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While urban areas are being threatened by water shortage due to climate change and

rapid population growth, effects of urban development patterns on future municipal water

shortage are rarely investigated. We address this aspect of urbanization by assessing

the impacts of sprawl vs. high-density patterns on future changes in the sub-annual

water shortage intensity-duration-frequency (IDF) relationships. The City of Fort Collins,

Colorado, water supply system is chosen as a representative region that is rapidly

developing over the last decades. The future water supply is estimated using the Soil and

Water Assessment Tool (SWAT) driven with a hot-dry climate model from the statistically

downscaled Coupled Model Intercomparison Project, phase 5 (CMIP5) projections.

Future water demand is projected using the Integrated Urban Water Model (IUWM)

under both sprawl and high-density development patterns. The demonstration study

reveals that urban areas under the sprawl development pattern are likely to experience

water shortage events with higher intensity, duration, and frequency compared to the

high-density pattern. Characterizing impacts of urban development patterns on future

water shortage conditions is required for sustainable water management and smart urban

growth and can help urban planners and water managers to develop an adaptive path

to meet future water demand and decrease the vulnerability of municipal water supply

systems to shortage.
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INTRODUCTION

Municipal water shortage is a crucial problem around the world due to the integrated impacts
of climate change and rapid urbanization (Mukherjee et al., 2018; Liang et al., 2020). Municipal
water shortage can be defined as the lack of sufficient water supply to meet demand in urban
areas (Foti et al., 2014; Zhao et al., 2019; Heidari et al., 2020a). Although water supply may
be significantly affected in the future by climate change as a result of varying precipitation and
increasing temperature (Heidari et al., 2020b, 2021b), water demand may increase over time due
to rapid urbanization (Liu et al., 2020). Rapid urbanization can intensify imbalance between water
supply and demand and lead to higher likelihood of water shortage conditions in developed areas in
the future (Foti et al., 2012; Brown et al., 2019). The issues of increasing water shortage conditions
and limited water resources may also restrict the farther urbanization (McDonald et al., 2011; Fan
et al., 2017).
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Rapid urbanization can be a consequence of either population
growth or urban development (Bhatta et al., 2010; Leyk et al.,
2020; Xu et al., 2020). Previous studies have mostly assessed the
impacts of climate change or population growth on municipal
water shortage (Foti et al., 2014; Rajsekhar et al., 2015; Hao et al.,
2018; Warziniack and Brown, 2019; Sanchez et al., 2020), while
the pattern of urban development itself can considerably affect
the regional hydrological cycles through changing the geology of
the river basins (e.g., slope, permeability, etc.) (McDonald et al.,
2011; McGrane, 2016; Mukherjee et al., 2018; Hemmati et al.,
2020; O’Donnell and Thorne, 2020). Well understanding of the
role of urban development patterns as one of the driving forces
of water shortage can provide a basis for decision-makers to
alleviate water shortage conditions in the future (Li et al., 2020).

Urban development can be defined as the interaction of
vertical growth (high-density) and horizontal growth (sprawl)
patterns (Yan et al., 2018; Zhang et al., 2018; Zambon et al.,
2019). Sprawl pattern refers to low-density urban areas with
segregated land uses and homogenous populations, whereas a
high-density pattern refers to urban areas with inhomogeneous
populations accompanied by small areas of open or green
space to accommodate large numbers of residential and
commercial buildings (Western Resource Advocates, 2003).
Urban development patterns are one of the main drivers of
rising municipal water demand (House-Peters, 2010; Bouziotas
et al., 2015). Sprawl development patterns can lead to increases
in per capita rates of outdoor water use while the high-density
development pattern can lead to lower outdoor water use
(Western Resource Advocates, 2003; Sanchez et al., 2020).

