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Abstract

In the United States of America, urban areas of the arid Southwest are prone to drought risk and changing precipitation pat-
terns; future water supplies are uncertain. A collaborative working group of researchers and practitioners developed alterna-
tive future scenarios for 2060—sustainable water futures—that incorporate standard and novel water-adaptation strategies
for the Phoenix metropolitan area (hereafter “Phoenix’) in central Arizona, USA. The authors adapted WaterSim-6, a water
policy and planning model, to explore differences in water demand and supply for three scenarios as influenced by (1) runoff
from the rivers that supply surface water to Phoenix, (2) population growth, (3) water use efficiency, (4) annual rainfall,
and (5) land-cover land-use changes. Centralized water-management strategies (direct and indirect potable water reuse
and reclaimed supplies) and decentralized strategies (rainwater harvesting and greywater use) were explored. We observed
decreased reliance on surface water supplies, offset by increased municipal groundwater pumping in the Strategic scenario,
but by alternative water supplies (non-potable water sources including greywater, reclaimed water, and rainwater harvested)
in the Desert Wetland and Almost Zero Waste (AZW) scenarios. Even under modest policy implementation and service-
connection adoption rates associated with our Strategic scenario, by 2060 alternative supplies from non-potable sources
could offset 30% or more of outdoor water demand. Aggressive policy implementations associated with the AZW scenario
suggest that up to 80% of outdoor water demand could likewise be met. The WaterSim platform combined with co-produced
future scenarios illuminates tradeoffs in support of decision making for long-term sustainability of a water-limited region.

Keywords Anticipatory - Adaptation - Alternative supplies - Strategic water use

Introduction

The future portends an increasing prevalence of water scar-
city in several regions globally (Vorosmarty et al. 2000),
including the United States (Groffman et al. 2014). Given
their generally greater wealth and concentration of politi-
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water scarcity (Vorosmarty et al. 2010), which may exac-
erbate stresses elsewhere. Nevertheless, cities still face the
threat of water scarcity under climate change, for which
they need to plan and implement sustainable solutions.
This is particularly true in arid and semi-arid regions,
which occupy nearly one third of the terrestrial land sur-
face and house a growing number of rapidly expanding
cities (McDonald et al. 2011).

Projected increases in the duration and severity of drought
in the United States desert Southwest (Cook et al. 2015),
punctuated by increased frequency of extreme precipitation
events (Luong et al. 2017), create complex water manage-
ment challenges for urban planning. In addition, uncertain
population growth and urbanization (e.g., Gammage 2016;
Gober et al. 2016), coupled with the current and projected
future climate challenges of arid cities of the Southwest
(Garfin et al. 2014), exacerbate the planning process. To
maintain and improve human well-being in the future, cities
must plan for and manage the changing interactions between
drought and extreme weather events, growth, their interac-
tions, and the uncertainty associated with them.

Cities must also consider alternative water policies and
adaptation measures that ensure future water security while
meeting current water demands. Planners need diverse
social, ecological, and technological approaches for future
water management, including decentralizing water manage-
ment policies, integrating green (water management that
protects, restores, or mimics the natural water cycle) and
gray (man-made systems designed to move urban stormwa-
ter away from the built environment) infrastructure, and pro-
moting land use with low water requirements, and techno-
logical innovations (Marlow et al. 2013; Gober et al. 2013;
Larson et al. 2016). However, transitions to more sustainable
forms of urban water management also require participatory,
future-oriented approaches “to explore and appraise alterna-
tive governance regimes and their impacts” (Withycomb-
Keeler et al. 2015).

Sustainable water management provides increased water
security by adopting policies that conserve water, utilize
alternative sources, or increase the efficiency of water use.
Sustainable urban water management relies on natural fea-
tures of the water cycle and diverse local water sources
(Marlow et al. 2013). Traditional urban stormwater systems
were designed to capture and divert rain and stormwater
from city centers to impoundments or natural drainage cor-
ridors as quickly and safely as possible. Conversely, more
sustainable water management objectives shift from simple
flood mitigation to effective use that may include enhanced
ecological integrity, urban amenities, and recreational value
(Thomas et al. 1997). To achieve these objectives, solutions
include disconnecting waterways from impervious surfaces,
harvesting and using rainwater or greywater (waste water
from baths, sinks, dish- and clothes-washing machines), and
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maintaining natural flow regimes while still reducing flood
risk (Mitchell 2006; Walsh et al. 2012).

Computer simulation models may be used to compare and
reveal the outcomes and tradeoffs associated with proposed
long-term water sustainability solutions. A water policy
and management model for the Phoenix metropolitan area
(hereafter “Phoenix”), termed WaterSim, was developed
to explore water policy and management options and the
impact of climate change on short- and long-term water sup-
ply (Quay 2010; Sampson et al. 2016, 2011; Gober et al.
2016). This numerical systems-dynamic model permits eval-
uation of various social and biophysical factors influencing
the urban water balance. For example, WaterSim-5 has been
used to explore the impacts of population growth, changes
in water-use efficiency, and future or novel policies on the
capacity of Phoenix to thrive under climate change (Samp-
son et al. 2016) and megadrought conditions (Gober et al.
2016). However, a key limitation of the WaterSim-5 model
was its inability to incorporate water conservation strategies
(e.g., rainwater harvesting or greywater use), higher spatial
resolution, or land-cover land-use (LCLU) change.

The objectives of this paper were to describe the structure
and function of the revised and updated model, WaterSim-6,
and then apply the model for three future scenarios with
varying water conservation strategies and markedly differ-
ent LCLU projections. We examined the potential impact
of five key variables, (1) variation in projected population
growth, (2) reduction in runoff for rivers that supply Phoe-
nix, as projected under IPPC RCP8.5 (Ballinger and Kunkel
2019), (3) variation in local rainfall, (4) embedded LCLU
change, and (5) new strategies for non-potable water use, to
compare and contrast urban water sustainability for the three
development scenarios.

Materials and methods
Study context

Phoenix, a large urban agglomeration in the Sonoran Desert
of Arizona, has a high risk of exposure to drought (UN
2016). Its population is ~4.5 million people and 1.6 million
households (https://statisticalatlas.com/metro-area/Arizo
na/Phoenix/Population), covering an area of ~23,000 km?.
Phoenix has 26 individual municipalities (cities and towns,
the largest being the City of Phoenix), most within Maricopa
County (a map may be found in Sampson et al. 2011), and
is bordered by Indian communities, state, and federal lands.

