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Abstract: A generic integrated watershed management optimization model was developed to efficiently screen a broad range of tech-
nical, economic, and policy management options within a watershed system framework and select the optimal combination of manage-
ment strategies and associated water allocations for designing a sustainable watershed management plan at least cost. The watershed
management model integrates both natural and human elements of a watershed system including the management of ground and surface
water sources, water treatment and distribution systems, human demands, wastewater treatment and collection systems, water reuse
facilities, nonpotable water distribution infrastructure, aquifer storage and recharge facilities, storm water, and land use. The model was
formulated as a linear program and applied to the upper Ipswich River Basin in Massachusetts. Our results demonstrate the merits of
integrated watershed management by showing �1� the relative efficacy and economic efficiency of undervalued or underutilized manage-
ment options such as incentive pricing; �2� the value of management strategies that serve several functions such as the benefits of
increased infiltration for meeting both storm water and water supply management objectives; and �3� that both human and environmental
water needs can be met by simultaneously implementing multiple diverse management tools, which in this case study led to achieving
70% of the recommended in-stream flow with only 25% decrease in net benefits.
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Introduction

Integrated water resources management �IWRM� is a rapidly de-
veloping field encompassing many disciplines including ecology,
engineering, economics, and policy. We refer to the Global Water
Partnership’s definition of IWRM as “a process that promotes the
coordinated development and management of water, land, and
related resources in order to maximize the resultant economic and
social welfare in an equitable manner without compromising the
sustainability of vital ecosystems �GWP 2009�.” Historically,
water resources models have been used to facilitate management
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decisions but they usually dealt with only a single component of
the watershed system such as reservoir operations or water distri-
bution system design. More recently, IWRM models combine the
natural hydrologic cycle with the human water system’s technical,
socioeconomic, and political components �Jamieson and Fedra
1996; Labadie et al. 2000; Zagona et al. 2001; Donigian and
Imhoff 2002; Fisher et al. 2002; Draper et al. 2003; Letcher et al.
2004; Yates et al. 2005; and others�.

As IWRM models continue to integrate various aspects of the
complex coupled natural-human watershed system and our engi-
neering capabilities continue to develop, we have the ability to
progress from addressing single purpose water resources prob-
lems to the simultaneous consideration of joint solutions to mul-
tiple water resources problems by managing the whole watershed.
Consideration of joint solutions is essential because the integrated
nature of watershed processes results in interrelated problems. For
example, addressing storm-water runoff through increased infil-
tration not only reduces peak discharge and improves water qual-
ity in rivers but can also increase the availability of water supply
through the recharge of aquifers. For planning such integrated
management, the appropriate units of management are watersheds
�United States Environmental Protection Agency �US EPA� 1996;
European Union Water Framework Directive �EU WFD� 2000�.
IWRM applied at the watershed scale allows for integrated man-
agement across disciplines as well as across the hydrologic cycle
and all other components of the watershed system.

For the integrated management of watersheds, there is a need
for models that focus on the development of comprehensive wa-

tershed management models as opposed to the incremental en-
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hancement of existing watershed hydrologic models. Such models
may be more appropriately referred to as integrated watershed
management models �IWMMs� and we define them as models
that �1� are developed for modeling watershed management alter-
natives with the goal of understanding the effects of management
decisions on the watershed system in order to support decision
making and stakeholder negotiations; �2� integrate all relevant
components of the natural watershed, human water system, and
applicable management tools; and �3� are formulated in a systems
context, preferably with management optimization capabilities to
aid in the selection of promising combinations of management
strategies. In addition, we advocate the development of generic
models that are technically and financially accessible to allow
their application to watersheds with diverse characteristics.

In a review of published models, two of the most comprehen-
sive generic IWRM models were water evaluation and planning
�WEAP� �Yates et al. 2005� and WaterWare �Jamieson and Fedra
1996�; other reviewed models include MODSIM �Labadie et al.
2000�, RiverWare �Zagona et al. 2001�, HSPF �Donigian and Im-
hoff 2002�, and MULINO DSS �Mysiak et al. 2005; MULINO
DSS 2007�. However, WaterWare requires specialized expertise
for use and expensive hardware and software support. The cost
for the basic WaterWare simulation software is over USD 70,000
with over USD 60,000 for the basic optimization module �Water-
Ware 2007�. Balancing the advantages and hindrances of complex
versus simple models is critical not only for accurate modeling
and computational efficiency but also for usability and transpar-
ency �see Rogers 1978; Ford 2006�. Usability includes technical
and economic considerations and WEAP meets both with a sim-
plified yet accurate model relative to WaterWare and a 2-year
licensing cost between USD 1,000 and USD 2,500 �WEAP21
2007�. Although WEAP meets the criteria for generic, compre-
hensive, integrated, and accessible, it does not provide manage-
ment optimization other than for balancing water supply reservoir
storage contents.