Despite broad research on water shortage at different spatial
and temporal scales, the importance of role of the urban
development patterns remains less understood and discussed
(Ioris, 2012; Chang et al., 2018; Li et al., 2020; Luo et al., 2020).
Most previous national-scale studies have mainly investigated
the distribution of water availability and water demand, and
the mismatch between them (McDonald et al., 2011; Foti et al.,
2012; Zhao et al., 2018; Brown et al., 2019; Warziniack and
Brown, 2019; Heidari et al., 2020b), while previous regional-
scale studies focused on urban development (Gober, 2010; Gober
and Kirkwood, 2010; Gober et al., 2010; McDonald et al., 2011;
Ren et al., 2018; Li et al., 2020) and highlighted the important
role of land use change on the future regional water availability.
McDonald et al. (2011) investigated how population growth
and climate change will affect water availability for cities in
developing countries and pointed out that effects of water
shortage can be attenuated through efficient use of landscape
resources (McDonald et al., 2011). Li et al. (2020) reported that
both the urbanization levels and type had considerable impacts
on water shortage. They conducted a research on the Beijing-
Tianjin-Hebei megaregion in China and found the positive
relation between human-induced water scarcity and landscape
urbanization meaning that the increase in the built area would
intensify water scarcity due to the increase in water consumed by
the constructed land (Li et al., 2020).

Additionally, numerous studies reported that urban
development can lead to urban heat island (UHI) effects in
which urban regions have higher air temperature compared to

the surrounding rural regions (Jenerette et al., 2007; Sodoudi
et al., 2014; Kaloustian and Diab, 2015; Huang et al., 2019).
Huang et al. (2019) reported that by 2050, urban land areas can
be expanded by 78%-171% across the world leading to warming
in air temperature of 0.5–0.7◦C, up to∼3◦C in some regions
(Huang et al., 2019). Previous studies reported that the physical
form and land cover of cities can highly influence the intensity
and pattern of the UHI (Gober et al., 2010). For example, people
who living at lower density urbans use irrigated landscapes to
lower daytime temperatures (Jenerette et al., 2007).

In the United States, the urban population has grown from
6 to 81% over the past 200 years (Leyk et al., 2020), and urban
areas have increasingly expanded (Wheeler, 2008; Barrington-
Leigh and Millard-Ball, 2015). The process of urban sprawl on
the west and southwest of the United States has been exacerbated
at tremendous rates (Hummel, 2020). While rapid urbanization
seems inevitable in the United States, understanding a sustainable
way to mitigate potential negative consequences on urban water
resources in the future is an important challenge (Butler et al.,
2017; Saraswat et al., 2017; Forrest et al., 2020; Heidari et al.,
2021a).

Although aforementioned studies described the impacts of
land use changes on water use (Gober, 2010; Gober et al.,
2010; Santikayasa et al., 2014; Shrestha et al., 2018), enhanced
characterizing the combined effects of population growth and
climate change on future water shortage characteristics under
different urban development pattern scenarios have been less
investigated. Understanding connections between water supply
and development patterns is vital to effectively manage and
plan for future urban water resources. In other words, the
importance of urban development patterns for future water
shortage has received less attention compared to climate change
and population growth as the main source of increasing the water
shortage scarcity (Hemmati et al., 2020). Rapid urbanization
compounded by climate change may pose significant pressures
onmunicipal water supply systems in the future (McDonald et al.,
2011; Brown et al., 2019; Heidari et al., 2020a). Understanding
the important role of urban development patterns on municipal
water resources in the future is required for smart urban
development and sustainable water management (Saraswat et al.,
2017; Bounoua et al., 2020; Forrest et al., 2020).

Improved understanding of the role of urban development
patterns on municipal water shortage not only helps decision-
makers to preserve municipal water supply resources by
decreasing water demand, but also can mitigate the negative
consequences of future water shortage events on water supply
systems (Butler et al., 2017). The main contribution of this
study is to focus on investigating the role of urban development
patterns particularly in changes in intensity, duration, and
frequency of future water shortage events by comparing sprawl
vs. high-density development patterns. Increasing water use
along with climate change may lead to more frequent imbalance
between municipal water demand and supply. In this case, the
impacts of urban development patterns on municipal water
shortage can be represented by changes in properties of water
shortage events, where a water shortage event is defined as
the condition in which the quantities of water demand exceeds
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the quantities of water supply (Foti et al., 2014; Brown et al.,
2019; Warziniack and Brown, 2019; Heidari et al., 2020a). This
study highlights the importance of urban development patterns,
i.e., sprawl vs. high-density, to future municipal water shortage
for the city of Fort Collins as a required task for sustainable
watermanagement and smart urban development. The objectives
are to: (1) assess how urban development patterns can affect
municipal water demand; (2) evaluate the combined impacts of
climate change, population growth and land use change on future
water shortage; and (3) investigate the role of urban development
patterns on future IDF properties of water shortage events.

