Digital Elevation Model (DEM): DEM is a digital model of a landscape’s surfacechhs created
from the elevation data. It is produced by the EchiStates Geological Survey (USGS) through the
National Mapping Program. DEMs are provided inegafite format and include an array of elevations
sampled at a number of ground positions at reguignrdced intervals. ArcSWAT uses DEM data to
delineate subwatersheds. To prepare the DEM detaDEM files were downloaded from the Geo
Community website and their geospatial reference eeatrolled. The entire San Joaquin Watershed is
covered by 10 DEM filewith 30-meter resolutiarThese raster layers were then combined into one

layer to be imported to the ArcSWAT model.

The National Hydrography Dataset (NHD): The NHD is a digital vector dataset, which cordain
features such as lakes, ponds, streams, riveralscatams and streams. There are two ways to inteod
the stream networks to ArcSWAT: 1. The model deltee the stream network based on the drainage area
threshold, using DEM data, and defines watersheddaries; 2. Predefined watershed boundaries and

streams can be imported to the model. Even ifiteedption is chosen, NHD data is required to deub
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check and make sure that the model delineated ahershed correctly and designates all important
streams. The NHD dataset is created by USGS anbdecdownloaded from the National Hydrography
Dataset section of the USGS website. In this wep8ie area of interest is selected using a polyggoh
the resolution of the required file (medium, highJocal) as well as data format (Personal Geoda@b
File Geodatabase, or Shapefile) are specifiedtHi®istudy, a shapefile with a high resolution basn
selected. After downloading the file, the geospaéiference was controlled. Since the area of @stelnas
been selected using a polygon, it is covering gelaarea than the study area. Therefore, the fike first

clipped to the extent of the study area and thgroited to the ArcSWAT model.

Inflows: The model domain does not extend to the entireJ8aquin Watershed boundaries.
Therefore, upstream boundary conditions must wedoted to the watershed simulation model. These
boundary conditions include measured daily timésesf flow and salinity. Four inlets are considkre
for the study area located at the San Joaquin RivBtevinson Station, downstream of Bear Creek, as
well as in the base of the major dams on the StarsRiver (New Melones Reservoir), Tuolumne River
(Don Pedro Reservoir), and Merced River (New ExdeedReservoir). Figure 5.1 demonstrates the
locations of these inlets. The corresponding tierées were downloaded from the USGS Real Time

Water Data for California.

Point Sources:Point sources data have been derived from ingatafahe Watershed Analysis Risk
Management Framework (WARMF) model. WARMF was depell as a decision support system for
watershed management to facilitate TMDL analysiswatershed planning. According to the WARMF
user's guide, there are 14 agricultural return isfcluding four from canals of the Modesto Irtiga
District (MID), six from the Turlock Irrigation Disict (TID), and four individual ones (Westley
Wasteway, Moran Drain, Marshall Road Drain, andriggalLand Grant Drain). There is also one
municipal point source directly discharged to tlver, the Modesto Water Quality Control Facility.

Modesto WQCF has seasonal discharges to the vidich happens approximately from December
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through May. In addition, one of the natural seasflows, the Mud Slough, which has a significantly
high salinity load, has been introduced to the rhadea point source. Figure 5.1 shows the locatidns

these point sources.

ew Melones Reservoir
d L
= |

Legend

A Inflows

@ PointSources

— streams
Reservoirs

5 25 8 5 —

e Miles [ ] Subwatersheds

Figure 5.1 Locations of the inlets and point sources in tiielg area

Soil data: There are several different soil geographic datedavailable such as State Soll
Geographic database (STATSGO), Soil Survey Geograjgtabase (SSURGO), National Soil
Geographic database (NATSGO), etc. In each databaie are grouped based on their infiltration
characteristics. Among different forms of soil tygeta, STATSGO and SSURGO databases are the two
key forms. STATSGO data is defined on a state-Waslel and is available for the entire United States
whereas SSURGO is county-wide and has some spgafial For this study, STATSGO soil data type has
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been used. The data was downloaded in shapefiteafdrom the National Cartography and Geospatial
Center (NCGC) of the Natural Resources Conserv&emice (NRCS). After downloading the data the

geospatial reference was controlled and the sHapedis clipped to the extent of the study area.

Land Cover: In ArcSWAT, the default land cover is based onidtal Land Cover Data (NLCD) for
years 1992 and 2001. However, United States Depattof Agriculture (USDA) produces National
Agricultural Statistics Service (NASS) maps thatdnenore detailed agricultural information, incluglin
the crop types in each field. Figure 5.2 showddhd cover of the study area based on NLCD database
and Figure 5.3 demonstrates the land cover bas#teddASS information. As illustrated in these
figures, NASS data are more accurate for perforrimimgstigations on agricultural practices. Sinae th
dominant land cover of the study area belongs tiz@tural uses and the water demand of each
agricultural field directly depends on the typegfps being produced in the fields, NASS data were
selected to be used for this study. The data wasldaded from USDA-NASS Research and
Development Division website. The downloaded magcothe entire state of California, so after

controlling its geospatial reference, the shapefiés clipped to the extent of the study area.

Weather Data: To calculate runoff, evapotranspiration, etc., SWAQuiees users to import
measured weather data. The data includes dailypitat®on in millimeter as well as daily maximumdn
minimum air temperatures in degree Celsius. Data fifferent weather stations within the study area
must be imported to the model. Therefore, SWAT ikesethe weather data in the exact location of
weather stations that have been introduced td#nTthe model interpolates and/or extrapolates the
weather data to cover the entire basin. Data fré?C8 SNOwpack TELemetry (SNOTEL) stations were

downloaded and used for the purposes of this study.
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A summary of data sources and the correspondingitestthat the data has been downloaded from

has been presented in Table 5.1.

Table 5.1Sources of data and corresponding website addresse

Data Type Data Source Website
Digital Elevation Model USGS - The National http://data.geocomm.com/dem/
Mapping Program
National Hydrography USGS - National http://viewer.nationalmap.gov/viewer/nhd.h
Dataset Hydrography Dataset tml?p=nhd
River water flow rates and USGS - Real Time Water http://waterdata.usgs.gov/ca/nwis/current/?t
salinity concentrations Data for California ype=dailydischarge&group_key=huc_cd
Point Sources WARMF input data
Soil Data (STATSGO) USDA — NRCS - NASS http://soildatamart.nrcs.usda.gov/
Soil Data Mart
Land Use Data (NASS) USDA- NASS http://www.nass.usda.gov/research/Croplan
Research and Development d/SARSla.htm
Division
Weather Data USDA-NRCS SNOTEL data http://www.wecstusda.gov/snow/

5.1.2 Crop Water Demands

To determine water demand of each agriculturatifide type of crop being planted in the field, its
water demand, and the area of the field must bengiVhe type of crop being planted in each agricalt
field can be obtained from the NASS data that Hmen imported to the SWAT model. The area of each
field has also been determined by the model. WigeTands for the dominant crops being produced in

the study area have been specified and preseniieabie 5.2.

5.1.3 Planting and Harvesting Dates

To obtain accurate simulation results, it is impottto define planting and harvesting dates to the
SWAT model, so the model irrigates agriculturaldeeonly during that time period. USDA National
Agricultural Statistics Service assembles usualtpig and harvesting dates for major field crop®ss
the United States based on the best and most rieé@mbation available. The dates do not account fo

exceptionally early or late practices forced byabmal seasons caused by climatic or economic
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conditions. Table 5.3 presents usual planting amdesting dates for major crops in California. Tates
presented in this table are the average of moisteagates between the beginning and ending datdshw

are indicating when planting or harvesting is alioahd 95 percent complete, respectively.

Table 5.2Water demands (acre-feet per acre) for dominamscin San Joaquin in 2005 (Howitt et al.

2008)

Crop Demand Crop Demand
Agricultural Land-Generic 2.57 Oats 2.57
Agricultural Lanc-Row

C?ops 2.1 Onion 264
Alfalfa 4.62 Orange 3.26
Almond 3.4 Pasture 3.81
Apple 3.26 Peas 2.27
Barley 2.57 Rice 4.98
Cloves 1 Rye 2.57
Corn 2.77 Tomato 1.93
Green Beans 2.27 Winter Wheat 1.05

Table 5.3Usual planting and harvesting dates for major cinf3alifornia

Planting Harvesting
Crop

Month Day Month Day
Agricultural Land-Generic 3 1 9 10
Agricultural Lanc-Row
Crops 4 1 10 20
Alfalfa 9 15 2 28
Barley 3 1 9 10
Cloves 3 1 9 10
Corn 4 1 10 20
Grean Bean 5 15 9 20
Oats 3 1 9 10
Rice 5 1 10 10
Rye 3 1 9 10
Soybeans 5 15 9 20
Sugarbeets 9 1 6 20
Winter Wheat 10 20 6 15

Source: “Field Crops Usual Planting and Harvesbiages, 2010, USDA, NASS
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5.1.4 Minimum Flow Requirements

Minimum flow requirements are defined to the SWA®dul as one of the system'’s constraints so
only the excess water will be allocated to agrimalt fields. Minimum flow requirements in San Joiqu
River at Vernalis have been presented in TableThdse values are subjected to the State Water
Resources Control Board's (SWRCB) revised watdttritgcision 1641. These guidelines have been

provided based oviernalis Adaptive Management Plan (VAMP) and Saamqidin River Agreement (SJRA).