The water supply for Phoenix comes from surface water,
groundwater, and reclaimed water, and the relative mix of
these sources varies by municipality. Local surface water is
supplied from two watersheds with headwaters in the moun-
tainous regions of central Arizona whose rivers (Salt and
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Verde) converge northeast of the metropolitan area (here-
after referred to as the Salt River). Phoenix also imports
water from the seven-state area of the Colorado River Basin
via the Central Arizona Project Canal. The Salt River sup-
plies roughly 925 million m? annually, with an additional
annual input of 1.97 billion m? from the Colorado River.
Climate change is expected to reduce flows on the Colorado
River by ~ 11% compared to an average year (based on 112
climate projections; IPCC 2007). Reductions on the Salt
River due to climate change may be substantially greater
(Seshadri et al. 2014). The Colorado River provides surface
water to over 40 million people; it is already over-allocated
(US Bureau of Reclamation 2012; Dawadi and Ajmad 2012)
by as much as 1.357 billion m? annually and projected to be
over allocated by 3.947 billion m? by 2060 (US Bureau of
Reclamation 2012). Pumped groundwater, a third source, is
mixed with Salt River deliveries, comprising anywhere from
5 to 100% of a municipalities water supply portfolio (c.f.
Sampson et al. 2011). Municipality variation in groundwater
use is largely due to geography and water rights and thus
strongly depends on when the city or town was incorporated.
Reclaimed water typically represents only a fraction (<3%)
of the water-supply portfolio for Phoenix.

Several additional stressors will affect water in the
region. Climate change is projected to significantly
increase the intensity (high rainfall per hour) and fre-
quency of extreme precipitation events. Increasingly
extreme monsoon precipitation has been observed for
the Southwest in general (Petrie et al. 2014; Chang et al.
2015), and Phoenix in particular (Luong et al. 2017). By
2060 extreme precipitation events are likely to be even
more common. If increased urban development follows

historical trends, impermeable surface area will expand
and exacerbate urban flooding. Finally, population is
expected to increase by at least 1.1% annually (UN 2016),
with the increase in Maricopa County being as high as
2.0% annually (https://population.az.gov/sites/default/files
/documents/files/pop-prj-04013-2016-2050-SocioEconN
um-Final.pdf). There is little indication of a slow-down in
these high rates of population growth.

The Sustainable Future Scenarios project, through
a collaborative participatory process with community,
municipal, and academic stakeholders, has co-produced
and envisioned water futures for Phoenix out to the year
2060 (https://sustainablefutures.asu.edu; Iwaniec et al.
2020). In a co-development workshop setting, participants
identified distinct future visions and pathways (hereafter
“scenarios”), and explored outcomes, conflicts, and trade-
offs among interacting strategies for urban sustainability
and resilience (Iwaniec et al. 2014; Iwaniec and Wiek
2014). The process of envisioning diverse scenarios cre-
ated > 100 alternative configurations of water sustainabil-
ity policy and design; here we focus on 14 (Table 1) that
we were able to implement into the WaterSim-6 platform.

The WaterSim model has undergone 15 years of continual
development. Accordingly, multiple versions of the model
reflect various enhancements through time. Governing equa-
tions for the internal processes unique to each version, and
structural changes, may be found in successive publications:
for water utilities and their water rights and supplies please
refer to Sampson et al. (2011); for structural changes related
to modeling water demand please refer to Sampson et al.
(2016). Equations relevant to this contribution are refer-
enced, below, via the supplementary material.

Table 1 Water supply and
demand management policies

and water system management
strategies examined under three
future scenarios, and their
governance mechanisms

Policies and strategies modeled Governance
Supply management
Augmented water Centralized
Banked water Centralized
Direct potable water reuse Centralized
Effluent redistribution Centralized
Greywater use Decentralized
Indirect potable water reuse Centralized
Rainwater harvested Decentralized
Reclaimed water for direct outdoor use Centralized
Demand management
Density driven land-cover land-use change Centralized
Population growth projections Centralized
Water system leaks Decentralized
Water use efficiency: indoor and outdoor Centralized
Water system management
Timing and implementation rate of non-potable water use policies Centralized
Timing of implementation for alternate potable water supplies Centralized
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Scenario descriptions

For this study, we focused on three future scenarios for
Phoenix: (1) Strategic, a type of business-as-usual scenario,
(2) Desert Wetland (DW), addressing future flood resilience,
and (3) Almost Zero Waste (AZW), which addresses waste
reduction in all sectors. The three scenarios were selected
from a suite of seven Sustainable Future Scenarios (Iwan-
iec et al. 2020) because they emphasize and explore dis-
tinct, alternative pathways to meet water sustainability goals
through policy and design strategies. The Strategic scenario
was generated to reflect a plausible future for Phoenix based
on existing municipal planning goals and policies. Reflecting
what is likely to occur in the future, this scenario serves as
a baseline for comparison with other future scenarios. The
DW and AZW scenarios reflected shared future visions from
diverse stakeholders (detailed in Iwaniec et al. 2020). DW
enhanced multi-scalar hydrologic connectivity to support an
extensive green infrastructure network. AZW emphasized
aggressive strategies for water conservation, capture, reuse,
recycling, and large-scale centralized storage. Please refer
to S1 for details.

LCLU classification and trajectories

WaterSim-6 uses high-resolution LCLU data to estimate
water demand. To classify LCLU in each scenario, 30-m
resolution Landsat Thematic Mapper (TM) data were clas-
sified for the year 2015 using an object-based expert knowl-
edge system (Li et al. 2014), which generated a land-cover
map with an overall accuracy of 96% that accommodates the
Anderson classification system. The authors then used the
co-produced description of each future scenario to create
LCLU maps for year 2060 (S1).

Model development

The WaterSim-6 model framework comprises a suite of
models, modules, and linked languages that together create
a modeling platform. Like WaterSim-5, the model uses a
programmer’s interface to run applications that automate
the process of creating individual or multiple ensembles
of “what ifs” by modifying exogenous factors that affect
water supply and water demand, and/or the policy levers
(controls) that reflect various water-management policies

Fig.1 The WaterSim-6 water
policy and management model
for the Phoenix Metropolitan
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(Fig. 1). Here we describe the specific enhancements to
WaterSim-5 for this work.