The city of Fort Collins, Colorado was selected as a water
shortage-prone area (Heidari et al., 2020a) to provide an insight
into the importance of urban patterns on future water shortage.
The city is experiencing substantial population growth and urban
development in recent decades (Sharvelle et al., 2017; Forrest
et al., 2020; Heidari et al., 2020a). A statistical approach proposed
by Heidari et al. (2020a) was applied to assess the integrated
effects of shifts in water supply and water demand on intensity-
duration-frequency (IDF) relationships of water shortage events
under climate change and population growth. The probabilistic
approach uses amixture Gamma-GPD distributionmodel at sub-
annual scale that leads to improved assessment of water shortage
properties under considerable changes in both water supply and
water demand. In this study, the same probabilistic approach was
applied to compare future IDF characteristics under sprawl vs.
high-density development patterns.

MATERIALS AND METHODS

Based on the definition of water shortage events, climate change,
future water supply, and water demand projections are needed
for the estimation of future water shortage properties. The Soil
and Water Assessment Tool (SWAT) and the Integrated Urban
Water Model (IUWM) were respectively used to estimate future
water supply and water demand for the city of Fort Collins
under a hot-dry climate model from the statistically downscaled
Coupled Model Intercomparison Project, phase 5 (CMIP5)
projections. Then, a probabilistic approach was used under
sprawl and high-density patterns to assess the impacts of urban
development patterns on intensity, duration, and frequency of
water shortage events.

Study Region and Data
Fort Collins in northern Colorado is a growing small city
characterized by mostly low to medium density development
(AMEC Environment Infrastructure, 2014) was selected as
an appropriate case study to characterize the role of future
urban development patterns on municipal water shortage. The
population of Fort Collins has increased by 14 percent from 2010
to 2017 (Bureau, 2011), forcing urban planners to develop a plan
to support the growth.

The observed climate data were obtained from the Global
Historical Climatology Network (GHCN), the Colorado
Agricultural Meteorological Network (CoAgMet), and Northern
Colorado Water Conservancy District (NCWCD). Future
Climate changes were projected under the hot-dry climate

model (ipsl-cm5a-mr) with the representative concentration
pathway (RCP) 8.5 obtained from the CMIP5 dataset (U.S.
Bureau of Reclamation, 2013) which represents the worst-
case conditions in the future. The hot-dry climate model
represents the CMIP5 model with the highest increase in average
temperature and the highest decrease in average precipitation
from current to future conditions. The future climate data
including precipitation and temperature were statistically
downscaled for meteorological stations in the region using the
Quantile Mapping technique (Themeßl et al., 2012). Readers are
also referred to Heidari et al. (2020a) for the detailed descriptions
of future climate model selection. Supplementary Figures 1, 2
represent changes in the 30-year normal annual precipitation
and temperature, respectively.

Future Water Supply
The selected hot-dry climate model was used to estimate water
supply for the city of Fort Collins from 1986 to 2065. Horsetooth
Reservoir and the Cache la Poudre (CLP) river are the two main
water sources for the city of Fort Collins (AMEC Environment
Infrastructure, 2014). Water deliveries to the city of Fort Collins
are based on the annual quota set by Northern Water (AMEC
Environment Infrastructure, 2014). Here, we assumed that the
historical coefficients of water deliveries to the city of Fort Collins
will be maintained as current conditions.

