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Executive Summary
Professor Luthy will present to the Utilities Advisory Commission on the topic of “One Water”, an
integrated planning and implementation approach to managing finite water resources for long-term
resilience and reliability, meeting both community and ecosystem needs. Attachment A, Urban
Stormwater to Enhance Water Supply, is background material. Professor Luthy will be available to
answer questions.
Background
Richard G. Luthy is the Silas H. Palmer Professor of Civil and Environmental Engineering at Stanford
University. He is the Director of the NSF Engineering Research Center for Re-inventing the Nation’s
Urban Water Infrastructure (ReNUWIt), a four-university consortium that seeks more sustainable
solutions to urban water challenges in the arid west.
His area of teaching and research is environmental engineering and water quality with applications to
water reuse, stormwater use, and systems-level analysis of urban water challenges. His research
addresses management of persistent organic contaminants and contaminants of emerging concern in
natural systems that are engineered to improve water quality and protect the environment and human
health.
Professor Luthy is a past chair of the National Research Council's Water Science and Technology Board
and a former President of the Association of Environmental Engineering and Science Professors. He
chaired the NRC's Committee on the Beneficial Use of Stormwater and Graywater. He is a registered
professional engineer, a board-certified environmental engineer, and a member of the National
Academy of Engineering.
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ABSTRACT: The capture, treatment, and recharge of urban
runoﬀ can augment water supplies for water-scarce cities. This
article describes trends in urban stormwater capture for
potable water supply using examples from the U.S. and
Australia. In water-limited climates, water supply potential
exists for large scale stormwater harvesting and recharge, such
as neighborhood-scale and larger projects. The beneﬁcial use
of urban stormwater to meet nonpotable water demands has
been successfully demonstrated in the U.S. and internationally.
However, in terms of potable water use in the U.S., the lack of
a regulatory framework and uncertainty in treatment and
water quality targets are barriers to wide-scale adoption of
urban stormwater for recharge, which is not so evident in
Australia. More data on urban stormwater quality, particularly with respect to pathogens and polar organic contaminants, are
needed to better inform treatment requirements. New technologies hold promise for improved operation and treatment, but
must be demonstrated in ﬁeld trials. Stormwater treatment systems may be needed for large-scale recharge in highly urbanized
areas where source control is challenging. The co-beneﬁts of water supply, urban amenities, and pollution reduction are
important for ﬁnancing, public acceptance and implementationbut are rarely quantiﬁed.

■

INTRODUCTION
Many cities, including those in Australia and the U.S. west and
southeast, experience chronic or episodic water supply
shortages. Water shortages in semi-arid regions are ever
more evident in the 21st Century due to population growth,
economic development, and impacts of climate change.1 These
same cities face challenges with managing urban runoﬀ to
control nutrient loads and pollution. This incongruity of not
enough water for urban supply and yet environmental
degradation due to runoﬀ has changed thinking on stormwater
management. Harvesting urban stormwater for water supply is
being viewed as a resource that may alleviate local water
shortages and beneﬁt receiving water quality.2 However, there
remain unknowns on risks and beneﬁts for use of urban
stormwater as a new water supply that limit acceptance of this
practice in the U.S. This feature examines trends in urban
stormwater capture for potable water supply and irrigation, via
aquifer recharge, and discusses acceptance, treatment, regulations, and risk. The focus is on larger-scale systems, such as
neighborhood-scale and larger, to make an impact on the water
supply from urban runoﬀ in dry climates for water-scarce cities.
Current U.S. and Australian examples are used to demonstrate
what has been done, how risks are managed, and opportunities
for innovation.
Stormwater infrastructure is designed foremost for ﬂood
protection, and this priority drove major stormwater infra© 2019 American Chemical Society