Table 5.4Minimum flow requirements for the main rivers iretbtudy area (DWR, 2010)

River and Location Flow Agreement
Merced River, below Crocker- 180-220 (cfs) ~ Davis-Grunsky, Cowell
Huffman Diversion Dam (Nov — Mar) Agreement, and FERC 2179
Merced River, Shaffer Bridge 25— 100 (cfs) FERC 2179

, , 94-301 FERC 2299-024, 1995
Tuolumne River, at Lagrange Bridge (TAF/yr) (Settlement Agreement)
San Joaquin River at Vernalis SWRCB D-1641, VAMP and

SJRA

SJRA determines the target flow based on the ‘iegjstow.” Table 5.5 presents the SJRA target
flows. Depending on the type of water year, thasget flows may be modified. The water year type is
determined, using the San Joaquin Valley “60-20\2@iter Year Hydrologic Classification. To modify
target flows each water year type is given a nutriadicator. These indicators have been presented i
Table 5.6. After specifying each year’s indicatbe sum of the current year’s indicator and thevipres
two years’ indicators is calculated. If the sunfoigr or less, there is no need to provide flowsvatibe
existing flow; if it is seven or greater, the tarfiew will be one level higher (SWRCB, 2000); i.g.the
sum of the indicators is seven and the existing 02500 cfs, the target flow will be 4450 cfsteed of
3200 cfs. Using the data presented in Tables 51%d the target flows at Vernalis for years 2693

2006 are calculated. These target flows are predentTable 5.7.
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Table 5.5The SJRA target flows (SWRCB, 2000)

Existing Flow (cfs) Target Flow (cfs)
0-1,999 2,000
2,000 — 3,199 3,200
3,200 — 4,449 4,450
4,450 - 5,699 5,700
5,700 — 6,999 7,000

7,000 or greater Existing Flow

Table 5.6 VAMP Hydrologic Classification (SWRCB, 2000)

Existing Flow (cfs) Target Flow (cfs)
Wet 5
Above Normal 4
Below Normal 3
Dry 2
Critical 1

Table 5.7Target flows at Vernalis for years 2003 through@00

Year Year Type®  Indicator Score Target Flow (cfs)
2000 AN 4 - -

2001 D 2 - -

2002 D 2 8 5700
2003 BN 3 7 5700
2004 D 2 7 4450
2005 w 5 10 Existing Flow
2006 w 5 12 Existing Flow

4 Source DWR, California Cooperative Snow Survey@hronological Reconstructed Sacramento and Sanuifoaq
Valley, Water Year Hydrologic Classification Indgéttp://cdec.water.ca.gov/ cgi-progs/iodir/WSIRIS

5.2 SETTING UP THE WATERSHED SIMULATION MODEL

To setup a watershed simulation model in SWATt fiie DEM data and stream networks are
imported to the model. SWAT partitions the watedshito subunits as subbasins and assigns a reach
segment in each subbasin. Subbasins have a geagpaygition in the watershed and are spatially
connected to one another. SWAT performs a sublagdineation using surface topography and
determines the outlet of each subbasin, which srgv/the entire area within a subbasin flows to.

The land area in a subbasin may be divided interséthydrologic response units (HRUSs), which are

portions of a subbasin that hold unique land usmagement, and soil attributes. Therefore, lanchnde
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soil data are imported into SWAT to create the HRTJ® main reason to create these HRUs is to
simplify a run by combining all similar soil andhid use areas into a single response unit. Aftettiomre
of HRUs, all historical time series of weather datawell as flow and quality of inlets and poiotices
are introduced to the model. The final step isdtednine the starting and ending dates of simuiaii
well as the simulation’s time step. Then, the madé$ up all input files in its required format amdates
a watershed master control file, which managesniat files and contains information related to
modeling options, climate inputs, databases, atgubgpecifications.

The simulation’s starting and ending dates have Beeto be 1/1/2000 and 12/31/2006, respectively.
So, the model was warmed up from 1/1/2000 to 12(81¥ and was calibrated using data from 1/1/2002
to 12/31/2004. The data of the last two years weesl for validating the results. The calibration-
validation process will be discussed in more détaChapter 6. After calibrating the model, anatyse
were performed for the time period between 1/1/20082/31/2006, which includes a blow normal year,
a dry year, and two wet years (as presented inlEabe The model divided the study area to 71
subbasins and created 614 HRUSs, out of which 310¢Hselong to agricultural practices. For the
purposes of this study, these 310 HRUs were comides agricultural fields. Therefore, the amount o
water allocated to each HRU and the impact of éH#Rb's return flow on the flow and salt concentratio

of the San Joaquin River were considered for thienigation.

5.3 SETTING UP THE GENETIC ALGORITHM

As discussed in Chapter 3, the trade-offs betweembjectives of the multi-criteria objective
function of the problem defined in this study wereated performing a genetic algorithm (GA)
optimization. This GA model was developed usinggleetic algorithm multiobjective (gamultiobj)
function of the Global Optimization toolbox in MAHB. To use the functions of this Toolbox, first a
file was created containing all fithess functiond @onstraints of the system. The Global Optimdrati

Toolbox minimized all optimization functions. Whees an objective function was needed to be

81



maximized, its negative value was minimized. Aftefining the fitness functions and constraints, the

following settings were followed:

Determining initial population’s lower and upper bands: Initial population specifies an initial
population for the genetic algorithm. In MATLAB'®getic algorithm function, the initial population
is generated randomly by default, unless the ggitime changed. In this study, the individuals were
considered as the amounts of water allocationgtiowdtural fields. The lower and upper bands were

set equal to zero and the maximum water demandatf feld, respectively.

Defining the population size:The population size specifies the number of indigld in each
generation. Since the GA model, developed in thidys adjusts the water demand values of each
field in SWAT input files, the population size mis& corresponding to the number of agricultural
fields, which is equal to 310 fields. However, &fide the population size, it should be noted that
very large population size significantly increaties model’s runtime and a very small population
size may result in a local optimum. The populats@e must be at least the number of variables. To
reduce the computational time, agricultural figli¢he study area were categorized based on their
water demand which is corresponding to the typ@oofinant crop being planted in each field.
According to Table 5.2 there are 18 dominant cinpike study area. Among these, some crops have
the same water demand including: agricultural lgaderic, barley, oats, and rye (2.57 acre-feet per
acre); agricultural land-row crops and corn (2.@edeet per acre); apple and orange (3.26 acte-fee
per acre); green beans and peas (2.27 acre-featqggr Therefore, agricultural fields were

categorized into 12 categories. For this studyptiiulation size was selected equal to 20.

Specifying the number of generationsNumber of generations is one of the stopping daitef the

genetic algorithm function. It specifies the maximaumber of iterations to be performed in case
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none of the other stopping criteria is not met. MAB’s default value for the number of generations

is 100. This default value has been considerethfsrstudy.

Appointing the selection option:Selection option is set to specify how parentschasen for the

next generation. The default selection functioM&TLAB, which is stochastic uniform, has been
chosen for this study. Based on this function, gzerient corresponds to a section of a line laicbgut
the stochastic uniform function. The length of théstion is proportional to the corresponding
parent’s scaled value. The algorithm randomly ¢eladragment along the line and chooses a parent
from that fragment. Then, it moves along the limsteps of equal size and chooses a parent from

each fragment it lands on.

Designating reproduction options:Reproduction options include: elite count, crossdwaction,

and mutation function. The default settings of MANR.for these options have been considered for
this study. Therefore, the elite count, which is ttumber of individuals being transferred to thetne
generation without any change, has been set eg2allthe crossover function, which specifies how
two individual parents are combined to form a coess child, has been selectedsaattered

function This function creates a random binary vector seldcts the genes where the vectoris a 1
from the first parent, and where the vector isfeofh the second parent. These genes are then
combined to form the crossover child. The mutafiorction, which specifies how random changes
are made in the individuals to create mutationdechit, has been set @saussiarfunction This
function adds a random number from a Gaussianlision, with mean zero, to each entry of the

parent vector.

After these setups, the GA optimization model virlsgld to the watershed simulation model. At the
first step of optimization, the initial populatievas created. The values of the first individuahie initial
population were written in the SWAT input filesagricultural fields maximum water demand. Then, the

83



SWAT model was run and the amount of water allat&tecach agricultural field was calculated. These
values were, then, read from SWAT output files thedvalue of all fitness functions were calculated
based on these allocations. The above steps waeatesl for all individuals in the generation. After
calculating the value of fitness functions foriatlividuals, the next generation was produced aed t

above steps were again repeated until the finat®&mont was created. Figure 5.5 illustrates phhécess.
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Figure 5.5 The optimization process
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5.4 FINDING THE SURROGATE WORTH VALUES

To determine the surrogate worth values of theeti@dt functions, a questionnaire was developed and
sent out to different decision-makers and stakedrelah the study area. The agencies were selatted f
1. San Joaquin River Group Authority (SJRGA), wihidsists of water users receiving water from the
San Joaquin River and its tributaries; 2. The Wh@eates Department of Interior, including U.S. &aur
of Reclamation and U.S. Fish and Wildlife ServideCalifornia Department of Water Resources; 4. The
Environmental Community, such as the Natural Hgethostitute and the Bay Institute of San Francisco
Member agencies of the SJIRGA in the study areadecIModesto Irrigation District, Turlock Irrigatio
District, Merced Irrigation District, and South Sdwaquin Irrigation District.

In this questionnaire, the agencies were askedtermine the surrogate worth of the trade-off mint
on the Pareto front. In order to find a more aciosgiight about the problem, they were also askeakeso
further questions to receive some feedbacks. Theultyiral agencies were asked to determine their
utility function and specify how willing they are tooperate. The state agencies were inquiredicate
how willing they are to provide incentives and camgations to agricultural agencies in order to
encourage them to cooperate. They were also agkedrition to what extent they would rather provide
these incentives or compensations. The environmagéamcies were requested to determine by how

much they might compromise if minimum flow requiremts or salinity objectives are violated.