Future water yield in the CLP river basin at the Mouth of
Canyon Station [National Water Information System (NWIS),
2019] was estimated using the Soil and Water Assessment Tool
(SWAT) model (Arnold et al., 1998) driven with the hot-dry
climate model. The SWATmodel is a hydrological model that has
been widely used to simulate streamflow in response to climate
change (Chien et al., 2013; Ficklin et al., 2013; Gassman et al.,
2014). Readers are referred to Havel et al. (2018) for the details
about the SWATmodel set up, calibration, and evaluation for the
CLP river basin.

Future Water Demand
The Integrated Urban Water Model (IUWM)was applied to
estimate future water demand for the city of Fort Collins. The
IUWM is a process-based water balance model that has been
used to project urban water demand (Sharvelle et al., 2017).
The model was calibrated and evaluated for the city of Fort
Collins by Sharvelle et al. (2017). The parameter estimates for
the current condition were the same as used for this research
the same as those determined in Sharvelle et al. (2017). The
IUWM model was driven with the hot-dry climate model
and the population growth scenario obtained from the U.S.
Census Bureau with an estimated population of 165,000 for
the middle of the century. Readers are referred to Sharvelle
et al. (2017) for the details about the IUWM model set up,
calibration, and evaluation for the city of Fort Collins. IUWM
estimates indoor water use based on number of households
and population and outdoor water use based on climate
date, evapotranspiration, and several behavioral characteristics
(e.g., landscape selection, percentage of evapotranspiration met,
accounting for precipitation events, and selection of irrigation
systems; Sharvelle et al., 2017). In the absence of adaptation
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actions, while the indoor water use was assumed to similarly
increase to 54 gallons per capita per day (gpcd) under both
sprawl and high-density development patterns, the outdoor
water use was assumed to increase to about 80 gpcd under
the high-density development pattern and 107 gpcd under the
sprawl development pattern by the middle of the century. The
calibrated value for plant factor applied in this study is 0.88
(Supplementary Table 1), consistent with Sharvelle et al. (2017)
and Neale et al. (2020). Current condition landscape in Fort
Collins, CO includes a mix of turf grass, drip irrigated landscape
areas, and some xeriscape. Future scenarios developed for this
study assumed behavior parameters (Supplementary Table 1)
do not change, and account for changes in land use, climate,
and population.

Housing density development has been identified as one of
the factors that influences water use in urban areas (Western
Resource Advocates, 2003). Thus, the future water demand for
the city of Fort Collins was estimated under two high-density and
sprawl development patterns using the IUWMmodel.

Table 1 provides changes in population and population
density (people per sq. mile) for the city of Fort Collins from 2010
to 2050. Population was estimated to increase by 165,000 under
both sprawl and high-density scenarios. This assumption helps to
consider only the effects of different urban development patterns
on IDF relationships of water shortage events in response to rapid
urbanization. Population density was assumed to increase over
time under high-density development by 4,263 (people per sq.
mile) while it was assumed to decrease by 2,762 (people per sq.
mile) under sprawl development.

Figures 1A,B represent shifts in developed area including
open, low, medium, and high intensities under the sprawl and
high-density development patterns respectively. Under current
conditions, it was assumed that there is 38.7 (sq. miles) developed
area for the city of Fort Collins including open (9.2 sq. miles), low
(18.3 sq. miles), medium (8.8 sq. miles), and high (2.4 sq. miles)
intensities (Supplementary Tables 2, 3). Under sprawl scenario,
total developed area will increase from 38.7 (sq. miles) to 59.7 (sq.
miles) by the middle of century with the highest growth in low
intensity area (14.3 sq. miles), and no change in high intensity
area. Open and medium intensity area were assumed to increase
by 4 (sq. miles), and 2.7 (sq. miles), respectively.

Under high-density development, total developed area was
assumed to remain constant; however, the proportion of intensity
will change with the highest decrease in low intensity area (−4.6
sq. miles), and no change in open area by the middle of century.
Medium and high intensity areas were assumed to increase by 3.7
sq. miles, and 0.9 sq. miles, respectively.