WaterSim-6 includes new water demand estimates and
new supplies. From a published dataset for urban indoor
and total water use for a broad sweep of municipalities
across the United States (DeOreo et al., 2016), we created
equations to estimate indoor and outdoor water demand
(S2). We also added new water sources, including the har-
vesting and reuse of rainwater and greywater, in addition
to reclaimed water, to meet outdoor water demand. Imple-
mentation of novel policies such as these must overcome
several hurdles, including city codes and statutes, before
widespread adoption by a citizenry. In Arizona it is already
permissible to capture rainfall and to use greywater. Algo-
rithms were created to mimic the temporal dynamics (and
rates) for these new policies. A hierarchy in use was estab-
lished based on relative cost to secure (from least costly
to most costly): rainwater < greywater < reclaimed water
(S83). The three urban density classes in our LCLU data
(high, medium, and low urban density) translated here into
multi-family, single family, and peri-urban housing units,
respectively, for estimating residential water use (S2).

Simulations conducted

Simulations within WaterSim-6 start in the year 2000
using historical estimates of input drivers that run through
varying intervals of time, depending on the empirical data
available. However, by 2016 all simulations are projec-
tions. WaterSim uses historical estimates of river flows to
project future conditions. We selected a high-, median-,
and a low-flow trace (30-year segment from the historical
record) for each river system (S3). To be conservative, we
varied our estimates of rainfall from 70% of average to
110% of average in 10% intervals. Population projections
are inherently uncertain, so we varied population growth
from 80 to 120% of that projected by the Maricopa Asso-
ciation of Governments, in 10% intervals. And, although
water-use efficiency has been increasing by about 1% per
year (our default projection), we do not know if per capita
water use (liters per capita per day; LPCD) will decline
faster than current trends, so we varied LPCD from 70 to
100% of that projected, also in 10% intervals. Thus, each
of the three future scenarios of LCLU out to 2060 resulted
in 900 separate 60-year runs for a total of 54,000 records
(3*3*5 %5 *4). These data were analyzed using SAS
(2013).

All graphics were created using SigmaPlot® (version
10.0 Systat Software, Inc., San Jose California USA, www.
sigmaplot.com). Statistical significance was evaluated at
the 0.05 probability level.

Results

Simulated water demand, LCLU, population,
and per capita water use

For the Strategic scenario, simulated, total water demand
for residential, commercial, and industrial (i.e., municipal)
water users for Phoenix peaked at 1.18 billion m® year™' in
2024 before decreasing and nearly leveling off at 0.84 bil-
lion m? year™! by 2048 (Fig. 2a). The variance in total water
demand increased with time; one standard deviation of the
mean resulted in~0.4 billion m? year™! difference in demand
in 2060. The medium-density LCLU class accounted for the
dominant share of total water demand, decreasing 39% over
the simulation from 0.80 to 0.39 billion m® year~!. Regional
water demand increased over time for the low- and high-
density LCLU classes; by 2060 high-density water demand
had increased by 36% while low-density increased by 19%
(Fig. 2a). Regionally, our worst-case simulation set demon-
strated a 30% increase in water demand by 2060 (plausible)
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for the Strategic scenario. Error bars (and the area plot shaded back-
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@ Springer


http://www.sigmaplot.com
http://www.sigmaplot.com

1204

Sustainability Science (2020) 15:1199-1210

while the best case resulted in a 55% reduction in demand
(highly unlikely); the mean response suggests that water
demand for the region in 2060 would be 18% less than the
2015 estimate (for the Strategic scenario) while adding an
additional 3 million people to the region.

The proportional area for low-, medium-, and high-den-
sity LCLU classifications for the Strategic scenario varied
through time, with the regional mean value for medium-
density roughly three times that of the low- and high-density
classes (Fig. 2b). Medium-density LCLU decreased by 20%
by 2060 while high density increased by 123%. Low density
remained roughly unchanged.

Total projected population for the region (independent of
the scenario examined; all three used the same water pro-
vider-specific population growth) increased from a little over
4 million people in 2016 to 7.3 million by 2060 (Fig. 2c).
Uncertainty in population growth for the region resulted
in+ 1 million people in 2060. For the Strategic scenario,
population for the medium-density LCLU class increased
slightly (15%) through time, with roughly three times the
population of the low- or high-density LCLU classes in
2016. However, population for the high-density LCLU class
increased sharply, nearly tripling (260%) by the year 2060,
whereas population for the low-density class merely doubled
(Fig. 2¢).

Finally, the low-density LCLU class had significantly
greater per-capita water use than the medium-density class
up to about the year 2032, but low-density and medium-
density classes exhibited a decrease in per-capita water use
of 47% and 48%, respectively, by the year 2060 (Fig. 2d).
High-density LCLU exhibited roughly one-third the per-
capita water use of the low-density class, decreasing by 51%
over the same period.

Simulated water demand difference

Differences in water demand among the three municipal
LCLU classifications depended on the year and the scenario
examined (Fig. 3). We observed a 37% increase in water
demand for the DW scenario for the medium-density LCLU
classification (Fig. 3A) when compared to the Strategic sce-
nario, but water demand decreased for high-density classes
starting in 2016 and for low-density classes starting in 2032.
Because of the large decrease in water demand from low-
and high-density classes, overall municipal water demand in
the DW scenario decreased 10% over the simulation (com-
pared to the Strategic scenario). Water savings from high-
density development accounted for the greatest share (69%)
in the overall water-demand reduction for this scenario. Con-
versely, the AZW scenario had an inverse response in water
demand by density class, in which low- and high-density
LCLU classes increased their water demand relative to the
Strategic scenario (Fig. 3B) and the medium-density class
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exhibited a reduction in total water demand. In the AZW
scenario, water demand for low-density and high-density
combined approached 25% greater than the Strategic sce-
nario, whereas the medium-density class declined by ~ 15%
by 2060 (Fig. 3B). Accordingly, overall water demand
increased for the AZW scenario by ~ 10% when compared
to the Strategic scenario.

