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Temporal Evolution of Green
Stormwater Infrastructure Strategies
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Lauren E. McPhillips ™ and A. Marissa Matsler?

! Global Institute of Sustainability, Arizona State University, Tempe, AZ, United States, 2 Cary Institute of Ecosystem Studies,
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Over the last several decades, interest in green stormwater infrastructure (GSI) has
rapidly increased, particularly given its potential to provide stormwater management in
conjunction with other ecosystem services and co-benefits such as urban heat island
mitigation or habitat provision. Here we explore the implementation of GSI in three US
cities — Baltimore (Maryland), Phoenix (Arizona), and Portland (Oregon). We examine the
trends in GSI construction over several decades, highlighting changes in implementation
rates and GSlI types with concurrent regulatory and economic changes. Additionally, we
discuss the implications of these GSI portfolios for ecosystem service delivery in urban
areas. Results indicate that Portland’s quantity of GSl is approximately ten times greater
than the quantity of GSI in Phoenix or Baltimore. However, Baltimore has the most diverse
portfolio of GSI types. In Phoenix, regional stormwater policies focused on flood control
have led to retention basins being the dominant GSI type for decades. In contrast,
Portland and Baltimore both have had substantial changes in their GSI portfolios over
time, with transitions from detention or retention basins and underground facilities toward
filters, infiltration facilities, and swales. These changes favor increased water quality
function as well as provision of other ecosystem services. Additionally, we find evidence
that each city followed a different GSI implementation pathway, with Portland’s combined
sewer overflow program influencing initial development of GSI, while state legislation and
regional water quality pressures played a major role in Baltimore’s GSI development.
By studying the evolution of GSI in these different cities, we can see the variability in
stormwater management trajectories and how they manifest in different suites of benefits.
We hope that continued research of GSI implementation and performance will identify
opportunities for future improvement of these infrastructures.

Keywords: green infrastructure, stormwater control measures, stormwater management, urban ecosystem
services, social-ecological-technological systems

INTRODUCTION

Over the last century there has been an evolution in management of urban stormwater.
Increased impervious surface area from growing cities has generated more and more runoft
during storm events, leading to the development of extensive networks of underground
pipes to efficiently route water away from buildings and other infrastructural systems
(Kaushal et al., 2015; Hale, 2016). As these piped stormwater systems expanded, ecological
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research revealed the detrimental impacts of this strategy
on downstream water bodies, including damaging erosion,
increased flooding, and poor water quality (Walsh et al., 2005).
To mitigate some of these negative environmental effects, local
and federal regulations now require stormwater control measures
(SCMs) that detain or retain stormwater [American Society of
Civil Engineers Environmental and Water Resources, Institute
and Water Environment Federation (ASCE EWRI/ WEF), 2012].

However, SCMs did not develop evenly across cities in
the US and a wide range of different strategies have been
employed. In this paper, we organize the variety of SCMs along
an ecological to technological, or green to gray, gradient that
we refer to as the eco-techno spectrum (Figure 1; adapted
from Matsler, 2017). The highly technological or engineered
strategies found on the right-hand side of the spectrum were
initially common, such as sediment traps or drywells. These
technologies are designed to provide a single service effectively
and efficiently. They are usually built underground and urbanites
do not interact directly with the facilities. In recent years
there has been growing interest in SCMs that contain both
ecological and technological components. The inclusion of
ecological components recognizes the long-acknowledged
social and ecological benefits of greenspaces in cities (Tzoulas
et al, 2007; Melosi, 2008; Eisenman, 2013). Hybrid facilities
therefore have potential to provide social benefits [including
increased recreation (Nazir et al, 2014) and mental health
improvements (Tzoulas et al., 2007)] along with environmental
services beyond stormwater management [including protecting
endangered species (Mclntyre et al., 2015) and mitigating the
urban heat island effect (Emmanuel and Loconsole, 2015)]. Cost-
effectiveness of hybrid systems has been a primary factor in their
current popularity (Montalto et al., 2007; American Rivers, 2012;
Wang et al., 2013), especially as cash-strapped municipalities
face demands to “green” and improve the resilience of
their cities (Depietri and McPhearson, 2017; Grabowski
et al, 2017). This growing interest in hybrid or ecological
stormwater solutions parallels the wastewater treatment industry
(Schneider, 2011). Features like constructed wetlands have
been implemented in place of or in addition to traditional
wastewater treatment systems (Kivaisi, 2001; Vymazal, 2010)
in order to harness plant or microbially-mediated removal
of various contaminants (Schroder et al., 2007). Opponents
of hybrid ecological-technological approaches to stormwater
management point to the expense of maintaining living systems,
uncertainty in performance, and the lack of expertise in
designing and constructing effective facilities with such nascent
technologies (Carlet, 2015; Matsler, 2017). These issues must
be addressed in order for GSI implementation to become
mainstreamed.

While there are multiple terms in use to describe hybrid
ground-level SCMs (Mell, 2013; Young et al., 2014; Fletcher et al.,
2015), here we refer to them as green stormwater infrastructure
(GSI). As seen in Figure 1, GSI facilities are found across the

Abbreviations: CSO, Combined Sewer Overflow; GSI, Green Stormwater
Infrastructure; LID, Low Impact Development; NPDES, National Pollution
Discharge Elimination System; SCM, Stormwater Control Measure.

eco-techno spectrum but are absent at the far “techno” extreme
due to their inclusion of ecological components. In addition to
an expansion of facilities across the eco-techno spectrum, there
has also been a transition in landscape-level planning and spatial
implementation of stormwater management in the US. This
concept is often called Low Impact Development (LID) and has
motivated a move from larger, more centralized SCMs to smaller,
more decentralized SCMs located near where runoft is generated
(Coffman et al., 1999; Davis, 2005; Shuster et al., 2008). LID
additionally involves non-structural stormwater management
strategies like downspout disconnection and impervious surface
reduction.