Since no models were found that met our objectives for an
IWMM, we introduce a generic IWMM with optimization capa-
bilities that efficiently and economically screens a wide diversity
of options for managing the quantity, quality, routing, timing, and
use of water throughout a watershed. Sixteen management op-
tions are considered simultaneously in order to account for the
positive, negative, direct, and indirect effects of each option in the
net benefit calculation. Such management options are often mod-
eled independently by the responsible management agency. Here,
we will show that an IWMM, which simultaneously considers
and optimizes all management options within a watershed frame-
work, can increase the efficiency and effectiveness of resources
invested in water resources management.

Model Formulation

Model Schematic

The integrated watershed management optimization model intro-
duced here is a generic and parsimonious lumped parameter
screening model that integrates the natural hydrologic cycle,
human water system, and a wide range of management options.
To accommodate fast solution times for the future development of
an interactive decision or negotiation support system, the model is
spatially aggregated treating the watershed as a single hydrologic
response unit with a monthly time step over a single year. We

assume that the monthly water allocations to any system compo-
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nent can be refined to weekly or daily operational values through
detailed simulation modeling. The first version of the model is
developed for within-year water supply systems that are common
in the Northeastern United States. Thus, we assume that ground-
water and surface water levels are the same at the beginning and
end of the year and that a 1-year time horizon is adequate to
capture the system dynamics. The model was developed in Excel
to facilitate the generalized application and modification of the
model. The model schematic is shown in Fig. 1.

The natural components of the watershed system are depicted
with white backgrounds. These include land use, runoff, percola-
tion, surface water, groundwater and external surface water, and
groundwater. Runoff and percolation are specified as unit values
of flow per land area for each land-use type for a hydrologic
design condition. These values are calculated based on precipita-
tion, temperature, and land-use parameters during a preprocessing
step using the hydrologic simulation component of TMDL2K
�Limbrunner 2008� as described below. The land-use component
specifies the existing area of each land-use type. Surface water,
representing rivers and other landscape sources of water, is as-
sumed to have negligible channel storage and hence empties com-
pletely within each time step. Minimum in-stream flow
requirements may be specified on a monthly basis. Groundwater
is the only natural watershed component with storage capacity, of
which a prespecified fraction determines baseflow in the river.

The human components of the watershed system are shown
with gray and black backgrounds in Fig. 1. Gray is used for
components that exist and are managed by water and wastewater
utilities in most water systems. Black is used for components that
do not exist or are not actively managed in most watersheds. The
human system includes a reservoir, potable water treatment plant,
potable distribution system, wastewater treatment plant, wastewa-
ter collection system, water reuse facility, nonpotable distribution
system, septic systems, aquifer storage and recharge �ASR� facil-
ity, potable water users, nonpotable water users, interbasin trans-
fer of water and wastewater, and surface water and groundwater
point sources. The reservoir may be a single reservoir or the sum
of many reservoirs assumed to be operated together as a single
reservoir system. The potable water treatment plant treats water
from surface water, reservoir, or groundwater sources to drinking
water standards. Potable and nonpotable water users may receive
inflow from the potable water treatment plant or through interba-
sin transfer, which is assumed to supply potable water. In addi-
tion, nonpotable water users may receive inflow from the water
reuse facility through the nonpotable distribution system.

Wastewater from water users may be directed to the septic
systems, the wastewater treatment plant, or interbasin transfer
based on user specified input. The wastewater treatment plant
provides secondary wastewater treatment to meet surface water
discharge quality standards. Its effluent may be further treated by
tertiary wastewater treatment at the water reuse facility. The water
reuse facility effluent may be directed to �1� the nonpotable dis-
tribution system for direct nonpotable reuse; �2� the ASR facility
for recharge and indirect reuse or baseflow augmentation; and �3�
surface water for discharge. The ASR facility may receive inflow
from the surface water, reservoir, or water reuse facility. Pretreat-
ment is required for surface water and reservoir inflows. There is
a one time step �1-month� delay in flows entering the groundwater
system from the septic systems and ASR facility, which is a plau-
sible assumption given the requirements for the distance from
septic systems and ASR facilities to potable aquifers �US EPA

2004�. Surface water and groundwater point sources may be used
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to model the withdrawal of water, the discharge of wastewater by
industrial facilities, agricultural diversions, or other private users.

