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Abstract: Fresh water demand is rising due to factors such as population growth, economic development, and land use changes. At the
same time, climate change is rendering the water supply even more uncertain for the future. Due to recurring water restrictions and in-
creasing water-related fees triggered by droughts and water shortages, there is a widespread, growing discomfort with respect to future water
availability. Among key stakeholders and local policy makers, this has led to an increased interest in modeling the availability of water
resources, with the aim of developing and implementing the appropriate water resource infrastructure and management strategies. This paper
examines the Washington metropolitan area (WMA) water supply system and uses a system dynamics approach as a planning tool to make
an exploratory assessment of the adequacy of the study area’s water supply system to meet future water demand under the influence of
substantial droughts and climate change. This assessment finds that the study area is self-sufficient under normal climate conditions during
the entire planning horizon but that it will be strained under moderately severe droughts. On the basis of the temperature, streamflow and
precipitation projections made by climate change models specific to the WMA region, climate change is expected to improve the water
supply reliability. However, climate change has uncertainty associated with it. One of the four climate models for the Potomac River basin
projects a decrease in the precipitation and streamflow, which may result in a reduction in the water supply and the system’s reliability.
Regulating the price and the system losses are valuable tools that can be leveraged. But these policy interventions require stakeholder
participation (price regulation) and capital investments (reduction of distribution losses). Finally, system reliability can also be improved
by increasing water supplies. DOI: 10.1061/(ASCE)IS.1943-555X.0000435. © 2018 American Society of Civil Engineers.

Introduction and Background

Fresh water demand is rising due to multiple factors such as
population growth, economic development, and land use changes.
Moreover, climate change is rendering water supply even more
uncertain for the future (Evan and Davies 2011). Continued rising
demand and climate uncertainty are not the only factors that affect
future water availability; the third World Water Forum held in
Kyoto concluded that water scarcity is often an outcome of mis-
management (WWF 2003). There is a growing discomfort regard-
ing the recurring water restrictions and increasing water-related
fees triggered by droughts and water shortages. This has led to an
increased interest in modeling the availability of water in terms of
supply and demand, with the aim of implementing the appropriate
water resource management strategies (Evan and Davies 2011).

The WMA is the seventh largest US metropolitan area, and its
population is expected to grow from its 2010 level by approxi-
mately 24% by 2040 (MWCOG 2009; ICPRB 2010). The WMA
comprises 15 counties, six county-equivalent cities, and the District
of Columbia. The main source of water in the WMA is the Potomac
River. There are two additional reservoirs that are operated by
regional water utilities. The Washington Suburban Sanitary Com-
mission (WSSC) operates the Patuxent Reservoirs in the neighbor-
ing Patuxent River watershed, and the Fairfax County Water
Authority (FCWA) operates a reservoir on the Occoquan River
(Hagen and Steiner 1998). In addition, the WMA water suppliers
collectively use the water stored in the Jennings Randolph (JRR)
and Little Seneca Reservoirs (LSR) (USACE 1997; Hagen and
Steiner 1999). Stagge and Moglen (2014) analyzed reservoir re-
lease decisions, using the WMA water supply as a case study.
Their study depicts a map of the WMA region with its water
resources.

This paper models a water supply and demand system for the
WMA. [Note that this paper was adapted from the dissertation
work of Dr. Bhatkoti (2016), with departures and enhancements.]
This study aims to assess the adequacy of the current WMAwater
supply system to meet future water demand under the influence of
substantial droughts and climate change and to create an interactive
model to facilitate a dialogue among water managers, policy mak-
ers, and stakeholders. This paper also examines policy scenarios
directed toward mitigating potential climate impacts on water
availability rather than giving a precise numerical prediction of the
volume of water stored in a reservoir, which is the purview of the
hydrological models (Sušnik et al. 2012).

The water management system for the WMA, like many other
public utilities, is reaching its maximum service potential in the
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face of rapid residential and commercial growth. For the present,
episodic surges in demand, largely due to population and economic
growth, have already demonstrated that they can exceed the current
capacity, leading to off-strategy spending and inefficient work-
arounds (ICPRB 2010, 2013) in terms of planning, work hours,
and coordination among various government agencies and water
utilities. Droughts have already prompted withdrawals from the
region’s reserve water supplies, and associated water studies
confirm that further stretching of reserve supplies is not a viable
longer-term strategy (Van Dyne 2007).

Climate studies conducted for the entire mid-Atlantic region
show an upward trend in temperature, precipitation, and streamflow
(Neff et al. 2000). The United Nations Intergovernmental Panel
on Climate Change attempted to evaluate and quantify the impact
of human activity and its development on climate change. To do
so, they developed a set of four socioeconomic scenarios. These
scenarios allowed varying degrees of population change, develop-
ment, technological improvements, and consumption for the next
100 years; they were labeled A1, A2, B1, and B2. These scenarios
range from the most optimistic scenario, B1, in which the human
population peaks around midcentury and declines thereafter, which
shifts the focus of world economies from production to the service
and information sectors, with significant reductions in material in-
tensity and the introduction of clean and resource-efficient technol-
ogies, to the A2 scenario, in which the population continues to
rise with regionally oriented economies, fossil fuel use continues
unabated, and technological change is more fragmented and slower
than in the other scenarios (Meehl et al. 2007; IPCC 2000, 2007).
Najjar et al. (2009) applied the four scenarios to the general circu-
lation models (GCMs) in order to get a detailed assessment of the
impact of climate change on the Chesapeake Bay watershed and,
more specifically, the Potomac River basin, which is within the
Chesapeake Bay watershed. Table 1 presents the results of the
study for the Potomac watershed.