5.5 Salinity Objectives in the San Joaquin River

Meeting southern Delta flow and salinity objectiaee two of the main goals of this study. For this
purpose, the effectiveness of different managemmeamarios in meeting flow and salinity objectives
should be analyzed. The analysis was performectatalis, as the outlet of the study area. Flow
requirements at Vernalis were discussed in Seétibrl. In this section, salinity objectives at Vadis
are discussed. As mentioned before, electrical wcthdty has been considered as the indicator of
salinity. To protect agricultural beneficial usésvater in the southern Delta, the 1995 Bay-DeltmP
defines salinity objectives for the San JoaquireRat Vernalis. Based on these objectives, maxirddm
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day running average of mean daily electrical cotiditg at Vernalis for all water year types sholle as
follows (CRWQCB Central Valley Region, 2009, Table5):
* 0.7 mmhos/cm from April 1 through August 31; and

* 1.0 mmhos/cm from September 1 through March 31

In addition, the municipal and domestic water @spiires that electrical conductivity in the San
Joaquin River shall not exceed the secondary maricantaminant levels (MCLSs) specified in Title 22
of the California Code of Regulations (RWQCB Cehtfalley Region, 2009, pp. IlI-3). The secondary
MCL's for electrical conductivity has three levals

* Recommended level: 900 uS/cm
e Upper level: 1600 uS/cm

e Short-term level: 2200 uS/cm

5.6 SUMMARY

In this chapter, required setups to develop themshed simulation model, the optimization model,
and the behavioral simulation model were discusdadntensive amount of data have been gathered and
prepared to setup the watershed simulation modhels@ data included: digital elevation models, the
national hydrography dataset, daily flow and saftaentration time series of inflows, point sourcsl
data, land cover, weather data, crop water denamtiplanting and harvesting dates. Sources of these
data, as well as data preparation process to imeebodel’s required format were also explained. In
addition, minimum flow requirements and salinityjediives in the San Joaquin River were defined in
order to be considered as the constraints of thiesy After setting up the watershed simulation ehod
steps to setup the genetic algorithm model weréaaq followed by the approach to determine

surrogate worth of trade-off points on the Paretot
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CHAPTER 6

RESULTS AND DISCUSSION

In this chapter, the results obtained from all Miedee presented and discussed. Since all analyses
are performed on the outputs of the watershed sitionl model, the performance of this model must be
validated. Results from calibration and validatidrihe watershed simulation model are first expdin
Then, the trade-off points obtained from the optation model are expressed and responses from water
users/decision-makers corresponding to these tHigmints are addressed. After that, the agenédas
model is validated and its results are presentbed.fihal sections of this chapter will evaluate dwverall
performance of the proposed conflict managementeirat discuss adaptation to the results obtained

from this model.

6.1 SENSITIVITY ANALYSIS RESULTS

SWAT allows the users to adjust the model pararméteorder to calibrate the model. These
parameters are categorized into climate, hydroJagidiment, nutrients, pesticide, bacteria, watiatity,
and channel processes parameters. In order togedilibration computation time, sensitivity of than
Joaquin River watershed simulation model to diffiefmarameters was analyzed and calibration was
performed using only the parameters to which thdehis sensitive. For this purpose, flow in the San
Joaquin River at Vernalis and Patterson stationgedisas the salt concentration at Vernalis statiemne
considered as dependent variables. All SWAT modedpeters were set as independent variables and
used as calibration parameters. Then, 10 equalaitewere selected between the lower and uppeatshan

of each parameter. The SWAT model was run for eivegyval of each parameter. The parameters that
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resulted in different outputs due to various indés\vof the parameter were determined. Based on the
results obtained from the sensitivity analysis, $la@ Joaquin watershed simulation model was semsiti
to 18 parameters. These parameters as well astreitivity index and adjusted values are presente

Table 6.1.

6.2 CALIBRATION RESULTS

To calibrate the San Joaquin watershed simulatiodettwo USGS flow and water quality gauges
on the San Joaquin River were considered. TheBerstare Vernalis, located downstream of the study
area, and Patterson, located between the Mercetiuotdmne Rivers. Daily time series of flow and
salinity (as EC concentration) from January 1, 2@0December 31, 2006, were used. Two years were
considered for the model warm up, three yearsdbibi@ation, and two years for validating the cadited
results.

Figure 6.1 and 6.2 show the daily calibration aalidation results for flow at Vernalis and Patterso
respectively. As demonstrated in Figure 6.1, theutated flow at Vernalis has a sound fit with the
observed data values. The model tends to undemdstiftow at Patterson almost in the entire timéeser
However, as presented in Table 6.1 Values of diffestatistical criteria for evaluating the perfamoe
of the San Joaquin watershed simulation model Rfgdind NSE values and relatively low RE, PBIAS,
and RMSE values for this station confirm that theded is reliably simulating flow in this station.
Furthermore, according to Table 3.1, in Chapten@nthly NSE values between 0.75 and 1.0 imply “very
good” performance of a model for streamflow andA#BValues between 15% and 25% suggest that the
performance of model is satisfactory. Thereforeait be concluded that the simulation results for

streamflow are accurate.
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Table 6.1Sensitive parameters of the San Joaquin watersimedbsion model and their values and sensitiviglices

SWAT - . Sensitivity Adjusted Lower Upper

No. Symbol Definition of the Parameter Units Index value Band  Band

1 EPCO Plant uptake compensation factor - -0.013 350 0.01 1

2 SNOCOVMX (Ii/lol\r/\(lerrum snow water content that corresponds to 180&w mm 0.003 489.1 0 650
3 ALPHA BF Baseflow alpha factor (days). days 0.006 0.9267 0 1

4 GW_DELAY Groundwater delay time day -0.004 26.36 0 60

5 GW REVAP Groundwater coefficient for water in shallow aquifeturning to ) 0.003 0.08152 0.02 0.2

- root zone
6 GWQMN Threshold depth of water in the shallow aquiferuiezg for mm -0.008 3702 0 5000
return flow to occur
7 RCHRG_DP  Deep aquifer percolation fraction - -0.1 0.1381 0 0.25
8 REVEP_MN Threshold depth of water in the shallow aquiferdercolation to mm 0.001 3375 0 500
the deep aquifer to occur

9 ESCO Soil evaporation compensation factor - 0.117 0.9847 0.5 1

10 CANMX Maximum canopy storage mm 4.774 0 10
11 DEP_IMP Depth to impervious layer in soil prefil mm -0.002 2187 1500 2500
12 CN_F Curve number factor % 0.083 -0.09745 -0.1 0.1
13 CH_KII Effective hydraulic conductivity in machannel alluvium mm/hr -0.029 318.5 -0.01 500
14 CH_NII Manning's "n" value for the main channel - -0.001 0.0149 0.01 0.016
15 SOL_AWC Available water capacity of the soilday % -0.116 0.9726 -0.1 2
16 SOL_K Saturated hydraulic conductivity % 0.009 .854 -0.5 5

17 CH_KI Effective hydraulic conductivity in tribaty channel alluvium mm/hr -0.002 263.7 0 300
18 CH_NI Manning'’s “n” value for the tributary chagls - 0.007 0.2742 0.008 0.3
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Figure 6.1Comparison of daily flow data from model and USGSvfgauge at Vernalis
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Figure 6.3Comparison of daily salinity load data from modetl &JSGS water quality gauge at Vernalis

Table 6.1Values of different statistical criteria for evalimg the performance of the San Joaquin watersinealation model

RE(%) PBIAS(%) R? NSE RMSE
Flow at Vernalis 8.44 9.42% 0.95 0.90 42.62(cms)
Flow at Patterson 15.9 -12.3 0.91 0.88 147.9 (cms)
Salinity at Vernalis - 44.3 47.9 0.84 -1.27 1.21@ons/d)

* The average salinity load at Vernalis is appraxiety 2,250 tons/d based on the observed data
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Comparing the observed and simulated values forisaloads in Vernalis (as demonstrated in
Figure 6.1Comparison of daily flow data from model and US@G8vfgauge at Vernali&ror!
Reference source not found, it can be deducted that the model tends to gtienate salinity loads,
especially in late spring and early summer, whemetlis a peak for salinity loads. According to Ea®l2,
simulated salinity loads result in high RE and P8ialues. To justify these high values, Columnad! a
5 of Table 3.1, which present the PBIAS valuesstdiment and nitrogen/phosphorous, respectivedy, ar
referred to. Even though the water quality variadfléhis study is salinity, which is not listed Table
3.1, it can be concluded from this table that fatew quality variables, higher PBIAS values are
acceptable. The PBIAS value of up to 70% for soratemquality variables such as nitrogen and
phosphorous can still point to a satisfactory mgaeformance. Furthermore, even though the model is
overestimating salinity loads, it is following ttrend of observed values, which results in a highdRie
(84%). Therefore, since the trends are followed,wied salinity simulated values can be used fahfr

investigations.