While there is a general notion that GSI implementation has
been increasing, there has been little systematic analysis of the
quantity of different types of GSI that are being implemented
or the factors are driving different implementation strategies.
This paper builds on the few studies that have begun to do
this work. There is a growing body of work examining the
general motivations behind transitions to GSI. These studies
have identified a complex mix of factors influencing GSI
implementation in the US and elsewhere including funding
availability, regulatory frameworks, establishment of specific
goals related to GSI in planning documents, local leadership,
and concerns about GSI performance and cost-effectiveness (Roy
et al., 2008; Brown et al., 2013; Chaffin et al., 2016; Flynn and
Davidson, 2016; Hopkins et al., 2018). However, few studies
have examined the various influences behind these transitions
in concert with detailed examination of the temporal changes
in implementation of particular types of SCMs. Hale (2016)
highlighted differing implementation trajectories of stormwater
infrastructure among three Utah cities and increasing recent
implementation of GSI such as retention basins but did not
delve into particular types of GSI. Here we add a comparative
temporal analysis of many specific types of GSI facilities that are
increasingly popular across the US.

It is important to better understand what sort of GSI
portfolios exist in various cities since type of GSI can have
substantial impacts on the function and services provided. For
example, bioretention basins are more effective at reducing
the total quantity of stormwater entering downstream water
bodies when compared with retention ponds (Driscoll et al.,
2015). In the last 15 years, GSI facilities have been evaluated to
understand their ability to meet regulatory requirements, such
as water volumetric reduction and water quality improvement
(Ahiablame et al, 2012; Vogel and Moore, 2016), as well
as their ability to provide co-benefits beyond primary design
goals, such as urban heat island mitigation or habitat provision
(Oberndorfer et al., 2007; Heusinger and Weber, 2017). To
build on existing GSI research, the objectives of this study are
to characterize implementation of GSI in multiple cities with
different climatic settings, sewer system types and development
trajectories, in order to (1) understand some of the regulatory
factors that influence GSI implementation, (2) ascertain what
ratio of different GSI facility types have ultimately been
implemented in different contexts, and (3) explore the potential
implications of these GSI portfolios on environmental function
and benefits.
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METHODS

Site Description

The cities included in this analysis are Baltimore, Maryland;
Phoenix, Arizona; and Portland, Oregon, all located in the
United States (Figure 2). These cities vary in their climatic and
biophysical settings as well as in their storm sewer infrastructure
(Table 1). Phoenix is located in a semi-arid landscape with
precipitation concentrated in a summer monsoon season,
while Baltimore and Portland both receive several times more
precipitation. Additionally, Baltimore and Phoenix both have
separated storm sewer systems, while much of Portland’s storm
sewers are combined with sanitary sewers.

Data Acquisition

SCM Inventories
We obtained databases of SCMs from each city’s water or

environmental services staff in mid-2017. Rather than restricting
only to GSI, we also kept records of other SCMs such as drywells
and underground detention facilities, particularly to emphasize

the transition between different types of SCMs over time
across the entire eco-techno spectrum (Figure 1). Parameters
in the databases included type of SCM (e.g., swale) and year
of construction. Multiple types of SCM were condensed into
more generalized classes such that structurally similar facility
types in each of the three cities were similarly characterized
(Table 2). For example, bioswales and grass swales were both
classified as a “swale.” The classes used here include filters,
green roofs, infiltration facilities, basins, porous pavement,
swales, underground filters, and other (for SCMs that do not
fall under any of the previous categories). These classes were
inspired by a recently proposed taxonomy which aggregates
SCMs based on similar functionality [American Society of Civil
Engineers Environmental and Water Resources, Institute and
Water Environment Federation (ASCE EWRI/ WEF), 2012]. We
did choose to differentiate some similarly functioning facilities
which are structurally different such as filters and green roofs.
Year of construction was not available for all features in each
city. For Baltimore and Phoenix, construction year is available for
more than 95% of SCMs. Portland has data on construction year

X

& forest basins

Eco Techno
Intact wetlands Detention Curbside Green Underground filter&
roofs infiltration facilities

bioswales

Green infrastructure (GI)

Green stormwater infrastructure (GSI)

Stormwater control measures (SCMs)

FIGURE 1 | Eco-techno spectrum representing the range of different types of landscape features which play a role in urban stormwater management.
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FIGURE 2 | Map of study cities.

Frontiers in Built Environment | www.frontiersin.org

May 2018 | Volume 4 | Article 26


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

McPhillips and Matsler

Temporal Evolution of Green Infrastructure

TABLE 1 | Relevant city characteristics (as of 2017).

City Area (km2) Population Mean income (US $) Mean annual precipitation Sewer system type
Baltimore 239 622,104 42,266 1,034 Separate
Phoenix 1,343 1,613,350 46,601 204 Separate
Portland 376 611,134 55,571 914 Partial combined

available for 60% of its SCMs, with missing years relatively evenly
distributed across different types, except for vegetated ditches,
which were classified here as “other SCM” (Table 2). Appropriate
caveats are provided in the section on Portland’s GSI timeline to
address this larger data gap. Information on SCM area, capacity,
or contributing runoff area was not uniformly available across all
the cities. SCM area was available for Baltimore and Phoenix. We
present this information to provide some insight into changes in
SCM size.

For each city, we generated a portfolio of SCMs by aggregating
all installations of a given SCM type over time. Total number
of SCM installations was normalized by the current official area
of the city, in order to control for relative differences in city
size, yielding a density of SCMs. Diversity of SCM portfolios was
assessed using Shannon’s index, which incorporates both richness
(here, the number of SCM types) and evenness (relative numbers
of facilities of each type) (Magurran, 1988). Additionally, we
developed a temporal record of SCMs for each city using the
provided installation years.