The four climate change scenarios, as applied to the Chesapeake
Bay watershed GCMs, suggest an increase in the annual mean
temperature by 1.25°C by 2030. The mean annual precipitation
is expected to increase by 4% by 2030 (Najjar et al. 2009). Sim-
ilarly, the streamflow is expected to increase by 2%. Predictions
about streamflow in the Potomac watershed have much greater
variability than predictions about the temperature or precipitation
(Neff et al. 2000; Wolock and McCabe 1999; Meehl et al. 2007;
Najjar et al. 2009). Streamflow prediction is more challenging
than temperature and precipitation prediction because it requires
assessing water balance equations that include the temperature,
precipitation and groundwater levels.

Although the high uncertainty and variability in climate change
models pose problems for policy makers, the information from
these models can be incorporated into various plausible scenarios
for simulation studies to assess system performance under the
influence of climate change. In this study, we used temperature,
precipitation, and streamflow range projections made by Neff et al.
(2000) and Najjar et al. (2009).

Water resources are modeled at many scales. Various global water
models and water scarcity studies have been conducted (Saysel et al.
2000; Alcamo and Henrichs 2002; Chung et al. 2008; Kojiri et al.
2008). Hanasaki et al. (2013a, b) in their two-part study assessed
water scarcity using global hydrological models and the latest global
change scenarios. They attributed global water scarcity mostly to
population and economic growth and partly to global warming.
Wada et al. (2010) used a global hydrological model to show how
an increase in groundwater abstraction led to global sea-level rise.
Hejazi et al. (2014), similarly toMeadows et al. (1972), used a global
scale, technologically detailed model to make water scarcity projec-
tions for world regions. They projected water scarcity to increase for
some regions such as the Middle East and India, and to improve for
certain other regions such as Canada and the US.

Local models have also been developed to facilitate decision
making by local and regional governments, because local govern-
ments have the authority to make water withdrawal, distribution,
and conservation related policies (Langsdale et al. 2007; Madani
and Mariño 2009; Stave 2003). In a regional study, Dawadi and
Ahmad (2013) applied a system dynamics (SD) methodology to
study the impact of various policies such as water pricing and
conservation. The model, based in Las Vegas, Nevada, included
the effect of climate change and population growth on water de-
mand but did not take into account the impact of public perception
on population growth. Qaiser et al. (2013) also used a SD modeling
approach to study water demand and supply in the Las Vegas
Valley. The effect of water conservation and use of recycled water
with different population growth rates was simulated. The popula-
tion growth rate was modeled as an exogenous factor without
capturing public perception and the response to water conservation
policies. Hassanzadeh et al. (2014) similarly develop a SD model
for water resource management in Canada. The model focuses on
agricultural water use and incorporates hydropower, agriculture,
and municipal demand. Van Emmerik et al. (2014) developed a SD
model to capture the complex interactions between human and
hydrological systems over the past century in the Murrumbidgee
River Basin in Australia. Climate and socioeconomic drivers were
captured with exogenous factors in the model. The model repli-
cated the historical patterns of population growth, technological
adoption, and surface water use for agriculture and food production
in the region of study. The boundary and time horizon of this mod-
eling study was different from our approach. Wang and Davies
(2015) used a SD approach to develop a simulation tool and exper-
imental environment for testing drought management policies. The
tool was used at various Canadian Agriculture and Agrifood invita-
tional drought tournament events by different teams. The model
results generated by participants demonstrated the effectiveness of
the selected policies to mitigate drought conditions. The study con-
firmed that these simulation platforms assist in better understanding
the complexity of water resource management. Yang et al. (2015)
also developed a SD model to predict the potential maximum socio-
economic and population growth within an area with a natural
water resource capacity. The model was simulated for Tieling city
in China, and the results demonstrated that such modeling is useful
for assessing sustainable economic development.

Different methodologies have been used to model the processes
responsible for the spatial and temporal distribution of water
resources at a local level, including a multiagent simulation ap-
proach to represent the local water use of the Jaguaribe basin in
northeastern Brazil (Van Oel et al. 2010). Various water supply sys-
tem managers have used a combination of optimization and sim-
ulation techniques for improving water resource efficiency and
effective reservoir management (Sheer 1977; Palmer et al. 1982,
1979). Specialized modeling tools have been developed to simulate

Table 1. Climate change impacts in the Potomac River basin

Parameter

Year 2030

Mean Range

Temperature (°C) þ1.25 þ1 to þ1.5
Precipitation (%) þ4 −1 to þ8

Streamflow (%) þ2 −2 to þ6

Source: Adapted from Najjar et al. (2009).
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water supply systems (Ocanas and Mays 1981; Huang and Loucks
2000; Ejeta et al. 2004; Cohen et al. 2004). These tools are often
specific to a system and difficult to adapt to other systems. Further-
more, some lack a user-friendly interface (Chung et al. 2008).