6.3 OPTIMIZATION RESULTS

As mentioned in Chapter 3, a multi-criteria objeetfunction has been defined for the purposes of
this study. This objective function maximizes thater and minimizes the salt load being transferred
from the San Joaquin River to the San FrancisceBata region, while maximizing water diversions to
agricultural fields in the San Joaquin watershéds Bbjective function was solved using the Surtega
Worth Trade-off method. In this method, the Pafadat between different objective functions shobéd
first determined. Then, the points on the Paraiotfare shared with water users/decision-makers to
specify the best compromise solution. In this stildg Pareto front has been shaped using genetic
algorithm (GA). To get feedbacks from different agies and find the Pareto optimum (best compromise
solution), some questionnaires were provided antag to these agencies. Sections 6.3.1 and @i8.2

discuss the results obtained from the GA and resgmfrom water users/decision-makers, respectively.
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6.3.1 Finding Theoretical Noninferior Solutions

Performing a multiobjective optimization using geo@lgorithm, two Pareto fronts were formed.
These include the Pareto front between 1. watarsiions and outflow to the Delta area; and 2. water
diversions and salinity load being transferrechmDelta area. These Pareto fronts, which représent
entire noninferior set of solutions, have been showFigure 6.4 and Figure 6.5. The vertical axes i
these figures show the sum of diversions, in thodsare-feet, from Jan. 1, 2003 to Dec. 31, 200&. T
horizontal axes in Figure 6.4 and Figure 6.5, rebpely, demonstrate the sum of outflow and the sdim
salinity load being transferred to the Delta areanfJan. 1, 2003 to Dec. 31, 2006.

After forming the Pareto fronts, several points&velhosen from them to be shared with the water
users/decision-makers within the system. The waters/decision-makers were asked to specify values
of surrogate worth function (SWF) correspondinghiese points. To select these points, one strategy
would be to choose both end points of the Paretat fis well as some points in between with fixed or
random intervals. Clearly, the end points corregporthe extremes at each side and will never tresal
compromise. In addition, knowing the fact that r&dg diversions by a high rate will keep the
agricultural sector away from cooperation, it isreneliable to select the points within a reasomaahge
of reduction in diversions. Therefore, the rangevieen 6% to 65% reduction in diversions was
considered and seven points in this range weretseleThese points have been indicated by recesircl

around them in Figure 6.4Figure 6.5.
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Figure 6.4 Trade-off points between diversions in the stusdaaand outflow of the watershed
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Figure 6.5 Trade-off points between diversions in the studyaaand salinity loads being transferred to

the Delta

6.4 VALUES OF SURROGATE WORTH FUNCTIONS
To determine the values of SWF, three questionsaiere created and sent to 12 people in 11
different agencies in three categories: agricultgmravironmental, and federal/state. Table 6.2egnsthe

list of these agencies and it shows whether oeaoh agency responded to the questionnaire. Apgesndi
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A-1 through A-3 express these questionnaires. €pare these questionnaires, the diversion, outflow,
and salinity load values corresponding to the nienior points highlighted in Figure 6.4 and Fig@ré&
were determined. Then, the ratio between thesesalad the status quo was calculated. For example i
the status quo, the total water diversion from 2@02006 is 5823.4 TAF. If it is reduced by 6%, total
diversion will be 5487.6 TAF, which results in 4#giease in outflow (4,757.9 over 4,753.4 TAF) and
2% reduction in salt load (5,511,024 over 5,522 #F8).

In the questionnaires, the water users/decisionensakere asked to determine a surrogate worth
between -5 and +5 for each ratio. Table 6.3 shatiss corresponding to the selected noninferionsoi
and the responses from water users/decision-mdketss table, X" is the percentage of agricultural
water demand that is reduced from the current ddeanmeet the environmental purpose€y; is the
percentage of increase in water transfer to théal2eka in “dry” and “below normal” water years
corresponding to the reduced water diversions tiz@ltural fields K); "C" is the percentage of decrease
in the magnitude of violations from salinity objeets at Vernalis corresponding to the reduced water
allocations to agricultural fields{, and t" is the percentage of decrease in the numberotditions from
salinity objectives at Vernalis due to the reduasdier allocations to agricultural fieldx)(

According to Table 6.3, for the agricultural agescithe surrogate worth of 30% reduction in
diversions is equal to zero; while the environmkatgncies specified 65% reduction in diversioms fo
the surrogate worth of zero. The federal/state éigerdid not indicate any of the ratios as beingaétp
zero. As mentioned in Chapter 3, the best compmswtution is where the values of surrogate worth
functions, determined by all decision-makers, araikaneously equal to zero. In this study, thigpo
does not exist. Therefore, the curves of the sateogalues were created (Figure 6.6) and the range
between the points corresponding to zero valugiseo$urrogate worth function on each curve was

considered as the solution area.
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Table 6.2Agencies contacted to determine the values of SWF

Category Agency Response
Modesto Irrigation District x
Agrlcultgral Turlock Irrigation District -
Agencies
Merced Irrigation District -
Natural Heritage Institute -
Environmgntal The Bay Institute (two people) X
Agencies Water and Power Law Group: Hydropower Reform Ciwatit -
Natural Resources Defense Council -
California Department of Water Resources X
State and  pepartment of Fish and Game -
Federal o .
Agencies San Joaquin River Group Authority -

US Fish & Wildlife Service - Pacific Southwest Regi -

Table 6.3Ratios of the noninferior points and their corasfting surrogate worth

Responses
X Q C t Agricultural  Environmental federal/ State

agents agents agents

6% 4% 2% 6% +2 -5 +5
12% 8% 6% 14% +1 -3 +4
30% 22% 12% 38% 0 +3 -3
35% 23% 11% 27% -5 +4 -4
50% 39% 18% 49% -5 +5 -5
55% 42% 19% 51% -5 +2 -5
65% 48% 19% 54% -5 0 -5

The surrogate worth function of the environmentgreties has two points which are corresponding
to zero, at 21% and 65% of reduction in diversi®@iace, 65% will never result in a compromise, this
point was disregarded. The range between 21% d&¥gl Bhere the values of SWF for the curves of
environmental agencies and agricultural agencieseapectively zero, has been considered as the
solution area. The value of SWF for the curve difal/state agencies is zero where there is 22%
reduction in diversions. The best compromise smiutias selected as the arithmetic mean of these thr

values which is equal to 24.33%.
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Figure 6.7Figure 6.8 show comparisons betweent#ttessquo and best compromise solution for
flow and salt concentration at Vernalis, respedyivieeducing diversions by 24.33% will result in
17.12% increase in outflow to the Delta area inairgt below normal years, 10.5% decrease in magnitud
of violations from salinity objectives at Vernatiad approximately 30% decrease in the number of day

that the salt concentration in the San JoaquinrRiv&ernalis violates the standards.

—— State agencies B

-3 \& Environmental Agencies -

Surrogate Worth
AN
A

\ \ —— Agricultural agencies
\

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70%
Reduction in Diversions

Figure 6.6 Values of surrogate worth functions correspondnditferent ratios of reduction in

diversions
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Figure 6.7 Comparison between the status quo and best comgeauiution for flow at Vernalis
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Figure 6.8Comparison between the status quo and best comgeauiution for salt concentration at

Vernalis
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6.5 RESULTS FROM THE BEHAVIORAL SIMULATION MODEL

As discussed in Chapter 3, Section 3.5.4, to cafleuhe utility of each agent (Equations 3.18 and
3.21), two terms have been considered. The firsi tepresents the social pressure and quantifées th
influence of each water user’s surrounding neigbloorits utility to cooperate. The second termy@ml
Equations 3.18 and 3.20), reflects the impact fractions between each agent with the other agents
Therefore, to be able to calculate the first tefrthe above mentioned equations, the first step is
determine the type of each agricultural field.

As shown in Equation 3.17, if the water demand estgd by an agent is more than the available
water, the behavior of this agent is consideredaumperative; otherwise, the agent is cooperatfiing.
determine the type of agricultural fields, the wslted simulation model was run on a daily basisthed
available water to be supplied to each field farheday was determined. These values were then
compared to the amount of each field’s water dengamihg its irrigation period. If the field’s water
demand was less than its available water, thed§ieat field was considered cooperative for that
specific day; otherwise, the field was considered-oooperative for that day. Then, it was assurhat t
if each field is cooperating for 70% of days duritsgentire irrigation period, the overall behavifrthat
field is cooperative; otherwise its overall behav&onon-cooperative. It should be noted that % Ts
just an assumption and more detail study is netl®dd a more accurate number. Figure 6.9

demonstrates the cooperative and non-cooperatidsfin the study area.
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Figure 6.9 Spatial distribution of cooperative and non-coopeeatypes of agricultural fields

6.5.1 Validation of the Agent-Based Model

Before evaluating the impacts of different managarseenarios using the behavioral simulation
model, it is important to make sure its performaisaeasonable. For this purpose, three hypotHetica
scenarios were considered:

1. New regulations are enacted so no more than thiablMawater, in excess of environmental
needs, can be allocated to the agricultural watersu This scenario will obligate diversions to
cooperate. Therefore, the modification facKy, for all agricultural fields will be equal &y,
which results in a utility of 100%dJ = 1.0) for them to cooperate.

2. The environmental sector compromises with all wtiotes (,, = 0). In this scenario, the agent
might only be influenced by its neighbors and tiktyto cooperate is only influenced by the

behavior of its surrounding neighbot§ ¢ V;).
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3. The state provides some incentives to encouragesions to cooperate. The incentives are

meant to compensate 50% the benefit lost due todbperationl; ~ [V; + F,,]; F,, = 0.5).

These three scenarios were introduced to the batashgimulation model to evaluate the sensitivity
of the model to different management scenarioaurEi@.10Figure 6.11 show the sensitivity of the
behavioral simulation model to different managenseehnarios for flow rates and salt concentration,
respectively. As demonstrated in these figuregnduhe irrigation periods in each year, by inciegs
the water users’ utility of cooperation, the outflto the Delta increases and salt concentration at
Vernalis decreases.