Contextual Data

Additional data were aggregated to provide context for
observed differences in SCM trajectories. Since new development
and addition of impervious surface may trigger regulatory
requirements to implement SCMs, we derived temporal records
of impervious surface using the 2011 National Land Cover
Dataset (NLCD) along with cadastral data obtained from
each city (Hale, 2016). The cadastral data notes the year in
which each parcel was built. We assumed that impervious
surface for a given parcel has not changed since initial
construction and assigned the impervious surface derived for
a given parcel to the built year. Thus for each year, change
in impervious surface was calculated based on impervious
surface in any parcels built that year. This method cannot
account for changes in a parcel over time due to additional
development or demolition, but these changes are expected to
account for a small fraction of overall change in impervious
surface.

In addition to impervious surface, we provide a timeseries of
population density for each city. Population data were obtained
from the United States Census for each city and data were
normalized by city area in order to derive the density.

We also provide an exploratory look at potential regulatory
influences on GSI evolution. To do this, we consulted municipal
planning documents and reports as well as communicated
directly with local practitioners to develop a timeline of
major federal and local regulations or other important events

that happened near some of the observed patterns in SCM
implementation.

RESULTS AND DISCUSSION

Temporal Trends

Baltimore

Baltimore’s record of SCM implementation spans from 1985
to the present. It represents almost exclusively GSI, except for
a small fraction of underground filters. When examining the
change in GSI construction during this period, we see two key
periods of GSI development (Figure 3). During the late 1980s and
1990s, there was implementation of more traditional centralized
GSI strategies such as basins. Moving into the late 2000s and
2010s, there was another pulse of GSI implementation, with
the most recent years having the greatest numbers of features
built per year of any thus far for Baltimore. The types of
GSI implemented during this period largely changed to more
decentralized or Low Impact Development (LID) strategies,
including filters, green roofs, porous pavement, and swales. These
facilities tend to be smaller in area than those implemented in the
late 1980s and 1990s (Figure 4A). The combination of smaller
area but greater quantity of facilities led to similar total area
of stormwater retention facilities implemented during these two
major periods (Figure 4B).

The initial pulse of GSI implementation, which included
basins and filters, was in part a response to the initiation of federal
stormwater management requirements for large municipalities
that emphasized consideration of stormwater as a non-point
source of pollution. Beginning in 1990, Phase 1 of the stormwater
program under the National Pollution Discharge Elimination
System (NPDES) targeted municipal separate storm sewer
systems (MS4s) in cities or certain counties with over 100,000
residents [US Environmental Protection Agency (US EPA),
2015]. It required development of stormwater management
programs, and associated implementation of appropriate control
measures, in each MS4. Prior to this federal rule, Maryland
state code also motivated GSI implementation through broad
acknowledgment that management of stormwater runoff was
necessary to protect the integrity of the state’s water resources
(MD Department of the Environment, 2009), but the National
Pollution Discharge Elimination System mandates increased the
focus on managing stormwater specifically for water quality and
drove retrofits of appropriate SCMs throughout the MS4 (Stack,
email communications).

Several factors played a role in the more recent surge in
GSI construction in Baltimore in which there was a transition
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TABLE 2 | Summary of Stormwater Control Measure (SCM) data, including the original SCM classifications according to each city, the new classification used in this
analysis (which often aggregates multiple original classes), total quantity of SCMs, and availability of associated characteristics.

City SCM class Original SCM classifications SCM quantity % of SCMs with known SCM area available?
construction year
Baltimore  Basin Extended detention structure, dry 146 95 Yes
Detention structure (dry pond)
Micropool extended detention pond
Multiple pond system
Pocket pond
Extended detention structure, wet
Retention pond (wet pond)
Filter Bioretention 184 93 Yes
Organic filter (peat filter)
Perimeter (sand) filter
Sand filter
Enhanced filter
Micro-bioretention
Rain garden
Green roof Green roof- extensive 36 97 Yes
Green roof- intensive
Infiltration facility Dry well 23 91 Yes
Infiltration basin
Infiltration trench
Infiltration berms
Porous pavement Permeable pavements 24 100 Yes
Swale Bio-swale 16 100 Yes
Grass swale
Wet swale
Dry swale
Step pool storm conveyance
Underground filter Underground filter 39 100 Yes
Oil and grit separator
Bio-reactor carbon filter
Other Rainwater harvesting 4 100 Yes
Phoenix Basin Detention basin 220 55 Yes
Storage pond
Filter Bioretention basin 4 100 No
Infiltration facility Retention basin 7,446 99 Yes
Porous pavement Permeable pavement 16 75 No
Swale Curbcut bioswale 6 100 No
Underground filter Underground facility 864 99 Yes
Portland Basin Ponds- wet retention basin 182 81 No
Pond, dry vegetated detention pond
Filter Filters (leaf/sand/other) 2,412 55 No
Green roof Green roofs (4in substrate) 608 92 No
Infiltration facility Infiltration facility 3,928 50 No
Porous pavement Porous pavement 254 80 No
Swale Swales- vegetated filter strips 4,257 65 No
Underground filter Sediment manhole 7,518 91 No
Other Vegetated ditch 3,945 1 No

in GSI types. In 2000, the Maryland Stormwater Management
Manual was released, which provided design recommendations
for a range of GSI, and required stormwater management
with most new development and redevelopment. Passage of the
Maryland Stormwater Management Act in 2007 mandated the
implementation of newer decentralized GSI features, referred

to as Environmental Site Design, a concept similar to LID,
in all development to the maximum extent practicable (MD
Department of the Environment, 2007). This means that
developers are required to show that Environmental Site Design
will not work on a proposed site before being able to implement
any traditional SCMs. Environmental Site Design includes use
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FIGURE 3 | A timeseries of SCM construction in Baltimore, represented as the
number of facilities built during a given year, normalized by the current area of
the city. The arrow at the top denotes important events influencing stormwater
management, the black line graph represents impervious surface change in
Baltimore over several decades, and the dotted purple line graph indicates
change in population density.