structure investments in the 20th Century. Los Angeles, for
example, with its Mediterranean climate is prone to ﬂooding,
and the city’s extensive stormwater network was designed to
route runoﬀ to the ocean as quickly and eﬃciently as possible.
While eﬀective for ﬂood control, this conveys polluted
stormwater runoﬀ that impacts coastal water quality.3 This
need for environmental protection along with the challenge of
becoming more self-reliant for water supplies is changing how
we manage and use stormwater in the 21st Century.4
Community knowledge about water lends support for waterrelated projects such as stormwater use. Surveys in Australia
show that greater water knowledge is associated with
conservation and support for alternative water sources.5
Similarly bond measures in northern and southern California
pass by two-thirds majority when the voters understand the
beneﬁts of improvements to water quality and supply, and
environmental protection.
Changing Perspective on Stormwater Management.
Water rights may constrain what is feasible for stormwater
capture. For inland areas like much of the western U.S. and
Australia, stormwater capture and use may impinge on
downstream water rights dependent on that runoﬀ. In
Colorado, for example, it is only recently that rainwater from
rooftop gutters was allowed for nonpotable outdoor usesand
Published: February 26, 2019
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Figure 1. National Park Service constructed large stormwater cisterns under the National Mall for turf irrigation (center photo). Stormwater is
processed through microscreens and ultraviolet light disinfection (right photo). On-site stormwater use is attractive where rainfall is more uniform
throughout the year. (Right and left photos by the authors, center photo National Park Service).

large infrastructure systems, such as spreading basins.
Distributed, or neighborhood, stormwater recharge systems
include green streets, park retroﬁts, and dry wells. Distributed
systems for direct on-site use employ tanks or cisterns.
For stormwater systems with frequent events throughout the
year, detention storage requirements may be small and can be
addressed using tanks and small impoundments.2 For stormwater systems with seasonal or intermittent ﬂows, large storage
is required by dams or aquifer recharge. Subsurface storage in
shallow aquifers, if they are available, is preferred because
storage capacity already exists and it only has to be accessed.
While stormwater yields are climate-dependent, coupling
stormwater with aquifer recharge may give reliable and
resilient supplies.10 Cities that already have overdrafted
aquifers that contain potable water would have a signiﬁcant
cost advantage for storing and recovering treated stormwater.2
Impact of Future Stormwater Capture on a City’s
Water Supply. Examples from Southern California and
Southern Australia are illustrative of the potential impact of
urban stormwater capture on future water supplies. Currently
the City of Los Angeles captures about 64 000 acre-ft/yr (79
M m3/yr) of stormwater through existing centralized capture
and incidental distributed recharge.11 This number could
increase by an additional 115 000−194 000 acre-ft/yr (142−
239 M m3/yr) under the City’s long-term Stormwater Capture
Master Plana 2- to 4-fold increase from today’s value.
Whether or not these goals are achieved depends on technical
and ﬁnancial feasibility, managing and preventing groundwater
contamination, assumptions about land use, and sustained
political will. Considering that Los Angeles’ water needs are
estimated at about 711 000 acre-ft/yr (880 M m3/yr) in 2035,
it is clear that stormwater capture could play an important role