Water Shortage IDF Projection
The probabilistic approach developed by Heidari et al. (2020a)
was applied for the city of Fort Collins to evaluate the important
role of urban development patterns on municipal water shortage
induced by changes in future IDF characteristics of water
shortage events. A sub-annual water shortage event can be
defined as a succession of consecutivemonths with water demand
greater than water supply (Yevjevich, 1967; Heidari et al., 2020a).

TABLE 1 | Estimated population and population density of the city of Fort Collins.

Scenario Year Population Density

(people/sq.m)

Baseline 2010 130,000 3,358

Sprawl 2020 150,000 3,709

2030 158,000 3,576

2040 161,000 3,192

2050 165,000 2,762

High density 2020 150,000 3,875

2030 158,000 4,082

2040 161,000 4,159

2050 165,000 4,263

Water shortage events can be identified by duration,
magnitude, intensity, and frequency (Supplementary Figure 3)
(Yevjevich, 1967; Salas et al., 2005; Heidari et al., 2020a).
Duration is the number of consecutive months in which water
demand is greater than water supply. Magnitude is summation
of monthly water deficit over the duration period. Intensity is
the ratio of magnitude to duration and frequency is the number
of times that an event occurs over a specific period. Intensity,
duration and frequency (IDF) properties can be used for design
of municipal water supply systems (Salas et al., 2005; Hallack-
Alegria and Watkins, 2007; Ramazanipour et al., 2011; Wang
et al., 2011;Mann andGleick, 2015; Rajsekhar et al., 2015; Heidari
et al., 2020a).

Heidari et al. (2020a) showed that characterization of water
shortage IDF relationships can be improved by applying a
mixture Gamma-GPD distribution model at a sub-annual scale
(Supplementary Figure 4). The mixture probability models have
been widely used to simultaneously capture bulk and tail of
distribution (MacDonald et al., 2011; Stephens et al., 2018;
Ghanbari et al., 2019, 2020). Heidari et al. (2020a) proposed the
cumulative distribution function of mixture Gamma-GPDmodel
as below:

F (x|r, a, ξ ,β , u, φu) =

{

(1− φu)
G (x|r,a)
G (u|r,a) x < u

(1− φu) + φu g (x| ξ ,β , u) x ≥ u

(1)

where G (x|r, a) is the Gamma distribution function (Equation
2), g(x| ξ ,β , u) is the unconditional GPD function (Equation 3),
u is the threshold, and φu is the probability of x being above the
threshold (Behrens et al., 2004; MacDonald et al., 2011).

G (x; r, a) =
1

aΓ (r)
(
x

a
)
r−1

exp(−
x

a
) (2)

gu,ξ ,β (x) = Pr (X ≤ x|X > u) =







1−
(

1+ ξ x−u
β

)− 1
ξ

for ξ 6= 0

1− exp
(

− x−u
β

)

for ξ = 0

(3)
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FIGURE 1 | Estimation of population density (in sq. miles) for each developed area under high-density development. (A) Developed area (sq miles) sprawl scenario.

(B) Developed area (sq miles) high-density scenario.

Consequently, the joint probability distribution can be described
as follows:

P (I > I0 ∩ D > D0) = P (I > I0 | D > D0) . P (D > D0) (4)

where D0 and I0 are respectively given values of duration and
intensity. The term P (I > I0| D > D0) and P (D > D0)
can be obtained from Equation 1 using F (I > I0| D > D0) and
F (D > D0), respectively.

Moreover, return period and frequency amplification factor
can be respectively defined as Equations (5, 6):

TI>I0| D>D0 =
E (D > D0)

P (I > I0| D > D0)
∗

1

P (D > D0)

=
E (D > D0)

P (I > I0 ∩ D > D0)
(5)

Amplification Factor (AF) =
Pt (I > I0)

PC (I > I0)
(6)

where E (D > D0) is the expected interarrival time for a water
shortage event with D > D0, and PC (I > I0) and Pt (I > I0) are
the exceedance events probability with I > I0 for current and
future conditions, respectively. Amplification factor is applied
in this study to quantify changes in frequencies of water
shortage events from current to future periods under non-
stationary conditions.