of small-scale GSI and better site planning to mimic hydrology
of natural systems and minimize the impacts of development
on water resources. Given the minimal increases in impervious
surface and thus new development (Figure 3), much of the
documented GSI construction has occurred with redevelopment
of parcels in Baltimore or as specific retrofits for stormwater
management. Environmental Site Design requirements were
prompted by Total Maximum Daily Loads (TMDLs) established
for various pollutants for the Chesapeake Bay (Baltimore’s
ultimate receiving water body). Additionally, Environmental
Site Design promoted “less obtrusive facilities that are more
aesthetic and less burdensome on those responsible for long-
term maintenance and performance” (MD Department of the
Environment, 2009). This new emphasis on Environmental
Site Design was incorporated into a 2009 update of the
Maryland Stormwater Management Manual (MD Department
of the Environment, 2009), and was an important driver of
the exploration of GSI facilities on the “eco” end of the eco-
techno spectrum (Figure 1) in Baltimore. In 2013, a stormwater
remediation fee began which requires payment by property
owners based on impervious cover of land parcels (Baltimore
City Department of Public Works, 2017). Depopulation of
Baltimore (Figure 3) and other “Rust Belt” cities in the US has
motivated establishment of such stormwater fees to mitigate
losses in the overall tax base and thus funds for maintaining
and upgrading storm sewer infrastructure (Keeley et al., 2013).
This provided additional revenue to fund maintenance of existing
SCMs as well as support development of new features. GSI
installation is also incentivized by a reduced fee for property
owners who install GSI on their parcel.

Phoenix
Phoenix’s record of SCM implementation spans from 1971 to the
present. A strong increase in annual SCM construction began in
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FIGURE 4 | (A) Average area of constructed SCMs for each year of record in
Baltimore, with a linear model and 95% confidence intervals indicated and (B)
total area of constructed SCMs for each year.

the early 1990s (Figure 5). This was followed by a precipitous
decline in the late 2000s, and a smaller pulse of SCM construction
in the 2010s. In terms of types of SCMs, Phoenix is dominated by
infiltration facilities (which are locally called retention basins).
While there were some very large (in terms of area) SCMs
implemented in the 1980s, average area of SCMs has not changed
substantially over time (Figure 6A). Thus, total area of SCMs
constructed per year (Figure 6B) largely mirrors patterns in SCM
quantity constructed per year (Figure 5).

Several different types of ground cover are present on these
infiltration facilities—grass, gravel, and xeriscape (utilizes low-
water-demand, desert vegetation) (Figure 5). Though they are
called retention basins in Phoenix, these features are designed
to promote infiltration, and often contain a drywell within the
basin. In the late 1990s and 2000s there was an increase in grassed
infiltration facilities as well as an increase in underground filters,
the primary non-GSI feature. However, the fraction of grassed
infiltration facilities is much reduced during the 2010s SCM
implementation. It is a small fraction relative to the infiltration
facilities, but there also was an appearance of several new GSI
types in the most recent years, including swales, filters, and
porous pavement.

Two key events are responsible for the initial rapid increase
in GSI implementation in Phoenix (Figure 5). In 1987, Uniform
Drainage Standards were developed by a multi-jurisdictional
task force in central Arizona, led by the Flood Control District
of Maricopa County (FCDMC, 1987). These standards require
detention of the 100 year, 2h storm event for most new
development. In 1990, further motivation came from the federal
level as Phase 1 of the National Pollution Discharge Elimination
System stormwater program began, which required development
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FIGURE 5 | A timeseries of SCM construction in Phoenix, represented as the
number of facilities built during a given year, normalized by the current area of
the city. The arrow at the top denotes important events influencing stormwater
management, the black line graph represents impervious surface change in
Phoenix over several decades, and the dotted purple line graph indicates
change in population density. An additional panel below depicts the fraction of
different ground cover types for infiltration facilities (specifically retention
basins). “Unknown” cover indicates facilities where data on the type of ground
cover was not available.

of a stormwater management program for the Phoenix MS4 [US
Environmental Protection Agency (US EPA), 2015]. The regional
standard requiring on-site stormwater retention combined with
new development and the steadily increasing impervious cover
in the region (Figure 5) starting in the 1990s appears to have
driven a strong increase in SCM construction during this time. In
terms of trends in SCM type, the increase in underground SCMs
was driven by overall increases in impervious surface (Figure 5)
and thus more pressure on aboveground space, while the increase
in grassed infiltration facilities was likely driven by an overall
preference for mesic turfgrass landscapes (Yabiku et al., 2008;
Larson et al., 2009) joined with the desire of developers to create
properties most likely to sell.