Relationships between components are based on the laws of
conservation and are modeled using the continuity equation. Mass
balance equations for all components are described in Zoltay
�2007�.

Incorporating Land-Use-Based Management Options

Land-use management is an increasingly recognized and impor-
tant element of water resources management �Falkenmark and
Rockström 2006�. Land-use management was integrated into the
model to provide the ability to manage the runoff to recharge ratio
and water quality. The types of vegetative land cover and human
land use affect both the routing of the water to evapotranspiration,
runoff, or percolation and the amount of pollution in runoff and
percolation. Modeling watershed processes, such as runoff, and
management options, such as storm-water best management prac-
tices �BMPs�, require a daily time step.

The daily hydrologic simulation component of the TMDL2K
watershed model was incorporated into the monthly integrated
watershed management optimization model. TMDL2K is a parsi-
monious lumped watershed model, which includes the represen-
tation of BMPs such as detention ponds, bioretention, and swales
for storm-water quantity and quality management �Limbrunner
2008�. The specific BMP that is modeled is determined from user
specified parameters of contributing area, storage volume, and
groundwater and surface water outflow constants. Once TMDL2K
is calibrated, its run time in simulation mode is a few seconds.

The IWMM first executes the calibrated TMDL2K model as a
preprocessing step to obtain daily runoff and percolation flows
per land area per time period for each land-use type with and
without a BMP applied. The daily unit values are aggregated on a
monthly timescale. Total monthly runoff and percolation values

Potable
WTP

External
GW

External
SW

Extern
SW

Baseflow

Nonpotable
Distribution

SW Point
Sources

GW Point
Sources ASR

Runoff

Groundwater

Reservoi

Land Use

Land
Conservation
Stormwater
BMPs

Surface Water

Percolation

U
ni
tP
er
co
la
tio
n

(fo
r
ea
ch
la
nd
us
e)

U
ni
tR
un
of
f

(f
or
ea
ch
la
nd
us
e)

Fig. 1. Schematic of the integrated watershed management optimiza
GW�groundwater; WTP�water treatment plant; P use�potable wat
and WWTP�wastewater treatment plant.
are calculated within the IWMM’s optimization routine as the
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sum of the unit values weighted by their area allocations among
existing and BMP applied land uses. This approach allows for the
incorporation of land-use management and storm-water BMPs,
which traditionally require a daily simulation model and conse-
quently reduce optimization efficiency.

Watershed Management Options

The case study guided the choice of management options in-
cluded in this initial model. The management options and their
primary effects are summarized in Table 1. Background and dis-
cussion of these management options are detailed in Zoltay
�2007�. In application, the stakeholders in the watershed will
guide the selection of management options, which is envisioned
as an iterative, participatory, and learning process facilitated by an
IWMM such as the one introduced here �for participatory man-
agement and social learning, see EU WFD �2000�; US EPA
�1996�; GWP �2009�; Pahl-Wostl �2007��. The social and political
systems within a watershed can significantly constrain the accept-
ability and implementation of some management options. Such
constraints are reflected in our choices of management options,
for example, by excluding the direct potable reuse of wastewater;
which is not socially or legally accepted in the United States and
an upper limit on the price of water and wastewater services.

Land Use and Storm-Water Management

The land-use and storm-water management options enable the
optimal conversion and routing of precipitation over the water-
shed into percolation and runoff, which affect downstream water
quantity and quality. The land-use management option is �1� land
conservation to preserve currently undeveloped forest land at a
cost that reflects the purchase and maintenance of the land. For
storm-water management; �2� bioretention units are the BMP con-
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case study and bioretention BMPs promote infiltration and re-
charge. The construction and maintenance cost for bioretention
units are based on their total service area.

Minimum and maximum areas for each land use may be speci-
fied for both storm-water management and land conservation op-
tions to reflect physical, technical, political, and social limits on
land-use change. For example, in considering land conservation,
the area of existing urban land limits conversion to any other type
of land use. This can be specified as a minimum urban land area
constraint in the model. A maximum urban area may also be
specified based on existing zoning laws and development regula-
tions. For storm-water management decisions, a maximum value
may be specified based on the area available for BMP application
�i.e., in dense urban settings, physical space is limited for BMPs�.
Finally, total land area in the watershed must be conserved
through all land area reallocations, and all land area transferred
from a regular to a corresponding BMP land use must not exceed
the original land area for that land use.