only with rain barrels with a combined capacity of 110 gallons.
For coastal cities the capture of stormwater does not impinge
on water rights, since the water would otherwise have been
discharged to the ocean. Some coastal cities, for example, San
Diego, lack aquifers and suﬃcient rainfall for stormwater
capture to signiﬁcantly impact water supply.
Thus, depending on water law and local conditions,
beneﬁcial use of urban stormwater will help drought-proof
cities by reducing dependence on imported water or
unsustainable groundwater withdrawals. The specter of
water-scarce cities in the U.S., Australia, and elsewhere
highlight the need for long-term conservation measures and
regional drought planning to achieve resilience to future
droughts and climate change. Conservation, water reuse,
desalination, water banking, and stormwater use will help
diversify water supplies for cities. Among these options,
stormwater is now viewed in a new lightless as solely a ﬂood
control problem and more as an opportunity for water supply
augmentation and greening semi-arid urban areas.
Water scarcity and pollutants in runoﬀ from municipal
separate stormwater sewer systems (MS 4s) led California to
deﬁne stormwater as a water resource with the goal of
increasing the use of stormwater over 2007 levels by one
million acre-ft/yr (1.2 B m3) by 2030.6 Some information is
available on the costs, beneﬁts, and risks of urban stormwater
use, but in general such practical information beyond the
simplest applications is limited. Urban stormwater for
groundwater recharge poses risk of groundwater contamination
and requires robust data, careful design and appropriate
operation and maintenance to mitigate those risks.7,8
Project Size and Storage. Stormwater capture projects
can be divided into three main categories depending on size
and use.9 Centralized recharge projects capture stormwater in
5535
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Figure 2. Curbside dry well installation with vegetation in Los Angeles. The system comprises three chambersone for particle settling with the
second and third chambers allowing percolation from the base into crushed rock or by an overﬂow pipe in the third chamber set into crushed rock.
(photo by the authors).

in diversifying the city’s water supply and reducing the need for
imported water.
The Millennium Drought in Australia caused a shift in
attitude about stormwater management and new thinking on
how to capture and store urban stormwater.12,13 For Greater
Adelaide, a city with a Mediterranean climate, the plan is to
triple the amount of stormwater harvesting from 16 000 acreft/yr (20 M m3/yr) in 2013 to 48 000 acre-ft/yr (60 M m3/yr)
in 2050.14 This increase could accommodate about half the
growth in water demand expected by 2050.14 Seawater
desalination has also been initiated at Adelaide with a plant
capacity of 72 MGD (100 M m3/yr) installed for potable
supplies. But, managed aquifer recharge with stormwater can
produce irrigation and potable water at one-third and one-half
the costs, respectively, of the optimum cost of desalination.15
During the Millennium Drought, desalination was implemented very quickly at Adelaide and the plant is now operated
at minimal capacity to keep it in a functioning condition as a
backup measure for drought security.
Given the range in climatic and geographic conditions across
California and Australia, cities with diﬀerent challenges
respond diﬀerently to water scarcity. A comparison point is
San Diego and Perth. Both have embraced seawater
desalination and water recycling for augmenting potable
water supplies.1,4,16 But Perth has also developed stormwater
harvesting for nonpotable use.
Examples of Stormwater Capture for Use. Stormwater
capture in large cisterns may be practical in locales where
rainfall and demand are more uniform throughout the year.
One example is Washington, DC. where the National Park
Service built a stormwater capture system on the National Mall
for turf irrigation (Figure 1). Four 250 000-gallon cisterns
(totaling 3800 m3) collect runoﬀ from the Mall’s turf and
walkways. The stormwater capture and treatment system is the
primary water source for irrigation, reducing potable water
demand and harmful stormwater discharges.2,17,18 The storm-