Sensitivity of the behavioral simulation model txil pressure has also been evaluated. Figure
6.12Figure 6.13 show the sensitivity of the behalisimulation model to social pressures for flates
and salt concentrations, respectively. To creaseliigures, a constant value of 0.5 has beendznesi
for F, and the influence of the behaviors of neighbodggcultural fields has been ignored. i.e. the firs
term in the right hand side of Equations 3.18 tgto8.21 has been considered equal to 0. As
demonstrated in Figure 6.9, the majority of agtimall fields are showing a cooperative behavioesgnh
cooperative behaviors result in higher valuesHergroportions of neighbors of each ag¥f(t;), in the
first term in the right hand side of Equations 3&®ugh 3.21, which results in higher values ef th
agent’s utility to cooperatd);. Therefore, as shown in Figure 6.12Figure 6.18sittering the impacts of

social pressure results in more outflows to thadahd less salt concentration.
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Figure 6.10Sensitivity of the behavioral simulation model iffetent management scenarios for flow
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Figure 6.11Sensitivity of the behavioral simulation model iffatent management scenarios for salt

concentration
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« 10° Outflow to the Delta at Vernalis
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Figure 6.12Sensitivity of the behavioral simulation model twigl pressures for flow rates
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Figure 6.13Sensitivity of the behavioral simulation model twigl pressures for salt concentration
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6.5.2 Evaluating Responses from different Agents

As mentioned earlier, some questionnaires werdettend sent to different agencies to determine
the surrogate worth of noninferior points. Anotparpose of creating these questionnaires was doefin
more actual perception of what different agendigsktabout managing diversions in the system.
However, before the responses from these agengeteacribed, it should be declared that to engeura
them to fill out the questionnaires, it was empbedithat the main purpose of the questionnaingsistp
get opinions for this dissertation and it doesaarhmit the agencies in any way. So, they were asked
response in a way that they think other agriculiwmavironmental, and federal/state agencies might
accept. Therefore, the answers do not necessefigct the exact position of the agencies thatardpd
to the questionnaire. A summary of responses tojtiestionnaires are discussed in the following:

1. The salinity impacts mentioned in Chapter 4 (Sectigl) were explained in the questionnaires
for agricultural and federal/state agencies andvikmp these facts, they were asked by how much
the agricultural water allocations must be reduced?

The federal/state response to this question was\@d%tis agricultural agencies who believe 15%
reduction in water demand is enough.

2. The agencies were asked to assume that an inc@mtigeam is going to be planned for
encouraging farmers to demand less water. The gnogrould be planned to compensate the
benefit they may lose regarding to the amount aéntney gave up or the amount of investment
required to implement modern irrigation technolsgiae this case, they were asked by how much
they would think farmers should give up with thairrent water demand (as a percentage of their
current demand)? They were also asked how mucheasagion they would think is required (as
a percentage of their potential benefit)?

In this case, federal/state agencies believe #énatdrs should give up with 30% of their current
water demand and 20% of their potential benefiti¢iviis approximately equal to

$60,000,000.00) should be compensated. Howeveacudtgral agencies would be willing to give
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up with 20% of their current water demand, whil&86f their potential benefit is being
compensated.

3. In case the salt concentrations in Vernalis viokaténity objectives indicated in Chapter 5,
Section 5.5, environmental agencies might neghexgtd violations if they are not more than 10%
of the salinity objectives. They might also compiserif salinity objectives are not violated for
more than 30 days per year. Furthermore, violatiorBeptember may not raise environmental
concerns.

4. The state agencies believe that the compensatimsgdsbe based on the market value of the type
of crop that otherwise would have been grown ipecHic area, e.g. something similar to USDA
insurance crop losses payments. To participateeifigderal crop insurance program, producers
will be compensated if they experience a loss ap giields or if they experience a decline in
revenue. USDA decides which crops in which regemseligible for crop insurance and making
these decisions depends on producers' interesbfinimsurance and the level of risk associated
with a particular crop in a specific region.

5. However, federal/state agencies believe that fegmél continue to grow their crops, even with
the loss of surface water supply. They will pumpudwater in lieu until is not more
economical or run out of groundwater. In areas,refigere is no groundwater to pump, the
losses will be significant. The overall impact vk less food supply security, unemployment

increases, and higher food costs for the public.

As a summary of these responses, it can be corttthdéthere is a disagreement between
agricultural and federal/state agencies over theuanof water that must be given up and the amofint
compensations. The behavioral simulation modehéntext section will be used to simulate the
interactions between these agencies and evaluatmfiacts of implementing different management

policies on the flow rate and salt concentratioetalis as well as the amount of diversions.
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6.5.3 Evaluating Management Scenarios Using the AgieBased Model

As mentioned in the previous section, in case aljtial agencies give up with 20% of their water
demand, they expect 80% compensation of the behafithey may lose. This amount of compensation
is corresponding to 16% of their total benefit. Hwer, state agencies are willing to provide onl$620
compensation if agricultural agencies give up \8id&o of their water demand, which is corresponding t
6% of the agricultural agencies total benefit. ider to evaluate the effectiveness of providing
compensations, the behavioral simulation modelfisstscalibrated, so that providing 16%
compensations will result in 20% reduction in dgiens.

After calibrating the behavioral simulation modaipviding 6% compensations was introduced to the
model and the resulting reduction in diversions determined. It was also evaluated to see if the
theoretical best compromise solution, 24.33% radndh diversions, is expected and how much
compensation is required. Furthermore, the amolurgcuired compensation in order to encourage
agricultural agencies to give up 30% of their watemand was indicated.

Figure 6.14 andFigure 6.15 show the impacts ofidinyg different levels of compensation on the
amount of outflow to the Delta area and salt cotredion at Vernalis. Figure 6.15 shows the 30-day
moving average of mean daily electrical condudtiwit Vernalis. In these figureBm represents the
demand maodification factor in Equations 3.18 ar&D&nd is corresponding to the amount of provided
compensations. The resulting amounts of diversisnsell as flow rate and 30-day moving average of
mean daily electrical conductivity at Vernalis hdoaen presented in Table 64.Q, C, andt in this table
represent the same parameters as Tabl€6.13.the percentage of decrease in the magnitude of
violations from salinity objectives at Vernalis, @&hthe environmental sector relaxes the salinity
objectives by 10% (as discussed in item #3 of 8a@i5.2), and* is the percentage of decrease in the
number of violations from salinity objectives atrdalis when the environmental sector relaxes the

salinity objectives by 10%.
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Figure 6.140utflow to the Delta area at Vernalis due to déferlevels of providing compensations
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Figure 6.15Salt concentration at Vernalis due to differenelevof providing compensations

107



Table 6.4Reduction in diversions due to different levels£ompensations and their impact on flow rate

and salt concentration at Vernalis

X Q C t Cc* t*
Only social pressure  4.5% 2% 0.9% 4% 1.1% 5%
6% compensation 6% 4% 2% 6% 2.5% 7.5%
16% compensation 20% 14.5% 9% 25% 11% 32.5%
18.5% compensation  25% 18% 11% 31% 13.5% 40%
21% compensation 31% 22% 12.5% 39% 15.5% 50%

According to Table 6.4, in case only 6% compensat@rovided by the state agencies, and
agricultural agencies would be willing to give uy6% of their water demand. Providing 18.5%
compensation will result in achieving the theomtizest compromise solution. In case the goal is to
encourage agricultural agencies to give up 30%eif ivater demand, approximately 21% compensation
should be provided. If no compensation is providka to the social pressure, it is likely that agjtural
agencies give up 4.5% of their water demand, wiaehlts in 2% increase in flow rate and 0.9%
decrease in salt concentration at Vernalis. Howgwewiding 21% compensation may result in up to
22% increase in the outflow to the Delta area @h8% decrease in the magnitude of violation from
salinity objectives. Furthermore, there would beafB9% decrease in the number of times that valat
from salinity objectives may occur. In case theiemmental sector compromises and relaxes theitsalin
objectives by 10%, there would be up to 3% moreadse in the magnitude of violations from salinity
objectives and 11% less number of violations.

It should, however, be noted that, if agricultuagéncies are to be encouraged to cooperate only by
providing compensation, state agencies will havertwide about 3.5 times more compensation than
what they have considered, which is unlikely togep Therefore, other management strategies must be
incorporated in order to achieve the goal of 24.38%0% of reduction in diversions. These manageémen
strategies include: education, enacting new reguist and considering penalties by the state. As
presented in Section 6.5.2, Item #1, by educatingagricultural agencies about the consequencas of
non-cooperative behavior, it is likely that theyegup with up to 15% of their water demand. By ¢imgc

new regulations, water diversions would become rtioriéed, which may result in more conflicts.

108



Therefore, adaptation strategies must be develiwpeder to avoid possible consequences and sever
conflicts. Penalties should be corresponding tatheunt of difference between the potential

compensations that could be provided by the sgga@es and what is required (say 21% - 6% = 15%).