Modeling the water supply and demand system is challenging
because of its complexity in terms of the number of subsystems in-
volved and their interactions. The subsystems include the reservoir,
the distribution, the environment policy, and the water demand sys-
tems. This complexity makes it difficult to develop a comprehensive
mitigation and adaptation strategy that appeals to all stakeholders
and policy makers and to educate the public about the elements
that may cause a water supply and demand system to lose reliability
due to droughts, population increase, aging water infrastructure, and
climate change. Therefore, simulation and modeling approaches
that can represent a water supply and demand system with its com-
ponents and that can demonstrate the effects of management policy
interventions can be extremely valuable (Chung et al. 2008).

A system dynamics methodology is used for this research to build
and assess quantitatively the impact of climate change and policy
interventions. The SD model was developed for the purposes of
(1) quantitatively assessing the adequacy of current water resources
available to the region, to meet future water demand; (2) analyzing
the impact of substantial droughts and low flows on water availabil-
ity; and (3) assessing the sensitivity of the region’s water supply sys-
tem under various climate change scenarios and policy intervention
scenarios. The SD approach allows one to (1) isolate the key causal
relationships among the system elements; and (2) graphically re-
present the constellation of subsystems for the lay policy maker.
Moreover, the SD assumes a continuous process that allows an
examination of the effects of multiyear droughts on different
reservoirs.

The main advantage of our approach is to provide an integrated
assessment of a water supply and demand system. The generality of
system dynamics simulation allows the representation of multiple
resources and stakeholders and an investigation of the feedback
effects of various water resource policies (Davies and Simonovic
2011). Policy makers and stakeholders are able to understand the
relationships that constitute the structure of the model (Chung et al.
2008; Sterman 2000). SD modeling has the ability to capture time
delays that influence the behavior of the system (Sterman 2000).
For example, our model includes a major delay between the time

of the imposition of water use restrictions and the time it impacts
the population growth rate of the region. Our approach captures
important feedback structures that govern the dynamics of the water
system, such as the feedback from water shortage and the water use
restrictions that cause discomfort to people, which has a negative
impact on the region’s population growth rate. Our framework
makes it possible to develop models that connect various subsys-
tems to formulate the structure of the whole system. In this study,
the water supply and demand model is composed of two major
subsystems, the water demand and the water supply. Our approach
has a very user-friendly graphical interface that enables multiple
stakeholders (water managers, civil engineers, public policy mak-
ers, and environmentalists) to visualize the system with all its com-
ponents and linkages (Langsdale et al. 2007; Madani and Mariño
2009; Stave 2003). In our study, we graphically represent theWMA
water supply and demand system with its major components and
connections. This graphical representation facilitates communica-
tion and collaboration among the different parties of interest and
facilitates our modeling goals.

Methodology and Model Development

In the WMA water supply and demand model developed in this
paper, socioeconomic factors such as population, price, regulation
policies, and weather affect the total water demand. Temperature
and precipitation are included to impart seasonality to the average
annual water demand. The water supply is taken from water res-
ervoirs and rivers. The difference between water supply and water
demand is termed a supply gap that determines the reliability of the
system. The supply gap results in restrictions and/or water short-
ages for the region. Water shortages and restrictions lead to resident
discomfort, causing the population growth rate and population to
decrease. The population in turn affects the total water demand,
thus closing the loop [Fig. 1(a)]. Fig. 1(b) shows all the water
demand and supply components.

Water Supply Submodel

In the model the water supply consists of the Potomac River system
and two separate reservoirs operated by the WMA utilities, the Pa-
tuxent reservoir and the Occoquan reservoir. All utilities collaborate

Fig. 1. (a) Causal loop diagram of the WMA; and (b) water demand and supply components.
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to provide water storage in the Jennings Randolph reservoir and the
Little Seneca reservoir (ICPRB 2010). The average annual stream-
flow for the Potomac River is around 26.4 millionm3=day. For
much of the year, water supply withdrawals from the Potomac
remain a small fraction of the river’s flow, because the average
summer demand for water by the WMA suppliers is approximately
1.9 millionm3=day (ICPRB 2010). This may give a false sense of
water availability for the region. The critical aspect here is the
streamflow variability. The lowest observed flow in the Potomac
was 1.3 millionm3=day during the summer of 1966. Due to the
large flow variability, the water supply system that relies solely
on the Potomac flow may not meet the daily demand targets. Addi-
tionally, the total available Potomac water is further constrained by
the minimum environmental flow-by requirements to protect aquatic
life forms (Kiang and Hagen 2003). Changes to the minimum flow-
by requirements will influence the water availability in the system.

Water Demand Submodel

The model estimates the water demand per person (represented as
per capita water demand) as a function of the price and the price
elasticity of demand (Fig. 2). Because price changes do not immedi-
ately lead to changes in the water demand per person, the model first
calculates the projected per capita water demand due to price
change. It then updates the water demand per person by adjusting
its difference with the projected water demand represented by the
gap with the projected water demand. This gap with the projected
water demand is adjusted with a time delay represented by the time
to change water demand

Projected per capitawater demand due to price change

¼ Referencewater use � PriceElasticity of price ð1Þ

where Price is in dollars/cubic meter; Elasticity of price is dimen-
sionless; and Projected per capita water demand due to price change
and Reference water use are in cubic meters/day/person.