Future assessment of municipal water shortage using the
proposed approach not only enhances understanding the effects
of future urban patterns on urban water demand, but also
provides an insight into how urban development patterns and to
what extent leads to changes in future water shortage properties
by considering sub-annual shifts in both water supply and
water demand conditions (Heidari et al., 2020a). Note that in
this study it was assumed the socioeconomic drivers of water
demand will be unchanged over time. Readers are referred to
Heidari et al. (2020a) for further explanation of water shortage
IDF characteristics.

RESULTS

While water supply decreases due to climate change, water
demand increases in the future by the growing population and
water use. Urban areas under sprawl patterns are likely to
have water shortage events with higher intensity, duration, and
frequency compared to the high-density pattern. The finding
highlights that the sprawl development plays an important role
in increasing vulnerability of cities to water shortage conditions.
The 1986–2015 and 2035–2065 periods were used to respectively
represent the current and mid-century conditions.

Future Water Supply and Demand
Assessment
We characterized the potential amount of available water supply
and water demand for the city of Fort Collins and did not account
for problems such as water deliveries or water conservation and
storage in the future. Figure 2A presents 12-month average of
projected monthly water supply and water demand for the City
of Fort Collins under both sprawl and high-density development
and the hot-dry climate model by the middle of the century.
Although water demand for the city of Fort Collins increases
over time due to population growth, sprawl development results
in higher total water demand compared to the high-density
development pattern. Sprawl development pattern can lead to
about 0.5 more million cubic meter in water demand by the
middle of the century compared to the high-density development
pattern. This would be due to rising in per capita water use for
keeping landscapes green and irrigation purposes.

Therefore, sprawl development leads to a higher gap between
water supply and water demand by the middle of the century.
By the middle of the century, sprawl development is likely
to approximately double monthly water deficits for the city
of Fort Collins, water supply system compared to the high-
density development pattern as it is shown in Figure 2B. Note
that outdoor landscape, irrigation behavior, and indoor water
use is assumed to stay constant in response to water shortage
conditions in this study so that water deficits here represent those
based on current behavior. Water deficits may be reduced via
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FIGURE 2 | (A) 12-month average of estimated water supply and water demand; and (B) 30-year average of monthly water deficit in million cubic meters (mcm)

under the hot-dry climate model.

water conservation and reuse strategies due to large potential
for these strategies to reduced demand for traditional supplies
(Sharvelle et al., 2017; Neale et al., 2020).

Figure 2B indicates that developing cities under the high-
density pattern can lead to saving a significant amount of
water demanded and decreases pressure on municipal water
supply systems in the future under climate changes and rapid
population growth by assuming that other influencing factors
remain constant.

Changes in Sub-annual Water Shortage
IDF Properties
Sub-annual water shortage events can be characterized by the
estimated monthly water deficit according to definitions and
the applied probabilistic framework (Heidari et al., 2020a).
While the expected interarrival time is forecasted to change
significantly from the current conditions (1986–2015) to future
conditions (2036–2035) under both sprawl and high-density
patterns, sprawl development can lead to higher decreases in
the expected interarrival than high-density development as it is
shown in Figure 3A.Water shortage events with longer durations
are more sensitive to urban development patterns than events
with a duration of less than a year. For water shortage events
with longer duration, urbanization under high-density pattern
can approximately double the expected interarrival time between
two water shortage events. However, events with short duration
of less than a year (D<12) would be less influenced by changing
urban development patterns. The results indicate that events with
short duration of less than a year can be less affected by the choice
of urban development patterns.

Figure 3B shows changes in frequency amplification factors
under sprawl and high-density development patterns with
various durations. Although the frequencies of sub-annual water
shortage events are estimated to increase as a result of climate
change and population growth, changes in their frequencies
are not the same under sprawl and high-density development
patterns. The results indicate that the frequency for the study
system was substantially higher for the sprawl development
pattern compared to the high-density development pattern.
Similar to results from the expected interarrival time, the

amplification factor of events with short duration of less than a
year is less affected by the urban development patterns while for
water shortage events with longer durations, sprawl pattern can
even double the frequency of water shortage events.