6.6 SATISFACTION AND PERFORMANCE ANALYSIS

To determine the satisfaction level of differentevaisers/stakeholders, first, utility functions of
different agencies must be determined so thatebelts due to different policies are compared tigm.
To form these utility functions, the agencies wasked in the questionnaires to determine the
corresponding values fat b, ¢, andd in Figure 3.10, which shows the general form afibity function.
It was mentioned to them that in this figuads the percentage of total agricultural water dedsahat is
much less than their demands and will not satlséyrt at all if being allocated to thefmis the minimum
percentage of total agricultural water demandsabatpletely meets their demands and satisfies them
being allocated to theng;is the maximum percentage of total agriculturalevaemands that completely
satisfies them if being allocated to them (it carldss or more than %100); ash@s the percentage of
total agricultural water demands that is much ntbaa their actual demands and if it is allocatetheon
it may damage their crops and make them unsati§fistiould be more than %100). The valuea,df,
¢, andd obtained from the questionnaires have been pregémfTable 6.5. Using these values, Figure

3.10 was modified for the agricultural and fedestalle agencies (Figure 6.16).

Table 6.5Values ofa, b, ¢, andd for the agricultural and federal/state utility @itions for diversions

Agricultural Federal/State
a 60% 50%
b 80% 70%
c 100% 90%
d 110% 101%
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Utility Utility
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Figure 6.16Ultility functions of the agricultural and state/éxdl agencies

According to the utility functions shown in Figugel6, in case there is up to 20% reduction in
diversions, agricultural agencies are 100% satisfith the amount of their allocated water. Redgcin
diversions by 24.33% (the theoretical best compsersblution) will result in 78.3% satisfaction bét
agricultural agencies. If diversions are reduce@®@¥, the satisfaction of agricultural agencies wil
decline by 50%. The utility function of federaltgtagencies shows that these agencies will be 100%

satisfied in case of implementation of all differenenarios.

6.6.1 Performance Analysis

As discussed in Chapter 3, reliability is the ptabty of no failure within the planning horizon.
Using this definition, the reliability indices fealinity objectives due to different scenarios hiagen
calculated (Table 6.6). Environmental and municgadinity objectives in this table have been diseds
in Chapter 5, Section 5.5. As presented in thietadroviding different levels of compensations may
result in up to 31% reduction in diversions and eahance the reliability of the system for envirembal
salinity objectives by up to 17%. This amount soatorresponding to 15% increase in the reliabilfty
the system for environmental salinity objectivésh{e objectives are relaxed by 10%), as well &% 16

and 6% for municipal recommended level and uppes Jeespectively.
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Table 6.6Reliability indices for salinity objectives dueddferent scenarios

Percent of Compensation

Salinity Objective Status

Quo 0% 6% 16% 185% 21%
Reduction in diversions 0% 4.5% 6% 20% 25% 31%
Environmental salinity objectives 55% 57% 57% 66% 69% 72%
10% compromise in salinity
objectives 61% 63% 64% 71% 73% 76%
Municipal recommended level 58% 60% 60% 68% 71% 74%
Municipal upper level 85% 86% 86% 89% 90% 91%

Resilience shows how quickly a system recovers fadailure. As shown in Figure 6.15, the

variations of 30-day moving average of mean dd#gteical conductivity at Vernalis follow the same

pattern for all scenarios. Therefore, there issmobnsiderable difference in the resilience whéferdint

strategies are implemented. Vulnerability is theimam severity of a failure in a set of unsatisfagt

statesTable 6.7presents the vulnerability of the system due ti@dint scenarios. As presented in this

table, providing up to 21% compensations, whichiltesn almost 31% reduction in diversions, can

reduce the vulnerability of the system by 455 uS/this amount is corresponding to approximately 53%

of the total vulnerability of the system in thetagaquo.

Table 6.7Vulnerability of the system for salinity objectivdse to different scenarios

Status Percent of Compensation
Quo 0% 6% 16% 18.50% 21%
Vulnerability
(uS/cm) 855 765 670 540 480 400

Even though there is not a considerable differémtlee resilience of the system due to different

scenarios, the significant increase in the relighdind decrease in vulnerability of the systentifies the

implementation of these scenarios. However, chgosinich scenario to be implemented depends on the

availability of all financial, social, legislativend technical resources.
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6.7 ADAPTATION

Adaptation can be referred to as the set of pralctieps that communities may take to protect
themselves from the possible disruption and damegidting from changing watershed conditions. It
contains the development of strategies to takeradyga of opportunities provided by changing
conditions. In order to implement the new managdrseategies, which result in allocating less wédber
diversions in the San Joaquin River watershed, sahaptation strategies must be developed. The main
intentions for developing these strategies woulddokeicing damage and avoiding possible drops in the
satisfaction level of agricultural agencies.

Adaptation technologies can be classified to hectinologies and soft technologies. Hard
technologies entail new constructions and softrteldgies are referred to as managing behaviors
(UNFCCC, 2006). Adaptation strategies that wouldhelpful to manage the conflicting situation and
encourage agricultural agencies in the San Jo&juir watershed to cooperate will be discussetién t

following:

6.7.1 Hard Technologies

As mentioned in Section 6.5.2, ltem #5, in caseedficing water allocations from surface water
resources to agricultural fields, farmers will dooe to grow their crops by pumping groundwatelién
until it is not more economical or run out of grdwater. In areas, where there is no groundwater to
pump, the losses will be significant. Thereforés important to develop groundwater recharge péans
construct proper structures to harvest rainwatewnet years, for this purpose.

Reducing water loss from water conveying systemesubiyng leakage from pipes and repairing the
linings of canals can increase water efficiencyrfithe supply side. Furthermore, implementing modern
irrigation techniques, such as installation of dimifgation equipment, on the demand side can tésul
less water demand. Another hard technology to adilptiess water allocation strategies is changing
land topography so water uptake would be improvetivind erosion would be reduced. For this
purpose, large fields can be subdivided, grassrwates must have proper maintenance, and the land
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surface could be roughened (where required). Hokv@wplementation of each of these adaptation

practices is highly restricted by financial limitats.

6.7.2 Soft Technologies
Soft technologies are mostly focused on manageoféasghavior. Therefore, education, providing
incentives, and adjustment in agricultural practiaee involved in this category. As presented ictiSe
6.5, education and providing incentives can plaigaificant role in encouraging agricultural agexscio
cooperate. However, the main target of these tvategfies should be to provide farmers with the
opportunity that even though they receive less mvéttey can still have almost the same amount of
production. In other words, the soft adaptatiomtexdtogies that help farmers to enhance current
agricultural practices should be the target of flog incentives and education. Some of these soft
technologies are:
» Educating farmers to change tilling practice tditi@r strip till and split field to grow more
water demanding crops in sections closest to water
» Providing subsidies to encourage farmers to prodifterent crops and shift to less water
intensive and drought-tolerant crops. For this pagp more research must be carried out to
find on new varieties.
* Increasing irrigation efficiency by using brackishter (where possible), concentrating
irrigation in periods of peak growth, and usingpdrrigation
» Changing farming practices to conserve soil moésturd nutrients, and control soil erosion.
This can be fulfilled by rotating crops and avoglimonocropping, as well as using lower
planting densities
e Changing irrigation water pricing

» Enhancing crop insurance regulations
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6.8 SUMMARY

The results from simulation and calibration of 8an Joaquin River watershed as well as
optimization of the system were presented in thagpter. Using these models and incorporating their
results into the behavioral simulation model astgrof management scenarios were defined and their
efficiency was assessed. The utility functionshef water users/stakeholders were formed and ustbe as
measure of water users’/stakeholders’ satisfadtioals. To evaluate the performance of the proposed
conflict management model and effectiveness oédifit management scenarios, performance indices
such as reliability, resilience, and vulnerabilitgre used. The values of these indices were detethi
for different management scenarios and the statasThese values were then compared with each other
and with the status quo to determine how effeatiweh scenario would be if being implemented. Rnall
the adaptation technologies that are requiredderdio reduce diversions to the most effectivellexare

explained.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR FURTHER

RESEARCH

7.1 CONCLUSIONS

Competition for use of water is increasing and ¢emdmany conflicts among competing interests
with complex goals in water management systemslebd with the complex conflicting situations some
major changes in management policies are requiiechnical system models are essential to create
performance and other decision information, but e®tb simulate views of the competing parties are
also needed to help resolve or mitigate conflitkese models can be used as helpful tools to design
effective strategies and water resources managepobaies that encourage parties to cooperate by
accurately simulating the stakeholders’ behaviat iateractions. Agent-based models offer promise to
fill this role and can be used to simulate comgstems with interactive components.

In the complex conflicting situations, such asahe in the San Joaquin River watershed, the
dominant strategy of the competing and conflicfiagties is to wait as long as possible to forcectho
cooperative, so that they can benefit from their-nooperative strategies. However, since a collapse
the system can impose significant costs to botlgthverning units and water users/stakeholders, the
sooner the parties cooperate, the less damage enay. ¢n this study, a new approach to agent-based
modeling was introduced to simulate the behavidriateractions of the parties participating in aftiot
scenario, which was modeled as a game. Water is§ugaifornia’s San Joaquin River watershed were

used as an example of a long-standing situatioa.ABM simulated the behaviors of different agents

115



and explained the interactions among the partidshamw they could be encouraged to cooperate in the
game to work toward a solution.

The proposed model can be used to manage coriflictamplex water resources systems as a
powerful tool to set up rules based on the timihfjoavs, water demands, environmental concerns, and
legislative resources. It provides a clear desiompdf humans/organizations interactions and abett
understanding of complex interactive systems bybfying the complexity of views and interactions o
competing parties. Using this proposed conflict agement model, decision-makers will have more
reliable support for their decision-making procssse

Although this model has specifically been paraniegerfor the San Joaquin watershed, California, it
can also be adjusted to be used for other watessdmatimore complex systems. More management
scenarios can also be defined and easily introdiecttds model to designate the most effective adea
for encouraging different parties to cooperatenimgame. Therefore, new management scenarios can be
evaluated without requiring the user to develop deal with complex formulas.