For the WMA, the per capita water demand is impacted by
the Energy Policy Act (EPA) of 1992 (Vickers 1993). The EPA
of 1992 calls for the use of more efficient plumbing fixtures for
both commercial and residential use. This policy aims to reduce
water consumption solely by putting low-flow restrictions on the
types of appliances installed in homes and commercial establish-
ments. The model differentiates the demand with EPA and the
demand without EPA. The WMA population is divided into two
stocks: the population (Stock 1) with EPA, who live in households
that have EPA-regulated low-flow appliances; and the population
(Stock 2) without EPA, who live in households that do not have
EPA-regulated low-flow appliances. The growth rates of the two
population stocks are proportional to their volumes as calculated in
Eqs. (2) and (3). The total water demand is then the sum of the
product of both stocks and their respective flows

Growth rate ðPopulationwith EPAÞ

¼ Growth rate �
�
Population ðStock1Þwith EPA

Total population

�
ð2Þ

Total water demand¼Population ðStock1Þwith EPA
�Per capita water demand of people affected

by EPAþPopulation ðStock2Þwith out EPA
�Per capita water demand of people affected

by EPA ð3Þ

The effect of weather on water demand, hereafter referred to as
seasonality, is incorporated by including impact of the average

Fig. 2. Demand side of the model.
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extreme maximum temperature (degrees Celsius/month) and the to-
tal monthly precipitation (millimeters/month) [Eq. (4)]. Eqs. (1)
and (4) are popularly used in water demand estimation. This
assumes the elasticity to be constant over the range of values
for the independent variables that determine water use (Schleich
and Hillenbrand 2009; Arbués et al. 2000; Dandy et al. 1997;
Williams 1985). We estimate the elasticity of price (dimensionless),
the EPA population growth rate (persons/month), the reference
water use (cubic meters/day/person), the elasticity of temperature,
the elasticity of precipitation, the total water demand, and the total
water demand with seasonality (cubic meters/day) through the
calibration of our model, whereas the remaining parameters such
as the demand reduction factor due to EPA compliance (dimension-
less) are available in the literature (Vickers 1993)

Total water demandwith seasonality ðDiÞ
¼ Total water demand

� Average extrememaximum temperatureElasticity of temperature

� Total monthly precipitationElasticity of precipitationÞ ð4Þ

Water in the Potomac River is sufficient to satisfy the daily water
needs of the WMA customers except during prolonged drought
conditions. The Potomac River flows are augmented by releases
from the JRR during such times. The system, which has existed
since the 1980s, has thus far had three summers when such releases
have been made: 1999, 2002, and 2010 (Hagen and Kiang 2002;
Ahmed et al. 2011; Bencala et al. 2013). The historical instances
were used as a check to demonstrate that our model matched the
timing of the releases from the JRR (Fig. 3).

Consumer Discomfort–Population Growth Relationship

Water releases from the JRR are a cause of concern for the WMA
region because they deplete the primary savings account of the re-
gion, the JRR (ICPRB 2010). Moreover, the JRR releases are often
accompanied by water use restrictions (LeDuc and Wilson 1999)
such as regulations on lawn watering, swimming pool operation,
washing cars, and hosing down driveways (LeDuc and Wilson
1999). Mirchi (2013) estimated that water quality problems might
decrease the attractiveness of the area, causing a population
decrease.

Meadows et al. (1972) demonstrated how a region’s resources
(food) limit the population growth rate. In a similar fashion, we con-
structed a scenario in which we assume that population growth will

be affected by the unavailability of water resources and the discom-
fort caused by water use restrictions (Fig. 4). To account for the
impact of water shortage and water restrictions on the water supply
and demand system, we define Impact1 as the discomfort caused
when the region is able to fulfill demand but uses its savings account
to make withdrawals accompanied by water use restrictions that are
enforced on people. Impact2 is defined as the discomfort caused by
the water shortage when the region fails to meet demand and there is
not enough water supply to fulfill demand (Fig. 4). Impact1 is a
function of the perceived discomfort (dimensionless) caused by
water use restrictions [Eq. (5)], and Impact2 is a function of per-
ceived discomfort caused by water shortage [Eq. (6)]

Impact1 ¼ f1ðperceived discomfort RÞ ð5Þ

Impact2 ¼ f2ðperceived discomfort SÞ ð6Þ

We assume that both functions f1 and f2 have the same shape
and behavior (Fig. 5). When there are no restrictions and water short-
ages then the perceived_discomfort_R and perceived_discomfort_S
are both 0, and Impact1 and Impact2 are equal to 1 (point A). As the
perceived discomfort increases, its impact on growth rate becomes
negative. In Fig. 5, the horizontal line represents both perceptions,
and we assume the same functional form that captures the impact
of these perceptions. Impact1 and Impact2 contribute to Eq. (7) to
determine the population growth rate.