water is treated in underground facilities using microscreens
(25 μm) and ultraviolet disinfection. The microscreens prevent
fouling of the irrigation system, while the UV disinfection
system is deemed important to reduce health risk to the large
number of visitors that frequent the National Mall.
Similarly, stormwater harvesting in Royal Park, Melbourne,
Australia employs a cistern. The runoﬀ passes through a
sediment trap, wetlands, and open-water storage, followed by
UV disinfection and holding in a 1.3 M gal (5000 m3)
underground tank prior to use for irrigation. The water is
applied through spray irrigation at night to minimize human
health risks.19
In arid regions with Mediterranean climate, cisterns are
impractical owing to the asynchronous nature of rainfall and
water demand, which requires storing large amounts of water
for six to eight months during the dry season. In this case
urban aquifers can store stormwater by inﬁltration. In Los
Angeles, CA, U.S., for example, the Rory M. Shaw Wetlands
Park in the Sun Valley neighborhood is being built to capture
up to 900 acre-ft/yr (1.1 M m3/yr) of urban runoﬀ.3,20 The
collected stormwater will be pumped to an adjacent inﬁltration
system that takes advantage of the permeable media in this
area. This neighborhood-scale project contributes to water
supply while converting a blighted landscape into 46 acres (19
Ha) of green space and recreation.
Dry wells, also called vadose zone wells or leaky wells, are
vertical pipe-like devices with coarse media and an open
bottom and holes in the walls that percolate water to the
surrounding soil (Figure 2). The only treatment may be a
sediment trap to remove debris or a geotextile fabric to further
prevent clogging.21 In California, dry wells are used with
caution due to the concern that they provide a conduit for
contaminants to enter the groundwater.22 Dry wells in New
Jersey are prohibited in industrial or other areas where toxic
chemicals might be used, whereas in Pennsylvania dry wells are
permitted in industrial areas with restrictions, but not along
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District of Columbia have developed programs to allow for
beneﬁcial use of stormwater. These programs focus on
collection of stormwater in cisterns or tanks for storage and
subsequent use. These state and local programs for beneﬁcial
use of stormwater have enabled projects to move forward that
serve as viable demonstrations (e.g., the National Mall).
However, water quality requirements, particularly for pathogens, are highly variable. Three of the four programs allowing
use of stormwater have water quality requirements for E. coli in
treated stormwater, and those requirements range from 2.2−
4615 CFU/100 mL for unrestricted irrigation and 2.2−50 000
CFU/100 mL for indoor use (toilet ﬂushing and laundry;
Table I). This large range of water quality requirements and
approaches for regulating treated stormwater quality for
various end uses is indicative of lack of guidance to develop
a risk based approach for beneﬁcial use of stormwater in the
U.S. Lack of data on pathogen concentrations in stormwater
and high variability in observed pathogen concentrations2,28
contribute to the ambiguity around setting treatment targets
and water quality standards for end uses of treated stormwater.
Between 2006 and 2009, a set of four national guidelines for
water recycling were published by the Council of Australian
Governments within the National Water Quality Management
Strategy, and using common principles. These cover water
recycling for nonpotable use,29 and recycling for augmenting
potable supplies,30 stormwater harvesting and use,31 and
managed aquifer recharge.7 For stormwater use for irrigation
with no access restrictions, treatment requirements are
speciﬁed for disinfection, turbidity, and iron. Disinfection
criteria suggest >1.6 log reduction of virus and bacteria and
>0.8 log reduction of protozoa,15,31,32 which are less strict than
the log reductions required for stormwater use for irrigation in
San Francisco referenced in Table I.
For managed aquifer recharge in Australia, a risk assessment32 and management plan33 are undertaken to account for
source water quality and its variability, native groundwater
quality, and changes in water quality that occur during passage
through the subsurface, such as pathogen inactivation and
biodegradation of organic chemicals, as well as mobilization of
metals.7 Some data are available on the maximum inactivation
times in aerobic and anoxic aquifers for E. coli, salmonella and
bacteriophage MS2 that can serve as a basis for precommissioning estimation of reduction of pathogens.7 However, more
data are needed on pathogen attenuation rates under varying
aquifer conditions. Thus, validation that includes in situ
chamber decay studies is recommended to provide site-speciﬁc
decay rates of pathogens.
To support the development of a risk based approach for use
of nonpotable water in the U.S., the Water Reuse Foundation
assembled a panel to outline a risk based framework for
decentralized nonpotable water systems that included stormwater.34 The framework proposed is similar to the Australian
guidelines previously mentioned. The approach moves away
from end point analysis of water quality and toward designing
systems to achieve log reduction targets (LRTs). The City of
San Francisco adopted this approach and includes this in
regulating LRTs for virus, bacteria, and protozoa for diﬀerent
end uses of stormwater (Table I).
With respect to risk from pathogens, the LRTs provided by
Sharvelle et al. for stormwater can serve as a basis for design of
stormwater treatment systems for captured water.34 A
treatment system including 50 μm ﬁltration and 150 mJ/cm2
UV dose can achieve health risk based-targets for unrestricted