In the following, the main question and sub questiof this study are explained to confirm that this
model enables decision-makers to define and examarmagement scenarios and understand the

consequences of their decisions on different stllelhs and their behaviors.

Research Question 1Theories exist that although science and engingeaine essential, conflicts
like the ones in California are resolved ultimatblythe legal and political processes and finarkce i
always a big issue. Therefore, it is critical faientists and engineers to identify and propossibda
solutions that are transparent and coherent, anéttvisan lead to agreement among the competing
parties. Therefore, it should be specified whetherconflicts in the San Joaquin River watershaulma

reduced through some management enhancements?

The results of this study showed that reductiodieérsions by 20% would keep the satisfaction level
of the agricultural agencies at 100%. However gieea with this amount of reduction, the agricultura

116



agencies demand for compensations correspondib@toof their total benefit. On the other hand, the
state agencies believe that diversions must becegddioy 30% while only 6% of the total agricultural
benefit is being compensated. The theoretical impiubdicates that 24.33% is the optimum rate thuce
diversions. Therefore, the conflict management rhads used to deal with the disagreements on the
amount of reduction in diversions and the extertamfipensations.

According to the results obtained from the conflicinagement model, to work toward a solution for
this conflicting situation, some management stiategnd institutional enhancements are required. Th
model helped to designate the effectiveness ddmifft strategies and the extent of required
enhancements. It was concluded that social pressureducation, as well as providing incentivesiaee
most effective scenarios that result in consensas more reduction in diversions, while keeping all
stakeholders satisfied. However, to expand theémite of social pressure, education and increasing
public awareness about the consequences of norexaiam on the surrounding environment and
security of agricultural related jobs in close fetlhave a great importance. Furthermore, in progidi
incentives, a diplomatic approach is required so the incentives are provided in form of subsidies
direct farmers toward more environmental friendiyieultural practices. For this purpose, adaptation
strategies should be planned according to theahtaifinancial, social, legislative, and technical

resources. More details will be discussed in tpoase to the research question #2.

Research Question 2In case the management enhancements can leacss adnflicting situation,
what social enhancements are more feasible andcgipé? What are the most effective legislative

improvements? In what degree different social @gislative enhancements must be incorporated?

Here the most feasible, applicable, and effectikagegies that could result in reducing confliciero
water resources management in the san Joaquin Ratershed are addressed. These strategies can be

categorized into social and legislative. In thei@agide, social pressure and education can coraditie
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influence the behavior of farmers. Getting helprfroooperative farmers to promote sustainability and
encourage the others to cooperate is an effegbipeach. For this purpose, providing incentives and
allocating subsidies, from the legislative sideth® cooperative farmers can help to promote caper
behavior. In addition, the effect of education arfdrming farmers about the negative impacts of-non
cooperation on the system as well as their owrréytb security can be considered as another aféect
social strategy.

From the legislative side, compensations can benpldin form of providing subsidies for less water
intensive crops, adjusting current crop insuraecgilations, providing loans to install modern iatign
techniques, etc. Other legislative strategies cbalgroviding funds to research advance plant genet
enhancing infrastructures, such as lining watevegance canals, constructing proper structures to
harvest rainwater in wet water years to rechargarmgtwater. Compensations can also be accommodated
in monetary form for the most cooperative farmerpromote cooperative behavior.

Enacting new regulations to limit water diversi@msl assigning penalties for non-cooperative
behaviors are other strategies. However, bothedfdlstrategies would exacerbate the conflicting
situation and increase the dissatisfaction of ajtical agencies. Therefore, planning for adaptatio
practices is the main prerequisite to implemergdhgpes of strategies. The adaptation practicasicgh
be planned in a way that results in almost the samaunt of benefit from agricultural production pve
though the water allocations have been decreasade $xamples of these practices are: changinagtilli
practice to no till or strip, shifting to less watetensive and drought-tolerant crops, increagingation
efficiency, changing farming practices to conseswik moisture, changing irrigation water pricing,

enhancing crop insurance regulations, etc.

7.1.1 Final Conclusion

It can, in general, be concluded that the mostiegigle and effective way to deal with the complex
conflicting situation in the San Joaquin River waled is to combine several different social and
legislative strategies. Focusing on only one sisatet only will not result in resolving conflictbut it
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may result in a never-ending effort to solve thebtem. For example, if providing incentives woukl b
considered as the exclusive solution, the amoufihafficial resources required for that is beyorel th
federal/state agencies budgets. Therefore, evergththese agencies are spending money and partially
compensating the agricultural benefit lost, farnveitsnever be encouraged enough to effectively
cooperate. As another example, if it is decidecbtatrol the situation solely by enacting new retjates

to limit water diversions, even though it complgtshtisfies the environmental agencies, it maylrasu

significant dissatisfaction in the agricultural ages.

7.2 SUGGESTIONS FOR FURTHER RESEARCH
Several key and under-served research areas peiinfind ways to heal the environment and
conflicting situation of the San Joaquin River waled still exist. Some of these areas and potentia

avenues for future work to address these issuedissaessed below:

Enhance the ABM for more accurate simulation of sdal systems and considering the impact of
time

The behavioral simulation model proposed in thislgtsimulates the impact of social pressure using
the formulations developed in a previous studyiztwards et al., which assumed homogeneous data for
a kind of population. In my study, the agent-basediel parameters (b, andc in Equations 3.18
through 3.20) were set equal to the ones introdbgdaidwards et al. However, to obtain more accurate
results, detail social research is required forstiuely area so that these model parameters are more
reliable representatives of the actual conditions.

In addition, in the proposed behavioral simulatieodel, the cooperative or non-cooperative type of
agents was designated on a daily basis. It was, #ssumed that if an agent shows a cooperative
behavior for 70% of days during its entire irrigatiperiod, the overall behavior of that agent is
considered cooperative. However, more social reedamequired to determine whether or not therati
of 70% accurately corresponds to the actual canditi
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Furthermore, the proposed ABM can be enhancedrsider the impact of time. In other words, after
implementing the effective management scenarigsguke proposed ABM, some water users may
change their behavior from non-cooperative to coatpes, or vice versa. In this case, the socialvoek
(Figure 6.9) will have a different impact on thdityt of different agents to cooperate. Therefore,
upgrading the proposed ABM to consider the impéatinee will provide a more effective tool that cha

used for predictions and future planning.

Developing Effective Adaptation Strategies

The majority of adaptation methods contain somm$oof technology, including materials,
equipment, and even a broad range of knowledgens-of adaptation technologies are generally quite
familiar. However, more recent forms of technoldiggt employ advanced materials science, advanced
plant genetics, and new computer-aided technigueesa@ well acquainted. Moreover, in application of
technology for adaptation, some methods can bly fa@sic and some may engage much more
complicated sorts of technology. Innovative redeancst be conducted to designate the most effective
technologies, and the extent of their complicattbat are applicable specifically for the San Jaaqu
River watershed. Besides designation of theseteféetechnologies, from the management side of
adaptation, it is helpful to consider water sudpdyn both surface and groundwater resources. Howeve
it is necessary to have a strict stewardship otoéation of aquifers and assigning restrictions on
groundwater withdrawal to avoid devastating thimptementary resource. To plan the adaptation

strategies, all available social, financial, legfisle, and technical resources must be assessed.

Estimating the Impacts of Climate change on Managig Water Resources in the San Joaquin
Watershed:

The traditional way of planning water supplies digiribution was to rely on historical data and
experience. With the recent concerns and unceeaidtie to climate change, however, the environment
would be less predictable and a range of variogsipte climate scenarios should be considered.eThes

120



scenarios must, then, be compared and rankedms tef risks, costs, and benefits. In California,
investigations show that water shortages will eekéy resource through which climate change impacts
will be felt. Therefore, the current conflictingugtion in the San Joaquin River watershed is fqitiae

to be exacerbated in close future.

Detailed research is needed to estimate the impéctanate change on water resources management
in the area. For this purpose, the planning horirost be determined and possible climate scenarios
must be assessed. In addition, all technologicahgls and crop demand for the planning horizonedls w
as water availability, change in land use, changserennial and annual crop yields, and changeoim ¢

prices must be taken into account.

Performing essential Economic Analysis

To determine the cost and benefit of different Iewé reduction in diversions, economic analysis is
required. It can also help to assess the econa@asibility of implementation of different managernen
scenarios. In case it is intended to develop atlaptatrategies, economic analysis would be ne¢aled
find the optimum set of adaptation strategies aptérize the location and timing of implementing
various adaptation practices. Furthermore, thidystilhowed that providing incentives and considering
penalties are two effective management scenaratiuld help to reduce conflicts in the study area

However, the extent of these incentives or persaitiast be optimized using economic analysis.
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APPENDIX

SAMPLE OF QUESTIONNAIRES SENT TO

DIFFERENT AGENCIES
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APPENDIX A-1

QUESTIONNAIRE FOR THE FEDERAL/STATE

AGENCIES

1. Affiliation

2. Your Name (optional)

3. Contact Information (optional)

4. The main objectives of this study are to incegi® amount of water and reduce the salt loadybein
transferred to the San Francisco Bay-Delta area fhee San Joaquin watershed, while meeting
agricultural water demands within the watershed@a@y, the less water is diverted to agricultuiglds
the more water can be transferred to the Delta th#Hess salt load. For this purpose, differeahacios
have been defined and the results are shown below.