The purpose of this paper is to provide a simulation framework
that can be used by policy makers to find effective water manage-
ment strategies in response to predicted population growth in the
region. The simulation model developed in this paper can be used
to explore relationships between water availability and future pop-
ulation growth and decline in the region. As discussed previously,
the WMA region has not experienced a regionwide water use re-
striction. We could not find any other documented data that depict
the extreme scenario of water restrictions/shortage impact on the
population growth/migration. Because data are not available on the
impact of water restrictions on population growth, in our model
we have made an assumption that when the perceived discomfort
increases, then population growth declines, and when perceived dis-
comfort reaches 20%, then the population starts to move out of the
region. The curve that depicts the relationship between the impact of
public perception on migration (Fig. 5) is based solely on our as-
sumptions. One can further explore variations of this relationship
and perform sensitivity analysis within the simulation model. There
is no limitation on performing such analysis, but considering that
there are no historical trends to compare and contrast with the sen-
sitivity analysis results, we do not include this analysis in this paper.
We made reasonable assumptions about the relationship between
public perception and migration. One could change the functional
form of this relationship in future iterations of the model. The point
is that the model provides a framework in which future changes can
be incorporated for a different set of functional forms associated with
the relationship between public perception and migration.

We define the net fraction population growth rate (ngr) of the
region by multiplying the base fraction growth rate (bgr) that is
the population growth rate of the WMA region without taking
into account the water shortages estimated by the Metropolitan
Washington Council of Governments forecast (MWCOG 2009;
ICPRB 2010), and the weighted average of Impact1 and Impact2
[Eqs. (7) and (8)]. The weights can vary depending on the severity
of one impact in comparison with the other. It is intuitive that
people may be more stressed if the region suffers water shortage
as opposed to following restrictions and thus assume w2 to be
greater than w1 (we assume w1 ¼ 0.25 and w2 ¼ 0.75). WhenFig. 3. Instances requiring releases from the reservoir.
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the discomfort and water shortage increase (for example, perceived_
discomfort_S and perceived discomfort R ¼ 1), the stress be-
comes negative, thus making the net growth rate negative

ngr ¼ bgr � ðw1 � Impact1þ w2 � Impact2Þ ð7Þ

w1 þ w2 ¼ 1 ð8Þ

Both the perceived discomfort variables caused by water use
restrictions [Eq. (9)] and the water shortage do not change instanta-
neously but build over time. Individuals are assumed to take time to
gather information and to form beliefs and judgments (Sterman
2000). Thus, there is a time delay from a change in the physical

world to the time people begin to realize these changes. Exponen-
tial smoothing or adaptive expectations are most widely used to
model such information delays involving humans, meaning that
human perception gradually adjusts to the actual value of the var-
iable (Sterman 2000)

perceived discomfortðtÞ
¼ perceived discomfortð0Þ

þ
Z

t

0

ðChange in perceived discomfortÞ dt ð9Þ

Change in perceived discomfort

¼ Actual discomfortðtÞ − Perceived discomfortðtÞ
Time to perceive discomfort

ð10Þ

In Eq. (9) the perceived discomfort at time t is equal to the sum
of the perceived discomfort at the start of simulation (t0) and the
integral of the rate of change of the perceived discomfort for
the time period between t0 and t. Also the rate of change of the
perceived discomfort is defined in Eq. (10), which is equal to
the difference between the actual discomfort and the perceived
discomfort at time t divided by the time it takes for the perceived
discomfort to adjust to the actual discomfort level.

In the model, we define the time to perceive discomfort (in
months) as the time required by the individuals to perceive water
resource scarcity. Because the WMA had never experienced any re-
gionwide imposition of water use restrictions, the model could not
be calibrated to calculate this time delay parameter. However, there
are studies that calibrate similar parameters such as the resource
shortage perception delay (Meadows et al. 1972), energy shortage

Fig. 4. Closing the loop, and connecting demand and supply with population growth.

Fig. 5. Connecting perceived discomfort to population growth rate.
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perception (Wright 1975), feedback delay (Honda et al. 2013),
perception delay (Juhn et al. 1999; Mehmet and Yasarcan 2015;
Dutta et al. 2014), and response delay (Meadows 2008). In our study
we defined the time to perceive discomfort to be 24 months, based
on the resource shortage perception delay used by Meadows et al.
(1972).

To conclude, the difference between water demand (Di) and
water supply determines the supply gap that leads to water

shortages. Water shortages, in turn, impact the growth rate (with
some delay), which determines the total population of the region
and hence impacts the water demand (Di) for the region (closing
the loop, as shown in Fig. 1).

Simulation Results and Discussion

Some model parameters, including demand elasticities, EPA popu-
lation growth rate, and reference water use, do not have a given
value in the literature. We calibrate these parameters by comparing
the simulated water demand (cubic meters/day) with the actual
water demand (cubic meters/day) values (ICPRB 2010) for the
WMA region. During calibration, we define the objective function
as the sum of the difference between the actual water demand and its
simulated value, multiplied by a squared weight (w2) [Eq. (11])
(Sabounchi et al. 2014; Vensim 2010). The weight is the inverse
of the standard deviation of the error term (the difference between
the actual and simulated values). The objective function is mini-
mized over three or more iterations of calibration, and the estimated
parameters converge to their maximum likelihood estimator (Dogan
2007). Fig. 6 shows the simulated and actual water demand curves.
We assessed the calibrated parameter values and found them con-
sistent with relevant descriptive and numerical system knowledge.
Table 2 provides the calibrated parameter values