Water Supply and Treatment

Water supply management options include increasing the capacity
of the �3� surface water pumps, �4� groundwater pumps, �5� water
treatment plant and �6� reservoir storage, and �7� the detection and
repair of leaks from the distribution system. The repair of 100%
of leaks is not always financially feasible nor does the cost remain
linear beyond a certain threshold; hence a maximum feasible re-
pair limit may be specified. As shown in Fig. 1, leaks from the
distribution system recharge the groundwater; hence, reductions

Table 1. Summary of Management Options and Their Impacts

Component Management optio

Land use �1� Purchase and preserve forest l

Storm water �2� Install bioretention units

Water supply and treatment �3� Pump surface water

�4� Pump groundwater

�5� Water treatment

�6� Surface storage

�7� Reduce leaks from distribution

Human demand management �8� Price increase for water and w

Wastewater treatment �10� Secondary treatment

�11� Water reuse facility/tertiary tr

�12� Construction of distribution s
nonpotable water

�13� Reduce infiltration into collec

Aquifer storage and recharge �14� Recharge groundwater with w
reservoir, surface water, and/or tre

Interbasin transfer �15� Import potable water

�16� Export wastewater
in leaks reduce the recharge.
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Human Demand Management

The human demand management option includes �8� conservation
pricing for water and wastewater services. Conservation pricing is
implemented by specifying a price elasticity for each water use
sector, and the decision variable is the percent change in price.

Wastewater Treatment

Wastewater treatment management options include �9� the expan-
sion of secondary wastewater treatment capacity and �10� the con-
struction of a water reuse facility with tertiary treatment. The
water reuse facility may be a stand-alone facility or an upgrade to
the existing secondary wastewater treatment plant. Tertiary
treated wastewater can be directed to the surface water and
groundwater for discharge and indirect reuse or to a nonpotable
water distribution system for direct reuse by �11� building a non-
potable distribution system. Since the consumption of potable and
nonpotable water may be significantly different depending on
their end use, separate consumptive use values may be specified.
If the nonpotable water use option is implemented, a new percent
potable water consumption is calculated. For example, if the non-
potable water is used for toilet flushing, a nonconsumptive use,
then the percent consumptive use for the remaining uses of po-
table water will change. By including water reuse as an option,
the model is able to determine when it is economically feasible
and efficient to begin tertiary wastewater treatment. Quantifying
the benefits of water reuse may increase its appeal and acceptance
as a water supply management option. �12� Leak detection and
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cause groundwater infiltration can constitute approximately 40%
of the wastewater arriving at the treatment plant �MWRA, per-
sonal communication, 2007�.

Aquifer Storage and Recharge

�13� The management option to build an ASR facility allows for
the injection of surface water or treated wastewater into the
groundwater. Increased groundwater storage may be beneficial for
restoring groundwater levels, augmenting surface water baseflow
or recovering it for human use.

Interbasin Transfer

Interbasin transfer of �14� water and �15� wastewater can be a
desirable management option and is included to account for the
existing interbasin transfer of wastewater in the case study.

Costs and Revenues

All implemented management options incur costs that may in-
clude an initial fixed cost and an annual operations and mainte-
nance cost. Some existing systems such as water treatment plants
have a finite life cycle; thus, their replacement cost beyond their
life cycle is included if the planning period is greater than the
remaining life. The total cost is the sum of the total annualized
initial cost plus annual operations and maintenance cost for each
management option. Total revenue is the sum of the user fees
from potable and nonpotable water sales and wastewater services.
The net benefit of watershed management is the total revenue
minus the total cost. Because methodology for quantifying the
benefits of in-stream flow and maintaining ecosystem integrity is
not well established, we specified in-stream flow requirements as
constraints.

Linear Programming Optimization

The problem was formulated as a linear program �LP� to enable
efficient use of the model as a decision support system. The ob-
jective of the LP optimization is to maximize the net benefit of
watershed management while meeting the specified constraints
including human demand, management limits on human demand
reduction, in-stream flow standards, land-use restrictions, the ca-
pacity or volume of facilities, and surface water and groundwater
flow out of the watershed �see Zoltay �2007� for equations�.
Frontline Systems’ premium solver platform LP solver was used
in Excel to solve for the values of the decision variables.