The recent decline and smaller pulse of SCM development
can be linked to the economic recession from 2006 to 2012 and
the subsequent rebound. Phoenix was hit particularly hard by
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FIGURE 6 | (A) Average area of constructed SCMs for each year of record in
Phoenix, with a linear model and 95% confidence intervals indicated and (B)
total area of constructed SCMs for each year. Filters, porous pavement, and
swales are not represented as data on area was not available.

this recession, with construction of new residential properties
dropping by approximately two-thirds during this time (Kane
et al., 2014). Given that most SCM construction in the region
is driven by the regional stormwater retention requirements
for new development, SCM construction also rapidly declined
during this time, and then began to rebound as the economic
conditions became more favorable for development. The relative
reduction in construction of grassed basins during the recent
period of SCM development has been driven by overall increasing
awareness of water conservation and municipal initiatives to
promote xeriscaping (McGlade, 2015). Likely influences on the
recent additions of more diverse types of GSI include a city policy
promoting environmentally sensitive design for city properties,
and increasing area involvement of Watershed Management
Group, a local organization devoted to implementing small-scale
GSI demonstration projects. Another important influence on the
lack of certain GSI such as swales are city-imposed restrictions on
right-of-ways (Padgitt, email communications).

Portland

Portland’s record of SCMs spans from 1951 to the present
(Figure 7). The first notable trend is a rapid increase in
construction of sedimentation manholes (here classified as
“underground filter”), underground sediment retention features
often coupled with infiltration sumps, in the 1990s. In the mid-
1990s, there was a small steady increase in construction of GSI,
with drastic increases occurring during the 2000s. Various types
of vegetated swales have been implemented since 1964, though
there was a strong relative increase in swales during the late
2000s. Construction years for the majority of vegetated ditches

Frontiers in Built Environment | www.frontiersin.org

May 2018 | Volume 4 | Article 26


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

McPhillips and Matsler

Temporal Evolution of Green Infrastructure

NPDES Grey to
Phase 1 CSO Control ~ Green
& &
' €
Es- a0 2
+ . =2
> g
‘® L |2 Y
30

5, ' 29
a ] S =
> . [T
= : B -20 & >
e =
© -l - I;'— ' _o 8
Ll‘: 1- -- = E'_. gl = [}
D e = e - 7I - 4 - | o
2 - - -10
®© [
2 i S
é il
S — 1 I_ -0 2
(0 1 1 U U 1 U O

1960 1970 1980 1990 2000 2010 o

Filter Green Infiltration Basin Porous Swale Underground Other Impervious Population
Roof  Facility Pavement Filter SCM  Cover Density

FIGURE 7 | A timeseries of SCM construction in Portland, represented as the
number of facilities built during a given year, normalized by the current area of
the city. The arrow at the top denotes important events influencing stormwater
management, the black line graph represents impervious surface change in
Portland over several decades, and the dotted purple line graph indicates
change in population density. This SCM timeseries is missing facilities which
did not have known construction years, so is more representative of relative
changes over time. Vegetated ditches are aimost completely missing from the
SCM database, but a bar has been added (under the type “Other”) to indicate
that the majority were likely constructed prior to 1990.

(here classified as “other SCM”) are unknown, though evaluation
of construction years for adjoining properties in the city assessor
database suggests that many of these ditches were built between
the 1940s to 1990s. Infiltration facilities, filters, and porous
pavement were all also implemented at relatively constant rates
starting around 2000. Green roofs have comprised a small (2-3%)
fraction of SCM construction since around 2004 and continuing
into the present. It is important to note that most of these GSI
types are missing construction years for approximately one-third
of the facilities, and thus the pulse of GSI during the 2000s is likely
even more elevated.

The rapid construction of underground filters in conjunction
with infiltration sumps occurred as part of a 20-year control plan
for combined sewer overflows (CSOs) that began in 1991 (City of
Portland, 2017a), and as part of the Mid-County Sewer Project in
outer east Portland which ran from 1986 to 2001 (Mid-County
Memo, 2005). The CSO control plan aimed to reduce stormwater
inflows to the sewer system through downspout disconnections
and implementation of underground filter/sump pairs and
other SCMs, along with construction of large underground
tunnels to contain CSOs and route them to treatment plants.
Just prior to this control plan, there was also initiation
of Phase 1 of the National Pollution Discharge Elimination
System stormwater program, which required development of a
stormwater management program for the Portland MS4 [US
Environmental Protection Agency (US EPA), 2015]; the first
permit under this program was issued in 1995 (City of Portland,
2017c). Both of these encouraged the implementation of multiple
types of SCMs beyond underground filters and infiltration

sumps, opening space for more ecologically-oriented surface GSI
features to be considered, though particular GSI types varied by
the prioritized hydrologic function; management of stormwater
volume and peak flows has been prioritized in CSO control
areas (City of Portland, 2017a) while water quality protection
has been the priority under MS4 permits, and in regions of the
city that are part of the Underground Injection Control program
which was initiated in 2005 (Portland BES, 2011). Though
GSI was not a major part of the original CSO control plan,
rising costs from construction of large storage tunnels helped
facilitate greater implementation of GSI as a more cost-effective
stormwater management strategy (Law, 2014) and in 2007 the US
Environmental Protection Agency (US EPA) released a memo
officially supporting inclusion of GSI in CSO control plans and
other stormwater permits [US Environmental Protection Agency
(US EPA), 2007].

A rapid increase in GSI construction in the late 2000s was
driven by large sewer capacity projects (referred to colloquially
as the “Big Pipe Project” in Portland) that were complemented
by the installation of large numbers of “Green Streets” (a type
of curbside vegetated swale), and the Gray to Green Initiative
which promoted LID and implementation of GSI types such
as green roofs (locally called ecoroofs) and swales (City of
Portland, 2017b). Portland’s updated Stormwater Management
Manual (SWMM) also encourages ongoing GSI development
(City of Portland, 2016). First adopted city-wide in 1999
as part of the MS4 process, this manual provides standards
for onsite stormwater management facilities and subsequent
updates and iterations have included more and more GSI
facility standards. Any development or redevelopment that
produces 500 ft* of impervious surface triggers the manual.
Steady infill development throughout Portland has triggered
this manual and its requirements, increasing the number of
private GSI facilities substantially through the timeline analyzed
here. Though Portland has experienced steady growth in new
development and impervious surface (Figure?7), the rapid
increases in GSI construction are clearly occurring in most cases
as redevelopment of existing properties.