Simulated water supply

Water supply sources for the three scenarios exhibited
somewhat similar patterns over time (Fig. 4). We observed
decreased surface-water use as a proportion of total sup-
ply over time; the use of Colorado River surface water
to meet demand decreased from 39% of total water used
in 2016 to about 18% by 2060 (a 54% decrease) for the
Strategic scenario (Fig. 4a). About 40% of this reduction
can be attributed to climate change and drought resulting
in decreased riverine runoff, leading to decreased surface-
water supplies (data not shown). Allocations of Salt River
water decreased 41% between 2015 and 2060. Increased
groundwater pumping and the availability of alternate
water supplies helped to offset reductions in surface water
availability and reduced water deliveries. Specifically,
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for the Strategic scenario, demand met by groundwater
more than doubled (~ 12% of the supply in 2016 to 29%
in 2060) over the simulation; increased use of reclaimed
water (10%), greywater (8%), banked water (6%), and
water supplied by rainwater harvesting (3%) made up the
difference by 2060 (Fig. 4a).

The patterns in the water-supply portfolios for the DW
and AZW scenarios were similar to the Strategic scenario
but differed in magnitude for most of the supplies used. In
the DW scenario increased use of rainwater (4%) and grey-
water (5%)—and a 10-year earlier start to that use— and
reclaimed water (3%) by 2060 balanced out the 17% lower
surface-water use and ~28% lower groundwater use when
compared to the Strategic scenario (Fig. 4b). Over the same
period Salt River water deliveries decreased by 50%. The
DW scenario also had additional supplies from augmented
water (2%). In contrast, our AZW simulations used 28% less
surface water and 31% less groundwater in 2060 when com-
pared to the Strategic scenario (even with a 10% increase in
total demand). We saw a 60% reduction in deliveries in the
AZW scenario. In this scenario, substantially more rainwater
and greywater was used (100% of service connections by
2040), with non-potable water comprising almost 40% of
the total water portfolio by 2060 (Fig. 4c). Potable reverse
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Fig.5 Residential Indoor (a) and outdoor (b) personal water use for
the three land-cover land-use classifications used in this study. Error
bars denote two standard deviations of the mean

osmosis (RO) water accounted for an additional 5-6% for
this scenario.

Water use differentials for the Strategic and AZW scenar-
ios indicate divergent groundwater dependence and conver-
gent surface-water use. We saw a slight increase in ground-
water use by the Strategic scenario (1.5%) but decreased use
(6%) for AZW simulations for 2060 when compared to the
unconstrained scenarios. Our surface-water reliance proxy
suggests that the Strategic and AZW scenarios used about
18% and 41%, respectively, less surface water by 2060 than
the constrained simulations (data not shown). This differ-
ence amounted to about 4% and 9%, respectively, of the total
supplies used.

Residential water use

Residential indoor and outdoor personal water use decreased
over time in all three scenarios (exemplified by Strategic in
Fig. 5). Indoor water use decreased to~50% of 2015 per cap-
ita use by 2060 in all scenarios (Fig. 5a), whereas outdoor
water use differed among classes. The peri-urban LCLU
class used 50-150 L cap™' day~! more than the medium-
density class (Fig. 5b) and, more strikingly, the high-density
class used five times less outdoor water at the start of the
simulation than the low-density class. However, differences
in outdoor water use among LCLU classes were reduced
by 2060.

Non-potable outdoor water use
For the Strategic scenario, non-potable water use met

roughly 45% of total outdoor water demands for the region
starting after 2040 (Fig. 6a). The error reported represents
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Fig.6 Non-potable water supplies used to meet outdoor water
demands for the Strategic (a), Desert Wetland (b), and the
Almost Zero Waste (c¢) scenarios simulated in this study. Data repre-
sent the percent of outdoor water used by non-potable sources (solid
line, solid triangle) for each source; greywater used (dashed line),
rainwater harvested (dotted line with the associated 5 and 90 per-
cent confidence interval), and reclaimed water (dash-dot line) from a
water treatment plant. Error bars denote two standard deviations of
the mean

the combined uncertainty associated with rainfall and future
water demand, given uncertainties in population growth
and per-capita water use over time. Use of greywater and
reclaimed water was roughly equivalent after 2036, meet-
ing about 20% each of total outdoor water demand; rain-
water harvested added an additional 5% (after 2042). Plau-
sible changes in inter-annual variation in rainfall over the
simulation, and in potential changes in rainfall received,
amounted ~2.5-10% of outdoor water demands being met
by rainwater harvest (Fig. 6a).

Non-potable water supplies for the DW and AZR sce-
narios met, on average, about 65% and 85%, respectively, of
all outdoor water demands after 2036 (Fig. 6b, c); rainfall
itself was highly variable (Fig. 6d). For the DW scenario,
greywater and reclaimed water use were roughly identi-
cal but accounted for ~28% each of the non-potable water
used to meet outdoor water demand (Fig. 6b). Water sup-
plied by rainwater harvest averaged ~ 10% at the outset but
reached 25% of water use. Of the three scenarios, AZW
had the greatest use of non-potable water, largely grey-
water (Fig. 6¢). In this scenario, greywater was projected
to meet>70% of total non-potable outdoor water used
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(Fig. 6¢). Rainwater harvested in the AZW scenario was
somewhat similar to DW. Reclaimed water used directly for
outdoor irrigation was not important as a non-potable water
source in the AZW scenario. Our estimates of annual rainfall
reached or exceeded 600 mm on a few occasions but were
usually < 150 mm, with an overall average of 155 mm year™!
(Fig. 6d).

Discussion

Existential threats to water systems (i.e., intensifying floods,
drought, loss of snowpack, reductions in river baseflow) in
an uncertain future cannot be resolved through business-as-
usual policies (Gober 2018). Phoenix, like other aridland
cities, will experience challenges in the future that will strain
existing management, engineering, and governance systems
(Gober and Kirkwood 2010) and require difficult decisions
reconciling water availability and tradeoffs in water use
(Gammage et al. 2011). WaterSim-6 allows exploration of
such tradeoffs and the policies needed to meet upcoming
water-security challenges for the region and, when coupled
with future LCLU scenarios, can be used to compare alterna-
tive, density-related development pathways.