Minimize

�Z
t¼Dec;2008

t¼Jan;1975
ððwtðWater demand historicalt −Water demandsimulatedt

� ðElasticity ð PriceÞ; EPApopulation growth rate; Referencewater use; Elasticity ðPrecipitationÞ; Elasticity ðTemperatureÞ;
Demand reduction factor;Growth rate; Minimum flow by requirement;Time to perceive discomfort; Reduction due

to emergency restrictions;Reduction due tomandatory restrictions; due to voluntary restrictionsÞÞÞ2 dtÞ
�

ð11Þ

We used the calibrated model to analyze the impact of historical
droughts and low flows on water availability and to examine the
impact of climate change and policy variables on system perfor-
mance. For this purpose, we simulated the model for a period of
24 years from 2016 to 2040 under normal and drought scenarios. A
simulation period of 20 to 30 years is a reasonable forecast horizon
for water supply reliability studies (ICPRB 2010; Langsdale et al.

2007; Madani and Mariño 2009; Stave 2003). Moreover, agree-
ments signed by the WMA’s water suppliers and the Metropolitan
Washington Council of Governments (MWCOG), such as the
Water Supply Coordination Agreement (WSCA) and the Low
Flow Allocation Agreement (LFAA) also call for periodic water
demand and resource availability studies with a 20- to 30-year time
horizon.

In order to gauge whether the water supply and demand system
is performing as intended, it is necessary to assess its performance
under a wide range of conditions and scenarios expected during
the operating life. We used the volumetric reliability (Rv) to evalu-
ate the water supply and demand system performance under nor-
mal and drought scenarios. This metric was calculated on the basis
of the proportion of total water demand that could not be met
during the simulation period (McMahon et al. 2006). For this pur-
pose, we found the difference between the water demand (Di)
and water supply (D 0

i ) for each simulated period (i) in which
the water supply system was not able to meet the demand. In other
words, Di −D 0

i would be treated as 0 for the periods that demand
is met. The ratio of total unmet demand over the total demand
duringN simulation periods defines the volumetric unreliability of
the system. Therefore, its difference from 1 measures volumetric
reliability

Fig. 6. Actual versus simulated total water demand in the WMA from
1975 to 2008.

Table 2. Key model parameters

Parameter Value

Elasticity of price −0.037
EPA population growth rate (persons/month) 0.0025
Reference water use (m3=day) 0.5
Elasticity of precipitation −0.115
Elasticity of temperature 0.15
Demand reduction factor 0.63
Growth rate (persons/month) 3,200
Minimum flow-by requirement (millionm3=day) 0.9
Time to perceive discomfort (months) 24
Reduction due to emergency restrictions 0.85
Reduction due to mandatory restrictions 0.9
Reduction due to voluntary restrictions 0.95
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ReliabilityvðRvÞ¼1−
P

N
i¼1ðDi−D0

iÞP
N
i¼1Di

; 0 < Reliabilityv ≤ 1 ð12Þ

Drought Scenario Analysis

Next, in order to examine the effect of prolonged droughts on
WMA water availability, five drought scenarios were imposed on
the simulation model of the WMA water supply and demand. We
used the historical instances of droughts and their corresponding
data for the temperature, precipitation, and streamflow to impose
future drought scenarios on the water supply and demand system
during the simulation period of 2031 to 2040. For instance, the his-
torical data for temperature, precipitation and streamflow for the
drought year of 1999 [Potomac streamflow data is provided online
(USGS 2015)] were imposed on the system to create future drought
scenarios; data for 2004 were used to create future nondrought or
normal scenarios.

A moderately severe drought scenario (ICPRB defines the
droughts of 1999 and 2000 as moderate droughts) X (DRx) was
created by imposing the temperature, precipitation and streamflow
data of 1999 at intervals of x (x ¼ 1, 2, 3, 4, and 5) years (Table 3).
Such scenarios were created to examine the reliability of the water
supply system under extreme conditions of decade-long droughts,
similar those occurring in the western US (Rogers 2014).

The simulation was performed for droughts (DRx) and for
normal (NS) scenarios. Fig. 7 shows the impact of the drought sce-
narios in the region. The spikes in the graphs represent the com-
ponent of water demand (in million cubic meters per day) that was
not fulfilled by the current water supplies. The WMA supplies

would not be sufficient to meet demand if a moderately severe
drought occurred on the system every x year (x ¼ 1, 2, 3, 4,
and 5); Figs. 7(a–e) show the graphs for the drought scenarios
DR1–DR5, respectively. The model also predicts that the region
has sufficient water resources to fulfill the demand for the entire
simulation period (2016–2040) under normal scenarios; Fig. 7(f)
shows the graph for the normal scenario (NS).

The water availability analysis for the region shows that the
WMA region would start experiencing water shortfall in 2028
(Fig. 8). Fig. 8(a) shows that in 2028, there will be few days when
the WMA supplies will not be sufficient to fulfill demand. Fig. 8(b)
shows the cause of the shortfall. Fig. 8(b) shows that not only will
the WMA region’s water demand be more than the Potomac
streamflow, but that the available reservoir volume will drop to
near 0 (the inset shows the reservoir volume).