Cross-City Comparison of SCM Portfolios
Across the three cities examined in this study, SCM portfolios
vary by both infrastructure type as well as allocation or density
of SCMs (Figure 8). At 61.5 SCMs km~2, Portland boasts the
greatest overall density of SCMs. If we remove underground
filters from Portlands inventory and focus on GSI, there are
still 41.5 SCMs km™2. Phoenix and Baltimore have an order of
magnitude less, with 6.4 and 2.0 SCMs km 2, respectively.

With respect to SCM type, Baltimore has the most diverse
portfolio (Figure 8A), with facilities that span the entire eco-
techno spectrum. Dominated by GSI, its inventory spans all
eight SCM classes- basins, infiltration facilities, swales, green
roofs, porous pavement, bioretention or filtration facilities,
underground filters, and rainwater harvesting (included as
“other”). The two dominant types are filters and basins, and
the specific dominant features comprising these were micro-
bioretention facilities, sand filters, and dry detention ponds. The
dominance of these particular types is due to these technologies
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FIGURE 8 | Density of various SCM types based on most recent data (2017),
normalized by city area, in (A) Baltimore, (B) Phoenix, and (C) Portland. Total
density of all SCMs for each city is indicated. Colors indicate similar types of
SCMs. An inset graph in (A) has a re-scaled y-axis to better show the relative
differences between SCM types in Baltimore.

being considered the best or optimal at the time (Stack, email
communications). Phoenix has a SCM portfolio centered on
infiltration facilities (Figure 8B). These facilities encompass 87%
of all SCMs. Infiltration facilities dominate here due to the
emphasis on groundwater recharge in this desert city. There
are variations in the ground cover of these facilities (Figure 5),
including turfgrass, gravel, or xeriscape vegetation, each of
which has implications for ecohydrological function. Portland
has a fairly diverse SCM portfolio which also spans all eight
SCM classes, with “other” comprised by vegetated ditches
(Figure 8C). Underground filters dominate, while ground-level
filters, infiltration facilities, swales, and ditches are also abundant
in similar quantities. Portland’s density of swales is much
higher than either Baltimore or Phoenix, reflecting its focus

on utilization of Green Streets (curbside vegetated swales) for
stormwater management, which are built in public right-of-ways.

Temporally, each of the three cities studied here began
developing SCMs in different decades. Portland has the oldest
record, beginning in 1951, followed by Phoenix in 1971 and
Baltimore in 1985. These starting points all occurred in advance
of official implementation of NPDES Phase 1 federal stormwater
management guidelines and are more difficult to link to specific
regulatory or socio-economic trends with the data at hand but do
point to the varied nature of infrastructure development across
the US. There are also striking transitions in SCM portfolios in
the early 2000s in both Baltimore and Portland. In Baltimore,
state guidelines were a major driver, while in Portland the
federally-mandated CSO control plan and city GSI initiatives
were important influences. Other influencing factors are harder
to pinpoint from examination of planning and regulatory
documents, such as changing technologies like development of
bioretention and other small-scale LID stormwater management
practices (Liu et al., 2014) and changing social demands for
“greening” and sustainability of cities (Gottlieb, 2005; Newell
et al., 2013) as well as changing visions of public space (Nir,
2017). An important observation across all three cities is that
federal regulations do not appear as strong of an influence on
GSI development as is often presumed. One potential reason for
this is that two of the three cities (Baltimore and Phoenix) do
not have combined sewer systems and thus are not under CSO
control plans, removing the expensive regulatory hammer of a
CSO consent decree. Separated or combined sewers aside though,
all three of these cities had GSI development well before the
US Environmental Protection Agency officially endorsed green
infrastructure as a wet weather infrastructure solution in 2007
[US Environmental Protection Agency (US EPA), 2007], pointing
to a need for further exploration of GSI drivers.

Looking at temporal trends across the cities, we also see
the differential influence of new urban development on SCM
implementation. The SCM trajectory in Phoenix most closely
follows increases in impervious surface (Figure 5), since SCMs
there are most often constructed along with new urban
development. This linkage is also apparent in the strong decreases
in SCM construction observed with the economic recession
in the late 2000s. While Portland and Baltimore have both
had some increases in impervious surface and new urban
development which triggered SCM implementation, there were
clearly other influences at play as well. Under the regional
guidelines and initiatives noted above, their large increases in GSI
came from implementation with infill development and retrofits
onto existing private and public properties, including the public
right-of-way.

Differences in population dynamics across the cities are
also reflected in some of the observed SCM trends, further
highlighting the connections between socio-political trends
and stormwater management. Baltimore has seen substantial
depopulation over the last several decades (Figure 3), though
remains the most densely populated of the three cities. Despite
this reduction in population and associated tax base, Baltimore
has seen strong implementation of GSI in recent years, in part
motivated by the co-benefits of GSI that can add value and attract
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new businesses and residents (Keeley et al., 2013). Portland and
Phoenix have both had steady increases in population density
in recent years (Figures 5, 7) but this has had different impacts
on SCM development. In Phoenix, this has influenced SCM
implementation by fueling new development, which has in turn
driven private construction of new SCMs, per local regulations.
In Portland however, this population increase, while fueling
some private GSI construction through local regulations on infill
development, has also fueled more public investment in GSI
through programs like the Gray to Green Initiative (City of
Portland, 2017).

Ultimately, the varied nature of green infrastructure
development across the US shown empirically here can guide
future studies of GSI. Comparisons of the unique trends in
each city side-by-side reveal new research questions that should
be perused to better understand GSI implementation and
reveal barriers to, and opportunities for, mainstreaming green
infrastructure more generally.