Our simulations demonstrated that exercising decen-
tralized control over potential, available, and alternative
sources of water to meet outdoor water demands holds
promise (Fig. 6). However, non-potable sources offer dis-
tinctly different contributions towards meeting outdoor water
demands. Rainwater, while freely available, is inconsistent in
the desert Southwest. Moreover, rainwater harvesting would
likely have little impact on irrigation demands for the com-
mon water-intensive outdoor landscapes (c.f. Larson et al.
2013), but may be sufficient to sustain xeric, low-water-use
landscapes. While rainwater harvesting guidelines, rebates,
and free workshops exist, rainwater harvesting in Phoenix
remains unconventional and is not yet widely adopted.

Greywater would provide a consistent, reliable source
for outdoor irrigation, but there are tradeoffs and finan-
cial costs (Oron et al. 2014). Arizona has regulations for
the implementation of decentralized greywater systems,
but their use for outdoor irrigation is also rare. To man-
age residential greywater, existing houses could be retrofit-
ted to use greywater and new construction could be fitted
with “purple pipes” for centralized control by a water util-
ity. For example, following a prolonged drought, Australia
implemented “fit-for-purpose” recycled water using third-
pipe reticulation systems for new housing developments in
many of their larger cities (Radcliffe 2015). After the rains
returned, decentralized systems for non-drinking purposes
were encouraged in Sydney and elsewhere. Water utilities
have valid concerns regarding widespread use of decentral-
ized system. Reducing the liquid fraction of a wastewater
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system would reduce gravity-controlled movement of solids
to the wastewater treatment plants. Yet, as the prospect of
prolonged drought lingers here in the Southwest, alternative
water sources will receive increasing attention.

Sustainable water futures

The SFS project scenarios examined here represent three
potential pathways to anticipate (cf., Quay 2015) and adapt
to future challenges in water supply and demand. The sce-
narios integrate sustainable water strategies to address
urban growth and climate change, including future extreme
drought and flooding events. A sustainable Phoenix will
almost certainly include both old and new strategies for the
management of water demand and supply. Of course, the
specific strategies employed (Gober et al. 2016), and when
and to what extent they would be implemented in each com-
munity, will depend on water-system triggers (i.e., shortage
sharing elevation tiers on Lake Mead, balancing releases
on Lake Powell, etc.) short- and longer-term meteorological
events, as well as societal changes, such as economic growth
(or decline) and improved (or reduced) community resilience
to drought and a changing climate.

Our simulations suggest that future reductions in surface-
water supplies resulting from climate change can likely be
mitigated through planned water adaptation strategies. How-
ever, effective mitigation will likely depend on incorporating
decentralized alternative water supplies, and making strate-
gic decisions about future development and LCLU change,
and increasing public acceptance and, thus, adoption of
water-adaptation policies. The trajectory of regional water
demand out to 2060 will depend not only on future land-
use change and population growth, but also on residents’
willingness to live in higher-density buildings and improve
water-use efficiencies (Fig. 2).

Our simulation results demonstrate two strategic insights.
First, patterns of development and thus changes in outdoor
water use over time will have significant impacts on future
water demand for Phoenix. For example, the Strategic
scenario projected a significant decrease in water demand
largely as a result of a reduction in the regional extent of
medium-density development coupled with a significant
decrease in per-capita water use in the medium-density
class, even as population increased (Fig. 2a, d). In concert,
significant reductions in low-density per-capita water use
bolstered total demand reductions. At the same time, water
demand for the high-density class increased 36% by 2060.
This increase was associated with both an increase in the
proportion of high-density development for the region and
an increase in population amounting to over one million new
service connections by the year 2060 (Fig. 2a—c). The overall
reduction in future water demand can be explained to a large
extent by a reduction in outdoor water use over time (Fig. 5).

Outdoor water use depends, to a great extent, on irrigable
area, which is dependent on housing density (Chang et al.
2017), vegetation type, ambient temperatures, and pre-
cipitation amounts (Ouyang et al. 2014; Kiefer et al. 2013;
Polebitski and Palmer 2010; Balling et al. 2008). Thus,
increasing the density of development will likely decrease
per-capita outdoor water use. Likewise, income is often a
significant factor when analyzing outdoor water use (Chang
et al. 2017; Larson et al. 2010); our outdoor water-use esti-
mates are spatially explicit and based, in part, on median
income of a community but also on people per household
and actual evapotranspiration (S2). Outdoor water use rep-
resents at least 40% and as much as 65% of total residential
water use (DeOreo et al. 2016; Mini et al. 2014); simulated
estimates presented here suggest that the outdoor water
demand in high-density development is a quarter or less that
of the medium- and low-density classes.

Conversely, our DW and AZW scenarios had markedly
different trajectories in projected water demand and use. For
the DW scenario, increased water demand in the medium-
density LCLU class was offset by decreased regional devel-
opment in the low- and high-density classes (insert; Fig. 3A).
The 10% reduction in total water demand in this scenario can
largely be attributed to water savings brought about by the
reduction in peri-urban and high-density housing and, thus,
reduced overall outdoor water demand (Fig. 5b. Conversely,
for the AZW scenario, the 10% increase in water demand
can be explained by increased population movement into
low-density development compared to the Strategic scenario
(insert; Fig. 3B.b), and thus increased indoor and total out-
door water demand for the region (Fig. 5a, b).

Second, enhanced water supplies from non-potable
sources have significant impacts on local and regional water
budgets. Namely, simulations demonstrated that as surface-
water supplies were curtailed as a result of climate change-
driven reductions in runoff, municipal groundwater pump-
ing increased in the Strategic scenario (Fig. 4a). Of course,
these simulations assumed that only 30% of the existing and
new population growth implemented rainwater harvesting
and greywater use. With 60—80% or more adoption of these
policies and earlier implementation, groundwater pumping
in 2060 could be similar to, or even less than, the volumes
currently pumped (Fig. 4b, c). Maintaining groundwater
pumping at 2015 levels could be achieved, then, by continu-
ing to increase current water-use efficiency and use of non-
potable water to meet outdoor water demands, thus meeting
safe-yield (the balance between the amount of groundwater
pumped and the amount of water naturally and/or artificially
recharged) goals for the region (ADWR 2011).

Our simulations highlight that when reductions in sur-
face-water deliveries are realized as a result of reduced
flows on any or all of the two main rivers that supply
Phoenix, alternative water sources—rainwater harvesting,
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greywater—would gap-fill the curtailment of deliveries from
the Colorado and Salt Rivers. Runoff from the three princi-
pal rivers is expected to decline throughout the century as
a result of climate change with projections for reductions
in flow up to 37%, but the uncertainty in these estimates is
high: a 10% increase or a 60% decrease by 2100 relative to
historical flows could be possible (Cayan et al. 2010; Raja-
gopal et al. 2014).