Case Study

Background

The upper Ipswich River Basin �IRB� in Massachusetts, which is
the watershed upstream of the South Middleton gauging station of
U.S. Geological Survey �USGS�, served as our case study. The
Ipswich River experiences low and no flow events at this gauge
during summer months due to heavy groundwater and other up-
stream water withdrawals. The most recent recommendations for
seasonal in-stream flow targets for the protection of aquatic habi-
tat are 0.62 m3 /s from June to October, 1.25 m3 /s from Novem-
ber to February, 3.14 m3 /s from March to April, and 1.87 m3 /s

in May �Zarriello 2002�. A detailed hydrologic modeling study of
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the IRB was conducted by Zarriello and Ries �2000� of the USGS
using HSPF. That study compiled extensive information on the
basin, which was used in the case study application. Relevant
background information is summarized below and the reader is
referred to the 2000 study for further details.

The upper IRB covers approximately 11,400 ha of land, which
is 77% developed and 23% undeveloped �Massachusetts Geo-
graphic Information System �MassGIS� 2007�. It comprises 14
towns but only four of these towns, Reading, North Reading,
Wilmington, and Lynnfield, utilize the upper IRB for their water
supply. The town of Lynn is not located in the upper IRB but
obtains 16% of its water supply from it �Zarriello and Ries 2000�.
Groundwater is the predominant source of water in the upper IRB
except for the Town of Lynn and supplemental water in the sum-
mer for the Town of Lynnfield. The majority of the wastewater is
discharged outside the basin. Reading and Lynn are both on sewer
systems that export or discharge their wastewater outside of the
basin. Since the other three towns are on septic systems, it may
appear that the majority of wastewater is recharged via septic
systems; however, only North Reading is entirely within the basin
boundary. Therefore, even septic systems discharge to other ba-
sins rather than recharging the upper IRB and augmenting the
flow of the Ipswich River. Extensive groundwater withdrawals
and the export of wastewater have been recognized as the most
significant contributors to the low flow events in the late summer
�Zarriello and Ries 2000�. As the groundwater reserves are de-
pleted by human withdrawals, the baseflow of the river is dimin-
ished and low and no flow conditions occur from June to August.
In some cases, municipal wells are so close to the river and pump
at such a high rate that the river becomes the primary recharge
source for the wellfield. Zarriello and Ries �2000� estimated that
�18.9–22.7��106 l /day of additional water are required in the
headwater reaches of the IRB to alleviate the low flow events.

The model was applied for 1999, which was an average year
based on annual precipitation from 1961 to 2001 but in which less
than a quarter of the in-stream flow target was achieved during
the period of June–August. A combination of factors sharply re-
duced in-stream flow starting in April including �1� human de-
mand increasing from 0.24 m3 /s in January to a summer high of
0.33 m3 /s in July; �2� precipitation decreasing from 17.5 cm in
January to a summer low of 0.3 cm in June; and �3� increased
evapotranspiration. The model was applied to the upper IRB to
evaluate a broad range of management options for meeting human
water demand and the recommended in-stream flow targets.

Model Application

The daily watershed model TMDL2K was calibrated using 1999
land use, meteorology, streamflow, and groundwater and surface
water withdrawals for the upper IRB and was used to obtain unit
runoff and percolation values �see Zarriello and Ries 2000 for
input data�. The groundwater basin underlying the upper IRB was
assumed to coincide with the surface watershed. Human demand
was defined as the sum of groundwater and surface water with-
drawals. Costs associated with the implementation of manage-
ment options are listed in Table 2. The prices for water and
wastewater services were $636 per million liters �$1.80 per
100 ft3� for water and $1,639 per million liters �$4.64 per
100 ft3� for wastewater �MWRA, personal communication,
2007�. Values for price elasticity were �0.2, �0.2, �0.5, and
�0.1 for the residential, commercial, industrial, and agricultural
sectors, respectively �Stallworth 2003; Olmstead and Stavins

2007�. Increase in the price of services and the resulting decrease
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in demand did not affect the loss of water through leaks in the
distribution system. Costs were compiled from literature as well
as direct contact with water and wastewater utilities in the upper
IRB �Zoltay 2007�. A 50-year planning period and 5% interest
rate were used to compute annual net benefit.

Four scenarios were set up for management optimization. Re-
sults from each management optimization scenario were com-

Table 2. Summary of Management Costs

Component Management optio

Land use Purchase and preserve forest land

Storm water Install bioretention units

Water supply and treatment Pump surface water

Pump groundwater

Water treatment

Surface storage

Repair leaks in distribution system

Human demand management Price increase for water and wastewa

Wastewater treatment Secondary treatment

Water reuse facility with tertiary trea

Construction of distribution system f

Repair infiltration into collection sys

Aquifer storage and recharge Recharge groundwater with water fro
water, and/or treated wastewater

Interbasin transfer Import potable water

Export wastewater

Note: O&M=operations & maintenance, MLD=million liters per day, a
are detailed in Zoltay �2007�.