Implications for Ecosystem Function and

Benefits

Different SCM and GSI facility types provide different
hydrological, ecological and cultural benefits in different
contexts; this means we must understand the varying portfolios
of facility types in each city to evaluate or predict overall GSI
performance. We review a variety of ecosystem services and
other co-benefits of different facility types in each city’s specific
context in turn below.

In the Baltimore region, the early implementation of detention
basins did reduce peak stormflows in receiving streams, as
demonstrated by a modeling comparison of watersheds at the
western edge of Baltimore City (Meierdiercks et al., 2010). Some
of these basins also have demonstrated potential to remove
nitrogen, which is regulated by a Total Maximum Daily Load
to improve water quality in the Chesapeake Bay (Bettez and
Groffman, 2012). More recent SCM types have demonstrated
even more potential for water quality improvement in particular,
as well as other co-benefits. Several of these newer SCMs (e.g.,
filters) are likely to have enhanced runoft reduction and removal
of pollutants such as sediment or nitrogen, relative to the
earlier implemented SCMs like basins, based on a review of
SCM function across many geographic regions (Driscoll et al.,
2015). Evaluation of bioretention basins in nearby College Park,
Maryland supports this notion of effectiveness for multiple
functions, finding overall runoff reduction (Davis, 2008) as well
as retention of sediment, nutrients, metals, and hydrocarbons
(Davis, 2007; Diblasi et al., 2009). There is also evidence from
Baltimore County that underground filters, which have been
implemented recently in Baltimore City where there are space
constraints, may be providing co-benefits beyond primary design
goals related to runoff volume and water quality mitigation.
Specifically, they are helping to reduce stormwater temperatures
and prevent thermal pollution in receiving streams, which can
adversely affect biota (Poornima and Davis, 2010). Looking
more broadly at co-benefits, a recent study in Baltimore County
actually found decreased home values in close proximity to SCMs

(Irwin et al., 2017); however, it is uncertain whether this trend
also applies to Baltimore City and how trends might change with
respect to newer GSI types, given that the evaluated housing sales
were prior to 2007. This does highlight the fact that co-benefits
are often assumed across all GSI facility types, but disservices are
also an important consideration when accounting for ecosystem
services in urban systems (Lyytimaki and Sipild, 2009).

In Phoenix, the use of different land surface covers
(grassed, gravel, xeriscaping) in infiltration facilities has strong
implications for several ecosystem services. Unfortunately, there
is a lack of data on the hydrological function of SCMs in
this region. We would presume that infiltration rates are not
substantially different between these different facilities, though
the differences in vegetation and roots could manifest in
differences in infiltration dynamics (Hart, 2017). There is likely
to be a strong difference in evapotranspiration (ET) between the
basin cover types. While this also has not been directly measured
in these SCMs, research on ET focusing on different land
covers in the Phoenix region demonstrates much higher ET and
associated cooling in turfgrass vs. xeric landscapes (Templeton
et al., 2017). Some of the turfgrass infiltration facilities also
provide recreation benefits, as they are constructed within parks
to be shallow and flat to allow for baseball or other activities.
The turfgrass basins also have higher potential nitrogen retention
than the gravel or xeriscaped basins, through the biological
process of denitrification (Larson and Grimm, 2012). However,
the turfgrass basins require periodic irrigation to sustain the
grass, which is a major disservice in this this desert city where
water is scarce. Another benefit of xeriscaped basins is that they
likely provide habitat for more native desert wildlife, based on
research in grassed vs. xeric landscapes in the region (e.g., Lerman
and Warren, 2011; Ackley et al., 2015).

Portland’s striking transition from underground SCMs to
various types of GSI has major implications for several ecosystem
services. The primary designed functions of the underground
filters and their associated sumps is to improve water quality
via sediment retention and retain stormwater runoff through
infiltration (City of Portland, 2016). Given the fact that they are
underground, there is little opportunity for other ecohydrological
or cultural services to be provided by these features. Potential
services have therefore expanded with the implementation of
GSI, primarily Green Street swales, in the last 15 years. It’s
unclear how GSI facilities perform relative to more traditional
SCMs, but newer infiltration facilities and all unlined swales
show excellent effectiveness (>90%) at reducing peak storm flows
and overall runoff volume [Portland Bureau of Environmental
Services (BES), 2010]. Inclusion of vegetation in these various
GSI facilities has enhanced infiltration rates, which then enhances
these metrics of flow and volume reduction (Hart, 2017) and
this vegetation also has potential to enhance other services such
as habitat provision for certain biota (Oberndorfer et al., 2007).
Green roofs provide some retention of runoft (~50%) and great
reduction of peak flows, though are not as effective as the
infiltration-focused facilities. A 2010 study found additional co-
benefits of green roofs in Portland including improved air quality
through the removal of 8.6 kg PMjg ha=! yr~! and greenhouse
gas mitigation through 7.1 Mg carbon ha=! yr=! sequestered
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(Entrix Inc., 2010). Recent research has also highlighted cultural
services enhanced by the Green Street curbside swales. Increases
in housing prices near Green Street swales demonstrate an
impact on the general desirability of living near certain types
of GSI in Portland (Netusil et al, 2014) and Green Streets
have also promoted environmental education and connection,
particularly enhancing awareness of stormwater issues in the
city when accompanied by informational signage (Church, 2015).
Additionally, Green Streets provide access to nature generally at
the street level in the city widening potential for mental health
and well-being improvements to a large number of residents
(Entrix Inc., 2010).