If the current patterns in regional development persist,
that is, increasing density remains a valued objective for
Phoenix communities and population growth proceeds as
projected, our Strategic scenario (baseline) simulations
suggest that overall water demand could diminish 27% by
2060 after peaking around 2025 (Fig. 2a). Historical data
for the State of Arizona demonstrate that, while population
has more than doubled, overall water use up to the present
has remained stable since 1980 (ADWR 2016). Much of
this response has been from the adoption of water-efficient
fixtures and appliances and more efficient outdoor water
systems in new housing construction, as well as increased
housing density and a shift to more xeric landscapes over
time. The “Sun Corridor” of Arizona, an interstate-driven
development corridor that stretches from roughly Prescott
to Tucson, could likely accommodate several million new
residents without additional water supplies, assuming dif-
ficult decisions regarding the balance between water use and
lifestyle are made (Gammage et al. 2011; Gammage 2016).
Housing will likely continue to become denser as less land
is available for development, communities build out (maxi-
mum development as permitted by a plan or regulations)
completely, and cultural values regarding housing and life-
style choices shift. Of course, we do not know which new
policies will be broadly accepted over time.

Conclusion

The SFS process to develop participatory scenario path-
ways, combined with the upgraded WaterSim-6 model, is
a valuable approach for exploring alternative water futures.
The Phoenix scenarios integrate the knowledge, values, and
visions of diverse stakeholders to examine a rich array of
strategies-some known and others imagined (Iwaniec et al.
2020). Here we have focused on strategies and visions as
assessed with the WaterSim model to identify potential
impacts and tradeoffs. These model outcomes are then
available for re-evaluation in a follow-up participatory set-
ting, where we would expect to build capacity for future
thinking, create buy-in and shared understanding of effective
solutions, and support the implementation of sustainabil-
ity strategies. Models that consider the socio-hydrological
interactions among physical, technical, and socioeconomic
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factors provide and support adequate decision making pro-
cesses (Gober et al. 2014).

Although we cannot predict with any certainty the future
water demand and supplies for Phoenix, we can presume
that to sustain Phoenix in a changing climate, both exist-
ing and new strategies for water demand and water supply
management will be needed. The specific strategies that
ultimately will be employed will likely depend on meteoro-
logical events but also socio-political change. Resilience to
drought and other aspects of climate change in Phoenix, and
communities’ willingness to adopt new policies and strate-
gies, will also affect water-use transitions. Uncertainty in
future population growth, LCLU change, increases in the
efficiency of water use, and the climate system will influence
the timing and adoption of policies needed to meet the water
demand needs of Phoenix in the year 2060.

Assumptions accompany all modeling exercises. While
inherent assumptions of the WaterSim model may be found
in the referenced publications, those salient to this effort
include the following: (1) indoor and outdoor water demand
estimates are representative of future household water use,
(2) homeowners would be both financially capable of pur-
chasing water storage tanks and would have the requisite
space on their property for installation, (3) retrofit imple-
mentation of decentralized greywater systems are financially
viable, and (4) historical flows on the rivers can be used
to represent potential, future flows. We recognize that the
8.5 Representative Concentration Pathway is no longer con-
sidered feasible (Hausfather and Peters 2020); this research
was initiated, and finalized, several years before this new
paradigm emerged. And, although we also recognize that
stationary is “dead” (Milly et al. 2008), our assumed high
and low flow 30-year trace periods from the historical record
likely bound potential, future, flow conditions.

Two salient findings emerged from this study. First,
urban development over time will have significant impacts
on future water demand for Phoenix. Although population
growth is expected to continue unabated, water demand will
decrease because of a reduction in the regional extent of
medium-density development coupled with a significant
decrease in per-capita water use in medium-density hous-
ing. Nearly 3 million new residents by 2060, primarily
housed in high-density areas, will increase water demand
yet simulations suggest a 27% net decrease in overall water
demand attributed to outdoor water savings. Second, alter-
native water supplies from non-potable sources could meet
a significant portion of outdoor water demand, depending
on early and impactful adoption of policies, such as rain-
water harvesting and greywater use for outdoor irrigation.
These alternative supplies could, to a large extent, help off-
set climate-attributed reductions in surface-water supply to
Phoenix.



Sustainability Science (2020) 15:1199-1210

1209

Acknowledgements Funding from National Science Foundation
cooperative agreement #SES-09513666 (Decision Center for a Desert
City) and Grant #DEB-1832016 (Central Arizona—Phoenix LTER) is
acknowledged. MJD, NBG, and DMI were supported in part by NSF
Cooperative Agreement #SES-1444755 (UREx SRN) and EMC by
CONICYT-FONDECYT 3150290 (Chile) during the analysis and writ-
ing of the manuscript. We are grateful to the many participants in the
SES, including city, county, state, and non-governmental organizations,
who co-developed the scenarios over a period of two years. We also
thank insightful comments from anonymous reviewers.

References

Arizona Dept. of Water Resources (2011) Phoenix AMA assessment
summary sheet https://www.azwatergov/AzDWR/WaterManag
ement/Assessments/documents/Phx AMA_AssessmentSumma
rySheet.pdf. Accessed 17 June 2019.

Arizona Dept. of Water Resources (2016) Phoenix AMA: AZWater-
ManagementSuccess_ 2015.jpg. Accessed 3 May 2019.

Ballinger A, Kunkel K (2019) Scenarios of climate extremes: Phoenix
AZ urban resilience to extreme events (internal report)

Balling RC, Gober P, Jones N (2008) Sensitivity of residential water
consumption to variations in climate: an intraurban analysis of
Phoenix Arizona. Water Resour Res 44:W10401. https://doi.
org/10.1029/2007WR006722

Cayan DR, Das T, Pierce DW, Barnett TP, Tyree M, Gershunov A
(2010) PNAS 107:21271-21276

Chang H-1, Castro CL, Carrillo CM, Dominguez F (2015) The more
extreme nature of US warm season climate in the recent obser-
vational record and two ‘‘well-performing’’ dynamically down-
scaled CMIP3 models. J Geophys Res Atmos 120:8244-8263.
https://doi.org/10.1002/2015JD023333

Chang H, Bonnette MR, Stoker P, Crow-Miller B, Wentz E (2017)
Determinants of single family residential water use across scales
in four western US cities. Sci Total Environ 596-597:451-464

Cook BI, Ault TR, Smerdon JE (2015) Unprecedented 21st century
drought risk in the American Southwest and Central Plains. Sci
Ady. https://doi.org/10.1126/sciadv1400082

Dawadi S, Ajmad S (2012) Changing climatic conditions in the Colo-
rado River Basin: implications for water resources management.
J Hydrol 430-431:127-141

DeOreo WB, Mayer P, Dziegielewski B, Kiefer J (2016) Residential
end uses of water version 2 water research foundation PDF report
#4309b. pp 363.