Changes in IDF curves of sub-annual water shortage events
were obtained using the developed approach by Heidari et al.
(2020a). Future IDF curves were generated with a duration
greater than 1, 6, 12, 24, and 36 months for the sprawl and
high-density development patterns respectively (Figures 4A,B).
The comparison of the IDF curves for the sprawl and high-
density development patterns highlights the importance of
the pattern of urban growth on increasing sub-annual water
shortage events.

The return period of events under sprawl development
(Figure 4A) is smaller than high-density development
(Figure 4B) consistently under all varying durations. For a
given return period, events with higher intensity and longer
duration were estimated under the sprawl pattern compared to
the high-density pattern for themiddle of the century. The results
indicate that urban development patterns can substantially affect
future IDF curves. IDF curves are widely applied for the design
of municipal water supply systems. Thus, the urban development
patterns can directly affect design of water supply systems in
the future.

Quantitative parameters were estimated to demonstrate
effects of urban development patterns on water shortage
properties (Table 2). The average magnitude, duration,
intensity, and maximum water deficit were calculated under
both sprawl and high-density development patterns. The
magnitude, duration, and intensity substantially increase
under the sprawl pattern with a higher rate in duration and
magnitude. These results highlight that the sprawl development
pattern can substantially affect future municipal water
shortage and play a key role in sustainable development and
water use.

DISCUSSION

Rapid urbanization can change the behavior of river basins
through changing their topology, geology, and hydrology and
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FIGURE 3 | (A) Expected interarrival time; and (B) Frequency amplification factor curves for water shortage events.

FIGURE 4 | Intensity-duration-frequency (IDF) curves for future conditions under (A) Sprawl patterns and (B) High-density pattern for duration (D) greater than 1, 6,

12, 24, and 36 months.

TABLE 2 | Impacts of urban development patterns (sprawl vs. high-density) on

water shortage properties.

Water shortage properties Sprawl High-density

Magnitude (mcm) 8.2 3.62

Duration (month) 9.38 5.4

Intensity (mcm/m) 0.53 0.45

Maximum water deficit (mcm) 1.04 0.87

have some significant negative consequences on air, energy, land,
and water noted in various studies (Wilson and Chakraborty,
2013). Urban development can alter the dynamic of water
supply and demand as the combination of changes in land
use and water consumption. The urban development pattern
can directly impact the municipal water demand and cause a
significant imbalance between water supply and water demand
in developing areas. Although climate change and population
growth are well-known as two major causes of water shortage

in urban areas, the results of this study in overall identified
that the urban sprawl development pattern, in particular,
is as a fundamental factor contributing to raising intensity,
duration, and frequency of water shortage events by growing
future water consumption. It should be noted that sprawl
development itself can also lead to increases in pollutant
emissions such as carbon monoxide over the long-term (Stone
et al., 2007; Zhang et al., 2020), and hence exacerbating
climate change.

However, it should be paid attention that decisions on

future land management is more complicated and should seek

to balance impacts of water use and environmental impacts

of urbanization. While urbanization under the high-density
development pattern can lead to decreasing water shortage
conditions in the future, it may have negative consequences
on other aspects of urban water cycle such as an increase
in stormwater due to more impervious areas. Thus, an
integrated water resources and land management strategy is
required to mitigate negative consequences on society, economy,
and environment. Besides, the importance of water shortage
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between sprawl and high-density development patterns may be
different so that shortage for the sprawl pattern may mean not
irrigating lawns while for the high-density pattern may mean
no showers.

The assumption for projection of water shortages for this
research was that behavior for indoor and outdoor water
use stay constant in future scenarios. It is important to
note that increased efficiency in water use has the potential
to decrease future water shortages. Sharvelle et al. (2017)
demonstrated demand reduction for traditional water sources
in the study city could be reduced by 7–45% through adoption
of water conservation and reuse strategies at a pragmatic
level (harvesting roof runoff : 7%; indoor conservation: 14%;
aggressive irrigation conservation: 45%). Notable demand
reduction could be achieved by selecting climate appropriate
landscape and use of efficient irrigation systems (Sharvelle
et al., 2017). The current landscape includes a large amount
of turf grass (plant factor = 0.88; Supplementary Table 1) and
notable decreases in projected outdoor water demand could
be achieved by selection of climate appropriate landscape. The
efficiency of irrigation systems assumed for this study was
71% (Supplementary Table 1), which also could be substantially
improved. It was not within the scope of this research to
investigate the role of water demand reduction strategies
on water shortages in future conditions, however future
research should address this. Water sensitive urban design can
incorporate climate appropriate landscape selection to reduce
water demand (Permana and Petchsasithon, 2020; Williams,
2020).