roadways. Some newer designs consist of three parts: a
vegetated pretreatment feature, a structural pretreatment
sedimentation well, and the dry well itself, which contains
layers of sand or gravel. The goal of this design is to maximize
the removal of particle-associated pollutants, reduce clogging
of the dry well, and promote eﬃcient inﬁltration. These types
of designs are implemented in Los Angeles in the San
Fernando Valley, as shown in Figure 2.23,24 However, data on
actual water volume inﬁltrated and water quality in such dry
wells are lacking.
A water partnership in South Australia undertook a
multiyear research project that evaluated the quality of
stormwater, treatment requirements, risk management, and
public acceptance of various stormwater use options. The
primary case study was in Salisbury, a suburb of Adelaide.15
Focus groups cited “equality” and “trust” as being of prime
importance for public acceptance followed by the environmental beneﬁts of stormwater harvesting to mitigate beach and
marine impacts.
Costs and Beneﬁts. Unit costs of stormwater capture
projects are highly variable. Among the least expensive options
in terms of cost-per-volume captured are retroﬁtting
centralized spreading basins where the land is already available
for this purpose. Unit costs increase for distributed projects
because they involve more infrastructure to capture smaller
ﬂow volumes. This is illustrated by data compiled by the
Southern California Stormwater Coalition.25 The group
surveyed agencies across Southern California to get a better
understanding of actual capture volumes, costs, and beneﬁts.
Projects that may capture about 600 acre-ft/yr cost less than
$1200/AF. Median costs for distributed projects are $25,000
per acre-foot, new centralized projects are $6,900 per acre-foot,
and retroﬁt projects are $600 per acre-ft. Similar costs exist in
Australia for larger stormwater recharge projects,26 where
stormwater harvesting is very cost competitiveespecially
compared to desalination. As space for large projects is
increasingly scarce, decentralized projects at parks, schools, and
roadways become aﬀordable options.
Based on Los Angeles’ projections for water import costs,
the estimated economic value of recharged water may be
$1100 per acre-ft ($0.89/m3) or more based on lifecycle
analysis.11,27 Projects with costs below these values are
economically viable based solely on the water supply beneﬁt,
and cities are more likely to pursue these projects without
seeking funds from external partners. However, caution must
be exercised in comparison with cost of current water supplies,
as much of those costs were heavily subsidized in the past and
there really is not new water to be had at the old rates.
Stormwater capture and use project costs can be notably less
than or greater than costs for current supplies.25
Many projects lack ﬂow meters and do not include
monitoring, in which case yields are estimated or modeled.
Distributed projects oﬀer multiple beneﬁts, such as green
space, walkways, recreation, and downstream water quality
improvements. Although co-beneﬁts are diﬃcult to monetize,
co-beneﬁts can create partnerships, coalitions, and political
momentum to bring projects to fruition.2,15
Microbial Risk and Treatment. While regulatory frameworks and water quality requirements do exist for roof runoﬀ
capture in the U.S.,2 regulations for beneﬁcial use of
stormwater at a larger scale are sparse (Table 1). The only
state that has a regulation for such projects is Minnesota. The
Cities of Los Angeles, CA and San Francisco, CA and the
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Minnesota Pollution Control Agency, 2017. bDDOE, 2013. cCan also treat to CA Title 22 water quality equivalence. dLos Angeles County Department of Public Health, 2016. eCity and County of San
Francisco, 2017.