Challenges and Caveats

Inconsistencies in databases provides one challenge to
comparative analysis. The primary metric used to compare
the quantity of SCMs across the three cities examined in this
study was the number of SCMs normalized by the city area. This
is a useful first step toward understanding how various cities have
developed their stormwater management strategies; however, a
better metric would encompass the size of these SCMs as surface
area or volumetric capacity, which can be more directly linked
to potential benefits. In this analysis, SCM size data was not
consistently available, though available data in Baltimore and
Phoenix pointed to variable trends in SCM area. With respect
to the comprehensiveness of the databases, we believe, based on
conversations with municipal officials, that these databases are
fairly representative of the actual installed SCMs. As previously
noted, we are aware of some gaps, such as a lack of installation
year for some facilities and that some private SCMs have not yet
been added to the database in Phoenix. We are also aware of a
difference between city databases in that Phoenix and Portland
do not include all drywells or infiltration sumps in their SCM
databases, as these features can be managed by state Departments
of Environmental Quality which oversee underground injection
controls.

A second challenge to cross-city comparative analysis is
inconsistencies in the terminology used to describe the various
SCM designs used. For example, an SCM called a retention
basin in Phoenix is designed more similarly to what is called
an infiltration basin in other locations and thus here it was
classified as an infiltration facility. Some engineering references
have attempted to develop a more standardized nomenclature
[American Society of Civil Engineers Environmental and Water
Resources, Institute and Water Environment Federation (ASCE
EWRI/ WEF), 2012] but differences still abound. In most cases,
the best means to understand the particular design specifications
or considerations behind these names is to consult city or state
stormwater management manuals. It may be difficult to ever
achieve a consistent taxonomy given the rapid evolution of
some of these technologies, the increasingly diverse disciplines
interested in urban stormwater management, and the local or
cultural connotations and preferences that may be associated
with certain names (Fletcher et al., 2015). The nomenclature or
classification may also depend on the function of interest; for
example, there may be some cases in which it makes sense to
aggregate wet and dry ponds or basins, and others when it is

important to distinguish them [e.g., when considering certain
nutrient cycling functions that vary considerably across these
designs (McPhillips and Walter, 2015)]. In general, regulators,
city officials, and researchers all have the responsibility to be as
clear as possible about what the particular features, principles, or
objectives are associated with a particular name.

In order to adequately understand the implications of
different SCM choices on ecohydrologic and cultural services,
we also need more comprehensive primary data on these
benefits. As communities increasingly look to GSI to mitigate
stormwater issues and provide additional co-benefits, we need
to ensure that this GSI is actually meeting potential or assumed
functions. Development of the International BMP Database
(www.bmpdatabase.org) has been a critical means of beginning
to constrain the expected functions of various SCMs and
GSI, but it is limited to water quantity and quality-related
metrics and spatial coverage is spotty. Hopefully academic
researchers, municipalities, and others will continue to work
toward documenting the diverse functions and services provided
by these features.

CONCLUSIONS

This temporal analysis of SCM portfolios in three cities
demonstrates a movement from large underground, centralized
SCMs with narrowly-focused, single-purpose functions (i.e.,
mitigation of peak flows and volume retention) toward
distributed, diverse GSI with a wider focus on multi-
functionality. The extent of this transition varies across the
cities examined in this study, with Baltimore and Portland
demonstrating major changes in types of SCMs implemented,
while Phoenix has continued to consistently implement similar
types of SCMs through time, only recently adding a limited
selection of new facility types. This sort of transition toward
diverse, distributed GSI has been largely assumed, but this
synthesis provides concrete evidence for how this transition has
manifested in three major US cities.

We found that each city has a distinct SCM portfolio, which
still have some striking similarities despite differences in the
climatic setting and development history of these cities. It is clear
why Portland is widely regarded as a GSI leader, as it has by far
the greatest density of SCMs, and a large proportion is comprised
of GSI facilities such as infiltration facilities or swales, driven by
its desire to cost-effectively reduce combined sewer overflows.
Though it has a relatively lower density of SCMs, Baltimore has
developed the most diversity in SCM types, comprised almost
exclusively by GSI, driven by a desire to improve water quality
in the Chesapeake Bay. Phoenix, despite being a desert city, has
a substantial quantity of GSI dominated by infiltration facilities,
driven by a desire to combat urban flooding.

Across all three cities, we have identified some influences on
these timelines of GSI development. Motivation from the federal
level has affected overall increases in stormwater management
along with prioritization of water quality as a function of
SCMs. However, local level initiatives or policies have also
been important factors behind the observed changes. Such
policies included stormwater mitigation requirements for new
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development, municipal initiatives to promote GSI retrofits, and
updated stormwater design guidance via municipal manuals
emphasizing GSI. There are also other factors beyond regulatory
elements which play pivotal roles in driving stormwater
management trajectories, as we have seen in past urban
infrastructural transitions (Melosi, 2008). These include changes
in technologies (Schneider, 2011), social perceptions (Everett
et al, 2016), institutional attitudes (Carlet, 2015), inequality
and power (Finewood, 2016), financial management (Vanier and
Danvlo, 1998; Weber et al., 2016), and global economics (Carse,
2017). Further exploring these socio-political influences as a part
of an integrated social-ecological-technological systems (SETS)
lens is an important avenue of future research (Redman and
Miller, 2015; Grabowski et al., 2017).

These cities and their corresponding stormwater
management strategies can provide insightful examples
for other cities considering a move toward more GSIL
We look forward to witnessing a continuing evolution of
stormwater management around the world. While there is
some solid initial evidence of the many co-benefits that can
come from GSI beyond primary stormwater quantity or
quality goals, we also hope to see increased engagement in
documenting the ecosystem functions of GSI as it is increasingly
implemented.

DATA AVAILABILITY

Given security concerns of city water utilities, the raw SCM
data is not publicly available. Requests may be directed to the
individual utilities.
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