Gammage G Jr (2016) The future of the Suburban City lessons from
Sustaining Phoenix. Island Press, Washington, p 191

Gammage G Jr, Clark—Johnson S, Daugherty D, Hart W, Stigler M
(2011) Watering the sun Corridor: Managing choices in Arizona’s
Megapolitan Area. Morrison Institute for Public Policy Arizona
State University Tempe AZ USA, pp 38.

Garfin G, Franco G, Blanco H, Comrie A, Gonzalez P, Piechota T,
Smyth R, Waskom R (2014) Southwest. In: Melillo JM, Rich-
mond TC, Yohe GW (eds) Climate change impacts in the United
States: the Third National Climate Assessment US Global Change
Research Program

Gober P (2018) Building resilience for uncertain water futures. Pal-
grave Macmillan, New York, p 213

Gober P, Kirkwood CW (2010) Vulnerability assessment of climate—
induced water shortage in Phoenix. Proc Natl Acad Sci USA
107:21295-21299

Gober P, Larson KL, Quay R, Polsky C, Chang H, Shandas V (2013)
Why land planners and water managers don’t talk to one another
and why they should! Soci Nat Resour 26:356-364

Gober P, White DD, Quay R, Sampson DA, Kirkwood CW (2014)
Socio-hydrology modelling for an uncertain future, with examples
from the USA and Canada. In: model fusion: integrating environ-
mental models to solve real world problems. Geological Society
of London, Special Publications Series.

Gober P, Sampson DA, Quay R, White D, Chow WTL (2016) Urban
adaptation to mega-drought: anticipatory water modeling policy
and planning for the urban Southwest. Sustain Cities Soc 27:497—
504. https://doi.org/10.1016/jscs201605001

Groffman PM, Kareiva P, Carter S, Grimm NB, Lawler J, Mack M,
Matzek V, Tallis H (2014) Ecosystems biodiversity and ecosystem
services. In: Melillo JM, Richmond TC, Yohe GW (Eds) Climate
change impacts in the United States: the Third National Climate
Assessment US Global Change Research Program

Hausfather Z, Peters GP (2020) Emissions—the ‘business as usual’
story is misleading. Nature 577:618-620

Intergovernmental Panel on Climate Change (2007) Climate change
2007: synthesis report contribution of working groups I, IT and III
to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change ISBN 92-9169-122-4 https://www.ipccch/
publications_and_data/publications_ipcc_fourth_assessment
_report_synt-hesis_reporthtm. Accessed Oct 2018.

Iwaniec DM, Cook E, Davidson M, Berbes-Blazquez M, Georgescu
M, Krayenhoff S, Middel A, Sampson D, Grimm N (2020) The
co-production of sustainable future scenarios. Landscape Urban
Plan. https://doi.org/10.1016/j.landurbplan.2020.103744

Iwaniec DM, Wiek A (2014) Advancing sustainability visioning prac-
tice in planning—the general plan update in Phoenix Arizona.
J Plann Practice Res 29:543-568. https://doi.org/10.1080/02697
4592014977004

Iwaniec DM, Childers DL, Vanlehn K, Wiek A (2014) Studying teach-
ing and applying sustainability visions using systems modeling.
Sustainability 6:4452-4469. https://doi.org/10.3390/su6074452

Kiefer JC, Clayton JM, Dziegielewski B, Henderson J (2013) Analysis
of changes in water use under regional climate change scenarios.
Water Research Foundation Denver CO USA, pp 51.

Larson KL, Cook EM, Strawhacker C, Hall SJ (2010) The influence of
diverse values ecological structure and geographic context on resi-
dents’ multifaceted landscaping decisions. Hum Ecol 38:747-761.
https://doi.org/10.1007/s10745-010-9359-6

Larson KL, Polsky C, Gober P, Chang H, Shandas V (2013) Vulner-
ability of water systems to the effects of climate change and urban-
ization: a comparison of Phoenix Arizona and Portland Oregon
(USA). Environ Manage 52:179-195. https://doi.org/10.1007/
$00267-013-0072-2

Larson KL, Stotts R, Wutich A, Brewis A, White D (2016) Cross-cul-
tural perceptions of water risks and solutions across select sites.
Soc Nat Resour 29:1049-1064

Li X, Myint S, Zhang Y, Galletti C, Zhang X, Turner B (2014) Object-
based land-cover classification for metropolitan Phoenix Ari-
zona using aerial photography. Int J Appl Earth Observ Geoinf
33:321-330

Luong TM, Castro CL, Chang H-I, Lahmers T, Adams DK, Ochoa-
Moya CA (2017) The more extreme nature of North America
monsoon precipitation in the southwestern United States as
revealed by a historical climatology of simulated severe weather
events. J] Appl Meteorol Climatol 56:2509-2530

Marlow DR, Moglia M, Cook S, Beale DJ (2013) Towards sustain-
able urban water management: a critical reassessment. Water Res
47:7150-7161

McDonald RI, Douglas I, Revenga C, Hale R, Grimm N, Gronwall J,
Fekete B (2011) Global urban growth and the geography of water
availability quality and delivery. Ambio 40:437-446

Milly P, Betancourt J, Falkenmark M, Hirsch RM, Kundzewicz ZW,
Lettenmaier DP, Stouffer RJ (2008) Climate change: stationary is
dead: whither water management? Science 319:573-574