"X" is the percentage of agricultural current watemand that is reduced to meet the

environmental purposes
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"Q" is the percentage of increase in water trarisf¢ihhe Delta area corresponding to the reduced

water allocations to agricultural fields (X) in Ydrand “below normal” water years

"C" is the percentage of decrease in magnitudeodditions from salinity objectives at Vernalis

corresponding to the reduced water allocationgtiraltural fields (X)

"t" is the percentage of decrease in the numbeiotdtions from salinity objectives in the San

Joaquin River violates the standards due to thecestiwater allocations to agricultural fields (X)
Please rank the defined scenarios:

(-5) means the most undesirable

(0) means neutral/indifferent

(+5) means the most desirable

-5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5
X =6%; Q=4%; C=2%;t=6%;
X=12%; Q=8%; C=6%;t=14%;
X =30%; Q=22%; C=11%;t=27%;
X =35%; Q=23%; C=12%;1t=38%;
X =50%; Q = 39%; C = 18%; t = 49%;
X =55%; Q=42%; C =19%; 1= 51%,;

X =65%; Q =48%; C =19%; t = 54%;

Comments (Optional)

5. Imagine a, b, ¢, and d are different proportiohtotal agricultural water demands. These prapost
are defined as following:
» "a"is the percentage of total agricultural watemands that is much less than their demands and
will not satisfy them at all if being allocatedtteem.
« "b"is the MINIMUM percentage of total agriculturabhter demands that completely meets their

demands and satisfies them if being allocateddemth
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« "c"is the MAXIMUM percentage of total agriculturalater demands that completely satisfies
them if being allocated to them (it can be lessore than %100).

« "d"is the percentage of total agricultural watentnds that is much more than their actual
demands and if it is allocated to them it may dagrthagir crops and make them unsatisfied (it
should be more than %100).

Please specify these values (if a value is noticgdge, leave the box blank).

(%) |
B (%) |
|
|

" (%)
"d" (%)

6. Recent research shows that if salinity increast®e Central Valley at the current rate untiB@pthe
following consequences are expected:

1. The direct annual costs will approximately beb$flon to $1.5 billion.

2. The income impacts to the Central Valley wilabe $1.2 billion to $2.2 billion.

3. The increase in salinity could cause 27,00@t60@ job losses by 2030.

Knowing these facts, by how much do you think adtizal water allocations must be reduced? (For

example, if you write %15, it means that agricudtdields will receive %85 of their water demand)

Please specify this as a percentage of the curre\|
agricultural water demands (%)

7. Suppose that an incentive program is going tpléened to encourage farmers to demand less water.

The program is planned to compensate the benefitrtfay lose regarding to the amount of water they

gave up or the amount of investment required tdémpnt modern irrigation technologies. In this ¢case
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1. By how much water would you think farmers shagilee up with their current demand (as a
percentage of their current demand)?
2. How much compensation would you think is requiif@s a percentage of their potential benefit

and as a monetary value)?

Percentage of water (%) |

Percentage of benefit being compensated (<.|

Amount of compensation ($) |

8. What other types of compensations would you #fle@/to provide for the farmers to encourage them

to compromise? (Optional)

9. Please add any comments, suggestions, conescngptional)
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APPENDIX A-2

QUESTIONNAIRE FOR THE ENVIRONMENTAL

AGENCIES

1. Affiliation

2. Your Name (optional)

3. Contact Information (optional)

4. The main objectives of this study are to incegi® amount of water and reduce the salt loadybein
transferred to the San Francisco Bay-Delta area fhee San Joaquin watershed, while meeting
agricultural water demands within the watershed@a@y, the less water is diverted to agricultuiglds
the more water can be transferred to the Delta th#Hess salt load. For this purpose, differeahacios

have been defined and the results are shown below.

"X" is the percentage of agricultural current watemand that is reduced to meet the

environmental purposes
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"Q" is the percentage of increase in water trarisf¢ihhe Delta area corresponding to the reduced
water allocations to agricultural fields (X) in Ydrand “below normal” water years

"C" is the percentage of decrease in magnitudeodditions from salinity objectives at Vernalis
corresponding to the reduced water allocationgtiraltural fields (X)

"t" is the percentage of decrease in the numbeiotdtions from salinity objectives in the San
Joaquin River violates the standards due to thecestiwater allocations to agricultural fields (X)

Please rank the defined scenarios:

(-5) means the most undesirable
(0) means neutral/indifferent

(+5) means the most desirable

X=6%; Q=4%; C =2%;t=6%;
X=12%; Q= 8%; C=6%;t=14%;
X =30%; Q=22%; C=11%;t=27%;
X=35%; Q=23%; C=12%;t=38%;
X =50%; Q=39%; C=18%; t = 49%;
X =55%; Q=42%; C=19%;t=51%;

X =65%; Q=48%; C=19%; t=54%;

Comments (Optional)

5. To protect agricultural beneficial uses of warethe southern Delta, the 1995 Bay-Delta Plaimnesf
salinity objectives for the San Joaquin River atiadis. Based on these objectives, maximum 30-day
running average of mean daily electrical conduttiat Vernalis for all water year types should be a

follows (CRWQCB Central Valley Region, 2009, Table5):
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* 700 micro mhos/cm from April 1 through August 3hda

* 1000 micro mhos/cm from September 1 through Mafch 3

However, it could be likely that sometimes in esglexonditions these levels are violated due to
agricultural activities. In this case, by how mwebuld you think the environmental sector might
compromise. Please indicate it as a percentageedhtesholds mentioned above. (for example ibup t

1050 micro mhos/cm could be acceptable in SepterpleEase write 5%).
Please also indicate, how many times per yearithations might be neglected (in days).

You can also indicate specific days, or monthseasons that the violations can be neglected.

Percentage of violation that can be neglected (%) ‘

Number of days per year that the violations can be ‘
neglected

Specific days, or months, or seasons that thetidols ‘
can be neglected (optional)

9. Please add any comments, suggestions, conescngptional)
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APPENDIX A-3

QUESTIONNAIRE FOR THE AGRICULTURAL

AGENCIES

1. Affiliation

2. Your Name (optional)

3. Contact Information (optional)

4. The main objectives of this study are to incegi® amount of water and reduce the salt loadybein
transferred to the San Francisco Bay-Delta area fhee San Joaquin watershed, while meeting
agricultural water demands within the watershed@a@y, the less water is diverted to agricultuiglds
the more water can be transferred to the Delta th#Hess salt load. For this purpose, differeahacios
have been defined and the results are shown below.

"X" is the percentage of your current water demidwad you would give up to meet the

environmental purposes
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"Q" is the percentage of increase in water trartsf¢ihe Delta area corresponding to your

compromise level (X) in “dry” and “below normal” w&x years

"C" is the percentage of decrease in magnitudeodditions from salinity objectives at Vernalis

corresponding to the reduced water allocationgtiraltural fields (X)

"t" is the percentage of decrease in the numbeiotdtions from salinity objectives in the San

Joaquin River violates the standards due to thecestiwater allocations to agricultural fields (X)
Please indicate how much you are willing to compsamvith your water demands to help the
environment (-5 means not at all willing; 0 meaestral/indifferent; +5 means very willing).

-5 -4 -3 -2 -1 0 +1 +2  +3 +4 45
X=6%; Q=4%; C=2%;t= 6%,
X=12%; Q=8%; C =6%;t=14%;
X =30%; Q=22%; C=11%; t = 27%;
X=35%; Q=23%; C =12%; t = 38%;
X =50%; Q=39%; C = 18%,; t = 49%;
X =55%; Q=42%; C=19%,; t = 51%;

X =65%; Q=48%; C = 19%; t = 54%);

Comments (Optional)

5. If you compromise a portion of your water demand
a) What practices would you use to compensate watgr l0ss?
b) What compensations would you expect the fedstedd! agencies provide for you to help you

to make up for the loss of water?
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6. Imagine a, b, c, and d are different proportiohgour field's dominant crop water demands. These
proportions are defined as following:
» "a"is the percentage of your water demand thatush less than your demand and will not
satisfy you at all if being allocated to you.
* "b"is the MINIMUM percentage of your water demahdt completely meets your demand and
satisfies you if being allocated to you
« "c"is the MAXIMUM percentage of your water demathat completely satisfies you if being
allocated to you (it can be less or more than %100)
« "d"is the percentage of your water demand thatush more than your actual demand and if it is
allocated to you it may damage your crops and ngakeunsatisfied (it should be more than
%100)

Please specify these values (if a value is noticgdge, leave the box blank).

(%) |
B (%) |
|
|

" (%)
"d" (%)

7. Recent research shows that if salinity increastse Central Valley at the current rate untiB@0the
following consequences are expected:

1. The direct annual costs will approximately beb$ition to $1.5 billion.

2. The income impacts to the Central Valley wilabe $1.2 billion to $2.2 billion.

3. The increase in salinity could cause 27,00@t60@ job losses by 2030.

Knowing these facts, how much are you willing tonpromise with your water demand? (For example, if

you write %15, it means that you will receive %8%aur water demand)
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please specify this as a percentage of your cuwatdr demand (%)

8. Suppose that an incentive program is going tpléened to encourage you to demand less water. The
program is planned to compensate the benefit youlose regarding to the amount of water you gave up
or the amount of investment required to implemeotienn irrigation technologies. In this case,

1. How much water would you be willing to give ufitw(as a percentage of your current

demand)?

2. How much compensation would you expect (as egogige of your potential benefit and as a

monetary value)?

Percentage of water (%) ‘

Percentage of benefit being compensated (%) ‘

Amount of compensation ($) ‘

9. Please add any comments, suggestions, conegcn)ptional)
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