Table 3. Drought scenarios

Drought
scenarios

Year

2031 2032 2033 2034 2035 2036 2037 2038 2039 2040

NS — — — — — — — — — —
DR1 D D D D D D D D D D
DR2 — D — D — D — D — D
DR3 D — — D — — D — — D
DR4 — D — — — D — — — D
DR5 — — — — D — — — — D

Note: Cells with D represent drought, and empty cells represent no drought.
For example, scenario DR1 indicates that WMA is faced with a moderately
severe drought every year from 2031 to 2040.

Fig. 7. Water unavailability under normal scenario (NS) and drought scenarios (DRx): (a) DR1; (b) DR2; (c) DR3; (d) DR4; (e) DR5; and (f) NS.
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An interesting observation is that the reliability of the system for
the 10-year simulation period (2031–2040) dropped as the fre-
quency of drought decreased from every year (DR1) to every fifth
year (DR5). Volumetric reliability dropped from 88 to 84% from
drought scenario 1 to drought scenario 5. The reason for this drop
lies in the feedback that connects water unavailability and people’s
discomfort that impacts the population growth rate. Drought sce-
nario DR1 is the harshest because it imposes drought on the system
every year from 2031 to 2040; it reduces the population growth rate
of the region [Fig. 9(a)]. This causes the population to grow at a
slower rate [Fig. 9(b)]. Therefore, the total water demand is less
under DR1 scenario than in DRx (x ¼ 2, 3, 4, and 5).

Climate Change Scenario Analysis

We used the simulation model to analyze how the WMAwater sup-
ply and demand system would perform under climate change sce-
narios. Climate change affects the water supply and demand system
through temperature, precipitation and streamflow. Temperature
influences water use and reservoir volume through evaporation,
thus affecting both water demand and water supply. Similarly, pre-
cipitation impacts both supply and demand by affecting the water
demand and reservoir volume through precipitation directly over
the area of the reservoir. Last, streamflow affects only the water
supply. The impact of climate on precipitation varies from region
to region. Climate studies conducted for the entire mid-Atlantic

region showed an upward trend in the temperature, precipitation,
and streamflow (Neff et al. 2000), which means that the WMA
water supply system is likely to have more water due to climate
change in the future. Three out of four models for the Chesapeake
Bay watershed predict an increase in mean annual precipitation and
streamflow. However, in the western United States, the total annual
precipitation is projected to decrease (EPA 2016).

On the basis of the ranges provided in Table 1, 990 climate
change scenarios were constructed by applying 11 increments of
0.05°C for the temperature, 10 increments of 1% for the precipi-
tation, and 9 increments of 1% for the streamflow. Climate change
was imposed upon the system starting in the year 2031. In order to
examine the impact of both climate change and drought on system
reliability, we imposed a moderately severe drought in the year
2040 and performed all 990 climate change scenarios. Reliability
Rv was estimated for each climate change scenario and plotted
on a surface and contour graph as a function of the precipitation
and streamflow, keeping the temperature fixed at ΔT ¼ 1.25°C
(Fig. 10). The reliability of the system increased with an increase
in the streamflow and precipitation. Although not shown in Fig. 10,
the reliability of the system decreased as the temperature increased.

Table 4 presents the reliability of the system as the climate var-
iables (temperature, precipitation, and streamflow) vary from low
to mean to high values. The model projects that the WMA water
supply system will become more reliable (Rv ¼ 0.85) under a sce-
nario in which the climate variables take their mean values. Under a
scenario in which climate change is assumed to have no impact on
climate variables and a moderately severe drought occurs in 2040,
the WMAwater supply and demand system reliability will be 0.82.

Fig. 8. Water availability in (a) May 2027–July 2031; and (b) the year
2028 under moderately severe drought.

Total Population growth or decline

4,000

2,000

0

5 5 5 5 5

5
5 5 5 5

4 4

4
4 4 4

4
4 4 4

4

3
3

3 3

3
3 3

3
3 3 3

2 2
2

2

2

2
2

2 2
2 2

1
1

1

1
1

1
1

1
1

1
1

2031 2033 2034 2036 2038 2040
Date

pe
rs

on
/M

on
th

Total Population growth or decline : DR1 1 1 1 1 1 1

Total Population growth or decline : DR2 2 2 2 2 2 2 2

Total Population growth or decline : DR3 3 3 3 3 3 3 3

Total Population growth or decline : DR4 4 4 4 4 4 4 4

Total Population growth or decline : DR5 5 5 5 5 5 5

Total Population

5.31 M

5.21 M

5.11 M

5.02 M

4.92 M

5

5

5

5

5

5

5

5

4

4

4

4

4

4

4

4

3

3

3

3

3

3

3

3

2

2

2

2

2

2
2

2

1

1

1

1

1
1

1
1

1

2031 2033 2034 2036 2038 2040
Date

pe
rs

on

Total Population : DR1 1 1 1 1 1 1 1

Total Population : DR2 2 2 2 2 2 2 2

Total Population : DR3 3 3 3 3 3 3

Total Population : DR4 4 4 4 4 4 4

Total Population : DR5 5 5 5 5 5 5

(a)

(b)

Fig. 9. Impact of drought scenarios DRx (x ¼ 1, 2, 3, 4, and 5) on the
(a) growth rate; and (b) population.
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Finally, the simulation model projects that if climate variables move
toward the lower end of their range, then the reliability will fall to
0.78 (Table 4).