@ Springer


http://www.azwatergov/AzDWR/WaterManagement/Assessments/documents/PhxAMA_AssessmentSummarySheet.pdf
http://www.azwatergov/AzDWR/WaterManagement/Assessments/documents/PhxAMA_AssessmentSummarySheet.pdf
http://www.azwatergov/AzDWR/WaterManagement/Assessments/documents/PhxAMA_AssessmentSummarySheet.pdf
https://doi.org/10.1029/2007WR006722
https://doi.org/10.1029/2007WR006722
https://doi.org/10.1002/2015JD023333
https://doi.org/10.1126/sciadv1400082
https://doi.org/10.1016/jscs201605001
http://www.ipccch/publications_and_data/publications_ipcc_fourth_assessment_report_synt-hesis_reporthtm
http://www.ipccch/publications_and_data/publications_ipcc_fourth_assessment_report_synt-hesis_reporthtm
http://www.ipccch/publications_and_data/publications_ipcc_fourth_assessment_report_synt-hesis_reporthtm
https://doi.org/10.1016/j.landurbplan.2020.103744
https://doi.org/10.1080/026974592014977004
https://doi.org/10.1080/026974592014977004
https://doi.org/10.3390/su6074452
https://doi.org/10.1007/s10745-010-9359-6
https://doi.org/10.1007/s00267-013-0072-2
https://doi.org/10.1007/s00267-013-0072-2

1210

Sustainability Science (2020) 15:1199-1210

Mini C, Hogue TS, Pincetl S (2014) Estimation of residential out-
door water use in Los Angeles, California. Landsc Urban Plan
127:124-135

Mitchell VG (2006) Applying integrated urban water management
concepts: a review of Australian experience. Environ Manage
37:589-605

Oron G, Adel M, Agmon V, Friendler E, Halperin R, Leshem E, Wein-
berg D (2014) Greywater use in Israel and worldwide: standards
and prospects. Water Res 58:92-101

Ouyang Y, Wentz EA, Ruddell BL, Harlan SL (2014) A multi-scale
analysis of single-family residential water use in the Phoenix met-
ropolitan area. ] Am Water Resour Assoc 50:448-467

Petrie M, Collins S, Gutzler D, Moore D (2014) Regional trends and
local variability in monsoon precipitation in the northern Chi-
huahuan Desert USA. J Arid Environ 103:63-70. https://doi.
org/10.1016/jjaridenv201401005

Polebitski AS, Palmer RN (2010) Seasonal residential water demand
forecasting for census tracts. J] Water Resour Plan Manage. https
://doi.org/10.1061/(ASCE)WR1943-54520000003

Quay R (2010) Anticipatory governance—a tool for climate change
adaptation. J Am Plan Assoc 76:496-511

Quay R (2015) Planning for demand uncertainty in integrated water
resource planning. ] Am Water Works Assoc 107:32—41. https://
doi.org/10.5942/jawwa20151070030

Radcliffe J (2015) Water recycling in Australia—during and after the
drought. Environ Sci Water Res Technol 1:554-562

Rajagopal S, Dominguez F, Gupta HV, Troch PA, Castro CL (2014)
Physical mechanisms related to climate-induced drying of two
semiarid watersheds in the Southeastern United States. J] Hydro-
meteorology 15:1404-1418

Sampson DA, Quay R, White DD (2016) Anticipatory modeling for
water supply sustainability in Phoenix Arizona. Environ Sci Pol-
icy 55:36—46. https://doi.org/10.1016/j/envsci201508014

Sampson DA, Escobar V, Tschudi MK, Lant T, Gober P (2011) A
provider-based water planning and management model—Water-
Sim 4 0—for the Phoenix Metropolitan Area. J Environ Manage
92:2596-2610

@ Springer

SAS (2013) SAS/STAT User’s Guide Release 92 edition. SAS Institute
Cary NC

Seshadri R, Dominguez F, Gupta HV, Troch PA, Castro CL (2014)
Physical mechanisms related to climate-induced drying of two
semiarid watersheds in the southwestern United States. J Hydro-
meteorol 15:1404-1418

Thomas JF, Gomboso J, Oliver JE, Ritchie VA (1997) Wastewater
re-use stormwater management and the national water reform
agenda. Report to the sustainable land and water resources man-
agement committee and the council of Australian Governments
National Water Reform Task Force

United Nations Department of Economic and Social Affairs Population
Division (2016) The World’s Cities in 2016—Data Booklet (ST/
ESA/SERA/392)

US Bureau of Reclamation Colorado River Basin Water Supply and
Demand Study (Online) (2012) https://www.usbrgov/lc/region/
programs/crbstudyhtml. Accessed 10 Jan 2018.

Vorosmarty CJ, McIntyre PB, Gessner MO, Dudgeon D, Prusevich
A, Green P, Glidden S, Bunn SE, Sullivan CA, Liermann CR,
Davies PM (2010) Global threats to human water security and
river biodiversity. Nature 468:334

Vorosmarty CJ, Green P, Salisbury J, Lammers RB (2000) Global
water resources: vulnerability from climate change and popula-
tion growth. Science 289:284-288

Walsh CJ, Fletcher TD, Burns MJ (2012) Urban Stormwater Run-
off: a new class of environmental flow problem. PLoS ONE
7(9):e45814. https://doi.org/10.1371/journalpone0045814

Withycombe Keeler L, Wiek A, White DD, Sampson DA (2015) Link-
ing stakeholder survey scenario analysis and simulation modeling
to explore the long-term impacts of regional water governance
regimes. Environ Sci Policy 48:237-249

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/jjaridenv201401005
https://doi.org/10.1016/jjaridenv201401005
https://doi.org/10.1061/(ASCE)WR1943-54520000003
https://doi.org/10.1061/(ASCE)WR1943-54520000003
https://doi.org/10.5942/jawwa20151070030
https://doi.org/10.5942/jawwa20151070030
https://doi.org/10.1016/j/envsci201508014
https://www.usbrgov/lc/region/programs/crbstudyhtml
https://www.usbrgov/lc/region/programs/crbstudyhtml
https://doi.org/10.1371/journalpone0045814

	Simulating alternative sustainable water futures
	Abstract
	Introduction
	Materials and methods
	Study context
	Scenario descriptions
	LCLU classification and trajectories
	Model development
	Simulations conducted

	Results
	Simulated water demand, LCLU, population, and per capita water use
	Simulated water demand difference
	Simulated water supply
	Residential water use
	Non-potable outdoor water use

	Discussion
	Sustainable water futures

	Conclusion
	Acknowledgements 
	References