Table 3. Management Recommendations with Increasing Management O

Management options Units
1999

allocation

Price increase % NA

Leak repair % of leaks NA

Infiltration repair % of infiltration NA

Storm-water BMPs Number of units NA

Land conservation Hectares NA

Nonpotable distribution % of consumers NA

SW storage ML NA

SW pumping MLD NA

GW pumping MLD NA

WTP MLD NA

WWTP MLD NA

ASR MLD NA

Water reuse facility MLD NA

Annual net benefit �$5,444,400 �

Note: All storage and capacity recommendations are additional to those t
recommended in-stream flow targets.
aThe use of surface water pumping capacity was maximized in the optim
water pumping is less energy intensive and therefore less expensive. How
therefore, it is not reflected in the table. NA=not available, Opt=optimiza
GW=groundwater, WTP=water treatment plant, WWTP=wastewater t

MLD=million liters per day.
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pared to the 1999 allocation simulation, our base case scenario of
what occurred in 1999. The management optimization scenarios
were used to determine management strategies that could have
been implemented in or prior to 1999 to improve watershed con-
ditions. A summary of which management options were available
for each scenario is reflected in Table 3 where modeling results
are presented.

Initial cost Annual O&M cost

$140,000/hectare $2,000

$30,000/unit $1,500/unit

$82,381/MLD 10% of initial

$135,634/MLD 10% of initial

$1,181,875/MLD $1,789/ML

$280,000/ML 10% of initial

$455,000 for 100% 10% of initial

vices $23,000 $2000

$2,363,750/MLD $3,577/ML

$2,528,450/MLD $11,209/ML

potable water $180,248/% of customers 10% of initial

$1,000,000 for 100% 10% of initial

rvoir, surface $497,425/MLD 10% of initial

$600/ML —

$1,600/ML —

=million liters. All costs are in 2007 dollars. Sources for cost information
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The first optimization scenario, optimal 1999 allocation,
evaluated management options, which could be implemented im-
mediately. These options were decisions on the amount, timing,
and source of withdrawals. Since utilities in the upper IRB export
their sewered wastewater, the interbasin transfer of wastewater
was allowed for Scenarios 1–3 and limited to the 1999 level of
use. The second optimization scenario, near term optimization,
evaluated management options, which could be implemented in a
2–3-year range. Increase in the price of water and wastewater
services was limited to 10% due to the short implementation pe-
riod. The third and fourth optimization scenarios consider man-
agement options, which can be implemented on a greater than
5-year range. The upper limit on increasing the price of water and
wastewater services was 50%. The third scenario was long-term
optimization with wastewater export. The fourth scenario was
long-term optimization without wastewater export, which ex-
cludes the availability of interbasin transfers.

Results of Integrated Watershed Management
Optimization

Effects of the Diversity of Management Options

Considering an increasing number of management options affects
the net benefit of watershed management, as shown in Table 3.
The 1999 allocation scenario, or base case, resulted in a negative
net benefit of �$5.44 million per year. The optimal 1999 alloca-
tion scenario reallocated withdrawals to maximize the utilization
of surface water pumping capacities in all months rather than just
the summer months. Surface water pumping is less expensive
than groundwater pumping because of the energy associated with
lifting water from aquifers. However, the relatively minor in-
crease of about $40,000 per year in the net benefit is within the
bounds of uncertainty. In addition, no significant improvements
were possible in meeting more than one-quarter of in-stream flow
targets �i.e., no feasible solutions exist for meeting greater speci-
fications of in-stream flow�. To allow for management cost com-
parisons, in-stream flow constraints for all subsequent scenarios
in this series were set to meet a minimum of one-quarter of in-
stream flow targets.

The near term optimization scenario had a dramatic effect on
cost with an increase of over $4.5 million per year in net benefit.
The additional management options in the long-term optimization
with wastewater export scenario resulted in additional economic
gains with a positive annual net benefit of nearly $8 million. With
the option to increase surface water pumping capacity in the long-
term options, a large reduction in cost was achieved by an almost
complete transition from groundwater to surface water withdraw-
als.

The long-term optimization without wastewater export sce-
nario resulted in a decrease in the net benefit with a cost of ap-
proximately $3 million per year. The majority of this cost reflects
investment in the construction of a wastewater treatment plant.
This significant cost indicates that, in this case, the interbasin
transfer of wastewater is more economical than the construction
of a new wastewater treatment plant. A small percentage of the
cost in this scenario is allocated to the repair of wastewater infra-
structure to reduce groundwater infiltration. Although the repair
of leaks in distribution infrastructure is increasingly common, re-
pairing sewer pipes to prevent the infiltration of groundwater is
generally considered too costly because of the deeper and larger

diameter pipes. However, here the model suggests that repairing
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sewer pipes costs less than treating a larger volume of wastewater.
One caution in this result is that with less infiltration of clean
groundwater, the concentration of constituents in wastewater may
increase, which in turn may increase the treatment price.