If climate change specific to the Potomac River Basin came into
effect by 2030, it would impact water availability so that a 10-year
continuous moderately severe drought [Fig. 11(b)] would be re-
duced to a seven-year drought [Fig. 11(a)] for mean climate change
conditions. This severe drought would completely disappear for
climate change conditions at the higher end of their range, because
climate change would cause both precipitation and streamflow to
increase (Table 4).

Policy Alternative Scenario Analysis

The paper explores policies that water utilities can control, such as
price and system losses. We tested two policy alternatives and
examined their impact on the WMA water supply system. One
alternative was to study the impact of the system losses, which
is an important parameter in making planning-level estimates of
future water demand. System losses are calculated by taking the
difference between the amount of water produced by water suppli-
ers and the amount of water billed to customers (ICPRB 2010)

System losses ðSLÞ

¼ Total water produced − Total water billed to customers
Total water billed to customers

ð13Þ

Generally, system losses tend to increase as water infrastructure
ages. We assumed that this parameter was constant at 15% over the
entire simulation period. For the purpose of analysis, this parameter

was allowed to vary in order to assess its impact on water restric-
tions. Price was another policy parameter that we varied to examine
its impact on water availability. Price was one of the ways chosen to
regulate demand because an increase in water price leads to a de-
crease in water demand. Water use is inversely related to water
price (inferred from the parameter values provided in Table 4).
Water price, unlike system losses, is not assumed constant over
the simulation period. The water price for future years was pro-
jected on the basis of historical prices (DC Water 2015).

We simulated a total of 154 policy scenarios involving price and
system losses for which we considered 11 values for water price
that was increased by 100% in increments of 10% and 14 values

Fig. 10. System reliability under multiple climate change scenarios (T ¼ 1.25°C).

Table 4. System reliability under low, mean, and high climate change
scenarios

Climate
change
scenarios

Change in
temperature

(°C)

Change in
precipitation

(%)

Change in
streamflow

(%) Reliability

Low 1.5 −1 −2 0.78
Mean 1.25 4 2 0.85
High 1 8 6 1
No change 0.82
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Fig. 11. Water availability: (a) drought with climate change; and
(b) drought without climate change.
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for system losses that were reduced from 15 to 2% in increments
of 1%. Although, studies show that water losses increase over time
(Sturm et al. 2015), the paper assumes water utilities will invest
in capping system losses over time. Also, to examine whether the
policy variables could make a difference in water availability, a
moderately severe drought was imposed on the WMAwater supply
and demand system for the year 2025.

If there were no policy intervention (that is, no change to price
and system losses), the system would experience the imposition of
mandatory water use restrictions such as a ban on outside water use.
It was observed that few policy intervention scenarios were able to
reduce the severity of the restrictions. Fig. 12 shows that reducing
the system losses is a more effective policy alternative than increas-
ing the price. The left side of Fig. 12 shows combinations of system
losses and price with which the region would not experience man-
datory restrictions. Fig. 12 also shows that if the system losses were
capped at 11%, the region would not experience mandatory restric-
tions under a moderately severe drought in 2025. A mix of the two
policies could be adopted to achieve the same results. For instance,
if the system losses could not be reduced below 13%, a 50% or
greater increase in the base price would have the same effect on
restrictions.

Conclusions

The WMA water supply system complexity makes it difficult for
policy makers to assess the systemic and coalesced impact of
droughts, climate change, and management policies. An interactive
modeling approach that can involve multiple stakeholders and have
an easy user interface along with strong dynamic modeling capa-
bilities can be a useful approach for planners. The creation of
multiple policy, climate, and drought scenarios assists planners to
examine what-if scenarios as they look into the future. The accu-
racy of the scenarios is limited by their assumptions and therefore
should be used for exploration rather than prediction.

For planning purposes, the system dynamics–based exploration
presented in this study found that theWMAwould be self-sufficient
under normal conditions during the entire planning horizon but
would be strained under moderately severe droughts. Because three
out of four climate change scenarios for the Potomac River basin
indicate an increasing trend in streamflow and precipitation, cli-
mate change is expected to positively impact water supply system
reliability. But one of the four climate change scenarios projects
a decrease in precipitation and streamflow, in which case the reli-
ability would decrease. However, an increase in water resources

brought about by climate change would give respite for only a
few years. Our modeling scenarios indicate that under historical
drought conditions, the leverage from climate change will be
exhausted and the system may face water shortages within the plan-
ning horizon. Thus, planners should look for management strate-
gies to counter the effect of the growing water demand fueled by the
predicted 24% population growth in the WMA region. Regulating
price and system losses can be very valuable tools to leverage,
but these policy interventions require stakeholder participation
(price regulation) and capital investments (reduction of distribution
losses). Finally, system reliability can also be improved by increas-
ing supply. Management policies regarding increasing the supplies
have not been included in this study due to the uncertainty in the
volume and timeline of the new supply sources being explored.
These options can be explored in future studies.
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