Furthermore, high density development typically results
in high impervious area, and increased stormwater runoff
with detrimental impacts for receiving water bodies and
combined sewer overflow events (Bouziotas et al., 2015).
Innovative stormwater management techniques such as low
impact development (LID), and green infrastructure (GI) can
reduce these negative impacts in high density development areas
(Seo et al., 2017b; Zhang et al., 2017). However, it should
be highlighted that LID/GI practices may not be of much
assistance in reducing peak runoff for extreme precipitation
events (Ahiablame et al., 2013; Seo et al., 2017a; Zhu et al., 2019)
that are likely to increase in the future (Ghanbari et al., 2021).

The results of this study are also subject to several sources
of uncertainty, including the choice and assumptions of the
climate model, SWAT hydrological model, IUWM model, and
probabilistic approach. Despite these uncertainties, comparisons
of changes in water shortage characteristics under sprawl and
high-density development patterns from the current to the future
conditions are more likely to be accurately estimated than are the
absolute amounts from which the differences are calculated.

This study aims to highlight the importance of urban
development patterns on future water shortage conditions rather
than policy implementation or planning strategies. Note that
we investigated only the role of urban development patterns
on municipal water shortage features and do not account
for problems with adequate water conservation, stormwater
management, water delivery, and water quality. The main
purpose of this study was to identify the role of urban

development patterns on municipal water shortage through
two urban development scenarios as a comparative study. A
comprehensive assessment of future water supply and demand
conditions in response to climate change is beyond the
scope of this study. Comprehensive planning regulation and
strategies for sustainable urban development in the future needs
an interdisciplinary collaborative work between hydrologist,
geologist, policymakers, economist, and social scientist.

CONCLUSIONS

As population and urban areas continue to grow, enhanced
urban planning and sustainable water resource management
become more crucial. This study aimed to draw attention to
the role of urban development patterns in future water shortage
conditions to provide insights for decision makers, water, and
land managers. Improved understanding of factors that reduce
future water shortage conditions can help local and regional
planners to identify policy solutions that result in more efficiency
of future water use. Overall, four important conclusions can be
made here:

1) The sprawl development pattern can result in more water
consumption due to higher quantities of water used for
outdoor activities such as landscape irrigation.

2) The sprawl development pattern can increase magnitude,
intensity, duration, and frequency of water shortage events
with higher impacts on magnitude and duration.

3) The high-density development pattern not only saves
municipal water supply by decreasing future water use but
also leads to decreasing impacts of water shortage events
on municipal water supply systems by decreasing intensity,
duration, and frequency compared to the sprawl development
pattern during the long duration of water shortage events.

4) Water shortage events with short duration of less than a year
are less sensitive to urban development patterns compared to
events with long duration of more than a year.

The decision on the future urban development pattern
can considerably affect the design and vulnerability of
municipal water supply systems due to the significant change
in the intensity, duration, and frequency of future water
shortage events. The findings of this study recommended that
modification to development densities can reduce vulnerability
to water shortage. However, decisions on future urban
development patterns must balance considerations of water
shortage events with possible negative impacts of urbanization
and include innovative strategies for stormwater management
to mitigate those impacts. Note that water conservation
practices can reduce water consumption and subsequently
water shortage conditions. Therefore, future policies should
be developed particularly for cities with the high-density
development pattern to ensure sustainable and sufficient water
use (Kaloustian and Diab, 2015). Future research should explore
the potential for water conservation and reuse to further reduce
water shortage events under both sprawl and high-density
development patterns.
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