Virus: 3.5-log reductionProtozoa: 3.5-log
reductionBacteria: 3.0- log reduction
E. coli: 2.2
CFU/
100 mL
E. coli: 50 000
CFU/100 mLCrypto.:
0.320 oocysts/L
Virus: 3.0-log reductionProtozoa: 2.5-log
reductionBacteria: 2.0- log reduction
E. coli: 2.2
CFU/
100 mL
E. coli: 4615 CFU/100
mLCrypto.: 0.033
oocysts/L

NS
2 NTU
NS
NS
NS
NS
10 mg/L
2 NTU
10 mg/L
6−9
NS
NS
NS
NS
NS
NS
NS
15 mg/L

NS
3 NTU
5 mg/L
6−9
500 mg/L
2 mg/L (long-term); 10
mg/L (short-term)
0.2 mg/L (long-term);
5 mg/L (short-term)
E. coli: 126 CFU/
100 mL
BOD5
turbidity
TSS
pH
chloride
zinc

Los Angeles,
CAcd
District of Columbiab
state of MNa
water quality
parameter

access irrigation (i.e., 3, 3.5, 6-log reduction of virus, bacteria,
and protozoa, respectively). Addition of slow sand ﬁltration
would increase performance35 and lower the required UV dose.
While the LRTs recommended by Sharvelle et al.34 provide
a basis for treatment requirements for on-site use of
stormwater, there was large uncertainty in those values. Due
to limited data on pathogen concentrations characterized by
large variability,28 the approach adopted by Sharvelle et al.34 to
estimate LRTs for stormwater use for various end uses was to
consider dilution with raw sewage. Thus, LRTs were provided
for stormwater with a 10−1 and 10−3 dilution of sewage water.
The basis for these dilutions was observed concentration of
pathogens in stormwater.28 The LRTs for stormwater based on
sewage dilution were intended to provide decision makers with
the range of likely impacts from human contamination based
on age of infrastructure, potential for leaky sewers, and
measurement of pathogens or indicator organisms in collected
stormwater. The recommended LRTs provide a path to enable
projects designed to meet human health targets to move
forward. However, the LRTs should be better informed by
more data on pathogens in stormwater and the reduction
targets may be overly conservative, resulting in stormwater
treatment systems that are costlier and more energy intensive
than needed to provide an acceptable level of risk.
Chemical Contaminants in Urban Runoﬀ. Pollutants
most frequently detected in urban runoﬀ include metals,
bacteria, nutrients, salts, and petroleum hydrocarbons.36,37
This reﬂects the fact that most stormwater monitoring
programs have focused on regulated contaminants for
protection of aquatic ecosystems and beach water quality.
Although found in urban stormwater runoﬀ, these contaminants are not necessarily a threat to the underlying groundwater because they are often removed as they percolate into
the ground.36,38,39 In contrast, recent studies report the
presence of unregulated moderately polar trace organic
contaminants (e.g., ﬂame retardants, biocides, plastic additives,
perﬂuorinated compounds) in stormwater runoﬀ.40,41 Some of
these chemical contaminants could pose larger threats to
drinking water than the contaminants that have driven
discharge permits, that is, total maximum daily loads
(TMDLs). For example, widely used urban insecticides (e.g.,
ﬁpronil) have been detected in urban residential runoﬀ,40,42
and found in dry wells (e.g., bifenthrin), and predicted to
migrate in time through the vadose zone under dry wells.43
Australia provides guidelines for design and operation of
large stormwater inﬁltration via managed aquifer recharge.7
However, where the aquifer is relied on for contaminant
removal, in situ or laboratory studies are required to conﬁrm
attenuation of microbial and chemical contaminants. Standard
design criteria do not exist in the U.S. or Australia due to
limited data on chemical and microbial contaminant
attenuation in aquifers, which depends on environmental
conditions, such as temperature and redox state, presence of
nutrients and cometabolites, and aquifer materials2,44,45
Additional treatment beyond what is achieved in the aquifer
may be needed for uses outside of low exposure irrigation and
industrial uses.15
At the spreading grounds in Los Angeles County the inﬂow
is monitored for suspended solids and the ﬂow is bypassed if
the suspended solids exceed 500 mg/L. This is done to prevent
clogging but may also divert the so-called ﬁrst-ﬂush that is
expected to contain the highest pollution levels. While runoﬀ
quality from upper watershed areas may rightly focus on