For another series, each of the four management scenarios was
run to determine the maximum in-stream flow that was feasible
with the available set of management options. With more man-
agement options, the model effectively reallocated water from
periods where in-stream flow was greater than the target to peri-
ods where the full target was previously not met. The near term
optimization scenario was able to meet a greater percentage of
in-stream flow targets more of the time than the optimal 1999
allocation. Both long-term optimization scenarios were able to
meet full in-stream flow targets all year.

On an annual basis, there is enough streamflow to meet the
recommended in-stream flow targets. The average monthly in-
stream flow in 1999 at the bottom of the upper IRB watershed
�i.e., after human water withdrawals were made� was 1.42 m3 /s
and the average monthly flow required to meet the in-stream flow
targets is 1.35 m3 /s. Therefore, in this case, meeting in-stream
flow is a matter of timing withdrawals to meet both human and
environmental needs in each month. In general, the model dem-
onstrated that increasing the diversity of management options can
offer significant increases in the net benefit of meeting human and
environmental water demands. This confirms the importance of
management plans that consider short- and long-term options and
options across watershet components, as well as the utility of
IWMMs of the type introduced here.

Effects of Increasing In-Stream Flow

To explore the effect of meeting an increasing percentage of the
in-stream flow targets, the long-term optimization without waste-
water export scenario was run with various in-stream flow re-
quirements. As shown in Table 4, increasing in-stream flows from
a quarter to half of the in-stream flow targets led to a decrease in
net benefits. This was mainly due to the increased utilization of
groundwater pumping, which is more expensive than surface
water pumping; however, groundwater pumping was not used be-
yond the 1999 capacity and is therefore not reflected in Table 4.
When meeting full in-stream flow targets, the annual net benefit
significantly decreased. Since the ASR facility only used flow
from the surface water and reservoir, it would require a spatially
distributed effort along the river to recharge 67 MLD. The enor-
mity of this effort is reflected in the cost of the management plan.

The important insight revealed here is that meeting one-half of
in-stream flow targets incurs a cost of less than 1% loss in net
benefit. Meeting 60% and 70% of the in-stream flow targets still
incurs relatively small losses with 3% and 25% decreases in the
net benefit, respectively �see Fig. 2�. On the other hand, meeting
full in-stream flow requires the installation of bioretention units
and an ASR facility, which eliminates the positive annual net
benefit and creates a significant cost. The relationship between net
benefit and in-stream flow is highly nonlinear and forms a Pareto
frontier, as shown in Fig. 2. The frontier depicts the trade-off
between increasing in-stream flow and the corresponding optimal
net benefit of watershed management.

The utilization of bioretention units and the ASR facility high-
lights the need to increase groundwater recharge in the basin. This
result is consistent with current initiatives in the IRB to increase
recharge through various technologies to counteract the reduced
infiltration due to development. This result is also an extension of

previous results where the timing of surface water withdrawals
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was changed in an effort to fully meet both human and environ-
mental needs. However, in those runs, only a quarter of the in-
stream flow target was met. With the full in-stream flow
requirement, the timing of surface water withdrawals was no
longer adequate and the gap between decreased streamflow and
increased human demands during the same summer months re-
quired the accumulation of water reserves during other months.
The upper IRB’s reservoir storage of 38�106 liters is minimal.
The main storage capacity is in groundwater aquifers, which were
used through ASR and bioretention units.

Another interesting aspect of these results is that both biore-
tention units and ASR were recommended even though they serve
similar functions of recharging groundwater. ASR, however, is
more versatile than bioretention units in terms of the sources of
recharge water and the quantity of recharge flow. In addition, if
the source for ASR is surface water, the withdrawal can be made
after the water has passed through river reaches with severe low
flow conditions and critical habitats �US EPA 2004�. Additional
model runs may be designed to clarify the difference in the effects
of ASR and bioretention units on watershed hydrology and man-
agement costs.