a

NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
160 mg/L

10 mg/L
2 NTU
10 mg/L
6−9
NS
NS

2 NTU
NS
NS
NS
NS

San Francisco, CAe
Los Angeles,
CAcd
District of Columbiab
San Francisco, CAe

indoor use (toilet ﬂushing or laundry)
unrestricted irrigation

Table I. Summary of Treatment Targets and Water Quality Requirements for Beneﬁcial Use of Stormwater in the U.S. (NS, Not Speciﬁed)
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Figure 3. Cost-eﬀective opportunities exist to enhance urban water supplies by joining stormwater and recycled water for groundwater recharge
through spreading basins that receive intermittent stormwater deliveries.27,61 Assessment of regional multisupply groundwater recharge projects
beneﬁt from optimization and planning tools to evaluate system costs and trade-oﬀs, and dynamic control. (courtesy J. Bradshaw from LADWP and
LACFCD sources).

suspended solids, the capture and recharge of urban runoﬀ
introduces other concerns. The urban stormwater recharge
project in the Sun Valley neighborhood of Los Angeles, for
example, employs hydrodynamic swirl-type separators with a
ﬁlter to remove suspended solids, oils, and metals.46 In
Australia design practices for stormwater harvesting rely on
general stormwater pollution control technologies like sediment traps, swales, wetlands, and ponds,47 and for managed
aquifer recharge further engineered treatments or controls are
applied as required to meet the water quality requirements for
use of recovered water.7
Because dry wells provide shorter contaminant residence
times through the vadose zone, concerns have been raised
about the safety and use of these engineered subsurface
inﬁltration systems.39 Dry wells that penetrate a signiﬁcant
thickness of the vadose zone could compromise water quality
by bypassing natural contaminant attenuation processes and
could be vulnerable to point source illicit discharges.48
Opportunities for Improved Design and Management. Better monitoring and implementation of new
technologies for urban runoﬀ capture and inﬁltration practices
are necessary to protect local drinking water supplies, while
increasing the conﬁdence of regulatory agencies.8,49−52 As we
look ahead toward evermore urban stormwater capture and
recharge for water supply, we can invoke advancements in
monitoring, performance assessment, and innovation.
Improved monitoring should focus on temporal variability,
including the degree to which dry-weather versus wet weather
ﬂows contain higher levels of pesticides, automotive, and
commercial chemicals. Polar and moderately soluble organic

contaminants need greater attention, as these contaminants are
more likely to aﬀect groundwater quality. Passive samplers for
polar trace organic measurements may oﬀer considerable
advantages for spatial and temporal resolution and correlating
with land use.42,53
New treatment technologies, such as low-cost biochar
ﬁlters,54 reactive media, or solar-powered oxidative processes
could be incorporated into designs to enhance pollutant
removal. Mixed-media ﬁlters show promise. For example, ﬁeld
tests in Sonoma, CA demonstrated that the combination of
woodchips and biochar is very eﬀective for managing nitrate,
metals, and trace organic contaminants.55 Aged woodchip
reactors with 33% weight biochar removed trace organic
contaminants. Under conditions expected in stormwater
treatment systems, breakthrough of the most polar trace
organic contaminants (i.e., 2,4-D) would take many years
based on reasonable assumptions about land area devoted to
capture basins, number of bed volumes that may be treated,
and maintenance for control of clogging.55 Further research on
costs and performance leading to scientiﬁcally informed
standards are fundamental to improved watershed-scale
stormwater management.56
It is only recently that stormwater management is beginning
to catch up with other sectors on the “internet of things.” A
systemic challenge with urban stormwater management is that
current approaches are essentially static solutions to a dynamic
problem. But, advances in sensing and forecasting can make
stormwater capture more dynamic through interconnectivity
and real-time decision making.57 Wireless communications,
low-cost sensors and controllers can proactively control such
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large-scale urban stormwater inﬁltration for potable supply and
designs are just emerging. The lack of a regulatory framework
and uncertainty in treatment and water quality targets is a
barrier to wide-scale adoption of stormwater use projects.
More data on stormwater quality and system performance,
particularly with respect to pathogens and polar organic
contaminants, are needed to better inform treatment targets.
New technologies for treatment and real-time control can help
improve both the quantity and quality of recharged water.
Successful neighborhood and larger-scale stormwater capture,
treat, and recharge projects provide co-beneﬁts of water
security, urban amenities, and pollution reduction, which are
important for public acceptance and ﬁnancing.