Validation of the Integrated Watershed Management
Optimization Model

The optimization model cannot be validated against actual data
since the management options have not yet been implemented in
the IRB nor are there data available on the watershed level effects
of such management decisions. Currently, the US EPA is sponsor-
ing pilot projects in the IRB that decrease human demand and

Table 4. Management Recommendations with Increasing In-Stream Flow

Management options Units

Price increase %

Leak repair % of leaks

Infiltration repair % of infiltration

Storm-water BMPs Number of units

SW pumping MLD

WWTP MLD

ASR MLD

Annual net benefit $

Note: All storage and capacity recommendations are additional to those th
in scenario, BMPs=best management practices, SW=surface water, W
MLD=million liters per day.
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Fig. 2. Trade-off between in-stream flow and the annual net benefit
of optimal watershed management
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increase infiltration. In addition, USGS is conducting modeling
studies to explore the optimal timing and location of ground and
surface water withdrawals and water storage options. The fact that
our model identified the same promising watershed management
options as the more detailed and time-consuming HSPF model
demonstrates the value of a screening level optimization ap-
proach.

To further evaluate the model, we ran it under a different hy-
drologic condition. Since 1999 was an average year, we chose
1980, a 1 in 20 dry year. The change in the costs and utilization of
management options were similar to earlier results associated
with meeting an increasing fraction of in-stream flow. The simi-
larity is logical as increasing the environmental demand, which is
in-stream flow, and reducing the supply available to meet the
demand, which is precipitation, have similar effects on the total
water availability and both require the implementation of more
management options to counteract their effects. These observa-
tions of system behavior lend further trust in the model. For ad-
ditional details on this validation study, see Zoltay �2007�.

Limitations and Recommendations

Due to the screening nature of this model, there are numerous
limitations. Foremost among the limitations are �1� that only
water quantity related variables are considered as decision vari-
ables and �2� the lumped nature of the model in both space and
time. However, water quantity is the dominant concern in the IRB
and the model application resulted in relevant management rec-
ommendations that are similar to those currently being piloted in
the basin. In addition, minimum water quality standards were still
met because all water used to meet human demand must flow
through the potable water treatment plant or water reuse facility
and all wastewater must flow through at least the secondary
wastewater treatment plant or septic system. Water quality vari-
ables may be integrated as decision variables into later versions of
the optimization algorithm using a nonlinear solver.

The temporal and spatial aggregation of the model is another
important limitation. Studies analogous to Kirshen �1980� are
needed to understand the impact of spatial and temporal aggrega-
tion on management decisions, not just on hydrologic response.
The effects of spatial aggregation on model accuracy can be
tested by comparing the model with the case study setup in a
quasidistributed simulation model such as WEAP. The optimiza-
tion model introduced here may ultimately be best developed as
part of a detailed simulation model. The management model can
extract the necessary data from the simulation model, screen the
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0% 100% 100%

0% 100% 100%

0 0 120
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the simulation model. In addition to verifying the model’s accu-
racy and facilitating its application, integration with a detailed
simulation model would also facilitate robust sensitivity analyses
to test the sensitivity of the objective function’s value to decisions
and the sensitivity of the decisions to changes in parameter values
and input data.

Conclusions

An integrated watershed management optimization model to sup-
port informed decision making was introduced and used to evalu-
ate a wide range of management options including land-use
management to simultaneously address numerous watershed man-
agement objectives, which are traditionally modeled indepen-
dently. The key innovations of this research were to focus on
management modeling from the beginning of model development
and to introduce an optimization approach to integrated watershed
management. We defined IWMMs as models that fully integrate
watershed and socioeconomic modeling in order to understand
the effects of management decisions on the watershed system
with the goal of supporting sustainable decision making and
stakeholder negotiations.

The model’s application to the upper IRB yielded numerous
insights into the watershed system and its behavior. The model
demonstrated that with an increasing diversity of management
options, net benefits of watershed management can increase. The
results also revealed a highly nonlinear relationship, or Pareto
frontier, between the net benefits of optimal watershed manage-
ment and the degree to which in-stream flow targets are met. The
Pareto frontier showed, in this case, that decreases in net revenues
are relatively small when meeting up to 70% of the recommended
in-stream flow target. This can be valuable information to moti-
vate management and policy changes and to take action to meet at
least, which will lead to meeting at least 70% of the recom-
mended in-stream flow requirements.

In addition, our results indicated that demand management
through price changes and the repair of leakage in water distribu-
tion and wastewater collection systems are effective management
options as they were selected in all scenarios where they were
available. The recommendation for the joint implementation of
ASR and bioretention units demonstrated that complex interac-
tions among components of a watershed necessitate the evalua-
tion of management options within a systems framework in order
to realize the full impact of management decisions and to enable
informed decision making.
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