systems in response to changing conditions wherein stormwater treatment and inﬁltration can be coupled with weather
forecasting. In this way control decisions can be made in real
time for more eﬃcient treatment considering anticipated
ﬂows,58 such as by draining or ﬁlling detention basins. Longer
holding times in detention basins have shown improvements in
water quality through sedimentation and increased exposure to
sunlight.59 In drought-prone regions where stormwater capture
can contribute to water supply, real-time control can improve
both the quality and quantity of water recharged.57
Regardless of the approach, side-by-side ﬁeld studies are
needed to benchmark eﬃciencies under real-world conditions
to gauge how installed facilities perform and to quantify the
beneﬁts of technology improvements.60 Conditioning with
actual stormwater is an essential experimental protocol for the
evaluation of long-term robustness in a range of urban
environments. Laboratory experiments are useful in understanding the mechanisms behind the removal of contaminants,
and such tests with ﬁeld-aging is the best approach to mimic
ﬁeld conditions because materials change following exposure
to stormwater and microbes.
Synergies with Other Urban Water Supply Trends. As
semi-arid cities rethink how they manage water in all its forms,
stormwater capture will play a signiﬁcant role to ensure
sustainable water supplies (e.g., Hagekhalil et al.;3 Luthy and
Sedlak1). However, two emerging strategies for increasing
water suppliescollecting stormwater runoﬀ and recycling
treated wastewaterare usually viewed separately, which can
create costly and under-utilized infrastructure. Instead,
considering these strategies together oﬀers opportunities for
signiﬁcant synergies. For example, systems that deliver recycled
water to existing stormwater spreading basins in Los Angeles
would take advantage of both the spreading basins’ signiﬁcant
unused capacity and the city’s substantial potential to produce
recycled water, thereby creating an integrated, cost-eﬀective
groundwater replenishment system.27,61
As illustrated in Figure 3, the complexity of these integrated
systems in terms of capacity and location requires decisionsupport methods to evaluate various design options for
bringing recycled water to underutilized stormwater spreading
basins and to optimize these designs by engineering
considerations such as infrastructure life cycle costs, energy
use, and water quantity and quality. An example for the City of
Los Angeles illustrates trade-oﬀs between centralized and
decentralized conﬁgurations and highlights the potential for
decentralized inland systems to deliver up to 44 500 acre-ft/yr
of recycled water to spreading basins at costs signiﬁcantly less
than a centralized system delivering recycled water from the
coast.61
Outlook. Capturing and using urban stormwater runoﬀ for
water supply can help alleviate water scarcity in semi-arid
regions. This is a new paradigm that views stormwater as a
water source and not solely a ﬂood or pollution problem. As
illustrated by examples in the U.S. and Australia, signiﬁcant
water demand reduction potential exists for large-scale
stormwater harvesting and use. This push is being driven
also by compliance with municipal separate stormwater sewer
TMDL regulations and parcel taxes to fund stormwater capture
projects.62 Aquifer recharge is attractive in regions with
Mediterranean climates due to the need to store large
quantities of water for long periods. While beneﬁcial use of
stormwater to meet nonpotable water demand has been
successfully demonstrated, there is much less experience for
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