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Abstract: Climate change and its related factors are increasing the frequency of hurricanes, coastal
storms, and urban flooding. Recovery from disasters can be slow, with jurisdictions failing to
rebuild better, wasting time and money without improving resilience for the next disaster. To help
attenuate floods and mitigate their impact, Low-Impact Development (LID) and the incorporation of
green infrastructure (GI) is gaining in popularity. LID includes more natural methods of absorbing,
redirecting, retaining, and filtering water through GI installations such as rain gardens, detention
ponds, and the reduction of impervious surfaces. LID is, however, primarily implemented and
evaluated only on a local scale; few studies have assessed the broader impact of GI on a larger
scale. In fact, most performance calculators that evaluate the effects of GI are only useful at the site
scale. Further, most GI advocates propose its use in new developments without much attention to
retrofitting existing suburban development. This article seeks to determine what the potential effects
of retrofitting an existing suburban neighborhood with GI for flood protection at a larger scale could
be, using Sugar Land, Texas, United States as a case site. First, low-impact facilities are proposed
and schematically designed at a site scale for a typical single-family lot. The volume of rainfall
that can be retained on site, due to each incorporated feature, was then derived using the Green
Values National Stormwater Management Calculator. Using these data, the total volume of rainfall
that could be retained if all residential sites in Sugar Land incorporated similar facilities was then
projected. The results show that Sugar Land has the capacity to annually capture 56 billion liters of
stormwater if all residential properties use LID. Additional benefits of the use of GI include reduced
heat (37%), improved aesthetics and property values (20%), increased recreational opportunities
(18%), improved water quality (12%), improved air quality (5%), increased green collar jobs (4%),
reduced damage from harmful gas emissions (3%), and increased energy savings (1%), thereby
surpassing conventional stormwater management techniques.

Keywords: green infrastructure; low-impact development; resilience; stormwater management;
landscape performance

1. Introduction

Infrastructure issues and conditions can significantly contribute to flood mitigation efforts during
disaster events [1]. Headlines like these were seen after Hurricane Harvey impacted Texas: “Water
rescues increase in Sugar Land, TX as flood levels rise” [2]; “Texas sheriff asks residents to leave
the Sugar Land community due to flooding” [3]; “The mayor of Rockport, TX, suggests people to
mark their arms with their name and social security number in case flooding threatens their lives” [4].
Headlines like these, seen across the United States and the rest of the world, demonstrate some of
the reasons due to which cities need to develop more comprehensive mitigation strategies to address
both property damage and deaths caused by flooding. One of the primary reasons for increased
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flooding is amplified amounts of impervious surfaces due to development [5]. The urban land area in
North America quadrupled between 1945 and 2010 [6]. When urban areas grow, and especially when
they sprawl, impervious surface coverage increases, altering watershed hydrology [7], reducing or
eradicating native vegetation and soil layers that intercept, absorb, store, and filter stormwater. Less
infiltration by vegetation and soil leads to reduced pollutant filtering [8]. The resulting increase in
both runoff volume and intensity erodes streams/banks, degrades stream ecosystems, and displaces
organisms [9].

Conventional stormwater management (also called “gray infrastructure”) in the United States
consists of a system of pipes, tunnels, gutters, pumps, culverts, basins, and other systems that help to
capture and convey runoff from urban areas to natural areas, such as watersheds and rivers [10].
Conventional methods, however, can cause rainwater to pick up pollutants such as fertilizers,
pesticides, chemicals, pet waste, and debris, which eventually make their way into larger waterbodies,
negatively affecting the ecosystem [11]. Thus, conventional stormwater management through
engineered infrastructure can increase water pollution. It can also have several other drawbacks,
including high maintenance, high installation costs, and aesthetic problems. While engineered
infrastructure is typically linked to most development, Low-Impact Development (LID) techniques can
help address flood issues, improve water quality [12], improve groundwater recharge capacity [13],
and help mitigate the effects of changing climate, water scarcity, and urban sprawl [14]. In the
United States, local ordinances guide the design and construction of any new development, but these
ordinances are often outdated [15]. Some of the most frequent challenges faced by developers who
contemplate the use of LID are restrictive local ordinances, lack of funding, local officials, and
citizen opposition to the approach due to lack of awareness and the common misconception that
green infrastructure (GI) is expensive and difficult to maintain [16]. However, careful planning,
collaboration with the government, and education programs to address lack of knowledge can reduce
these challenges [17], and assist in mitigating the impacts of flooding.

In the current research, there are few sources comparing the results of incorporating conventional
stormwater-management techniques to GI techniques, even at site scale. This article seeks to bridge
this gap by examining this difference. The article highlights the benefits of incorporating GI techniques
as a supplement to conventional stormwater-management techniques. To achieve this, the article
describes LID, its goals, benefits, GI facilities, and how it compares to conventional stormwater
management. A methodological discussion and a description of the step-by-step process utilized to
develop and measure the impact of the described LID site plan follows. Calculations on how much
water each GI feature in the site plan can capture are described, based on Green Values National
Stormwater Calculator outputs. Costs, performance measures, and benefits of using LID techniques
versus conventional stormwater-management techniques are then compared and discussed.

2. Literature Review

Stormwater runoff can result in flood damage when large amounts of precipitation collect on
the ground glide over impervious surfaces without being absorbed [18]. Ideally, cities should seek to
alleviate water pollution and the consequences of standing water during floods while simultaneously
using opportunities to reuse urban space and improve neighborhoods. LID is a land-use planning and
design approach that seeks to mitigate urban impact on the environment by treating stormwater at
its source [5]. LID works by reducing runoff from impervious areas by slowing and filtering water to
reduce pollutants and sediment amounts before they reach the mainstream network [19]. GI, natural
features used to manage stormwater runoff, are a large part of LID facilities [20].

Residential land uses make up 85% of urban land uses in the United States [21]. In general, most
U.S. residential areas have large amounts of turf areas or manicured landscapes and an abundance of
impervious surfaces created by roadways, driveways, sidewalks, and rooftops. These large expanses
of impervious surfaces can result in excessive volumes of stormwater runoff [22]. Therefore, the need
to manage stormwater runoff in already developed sites and areas should be considered a priority.
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While future developments may be required to meet contemporary stormwater regulations, older
developments are larger in number, and constructed well before the need for severe stormwater
management was recognized. The previous literature suggests that retrofitting LID into exiting
residential lots could have important implications on urban stormwater management, especially when
done in a larger scale [23]. Although retrofitting LID facilities into already developed communities
can come with various challenges due to previously existing infrastructure and utilities, it has been
found to increase infiltration volume, reduce peak discharges and runoff rates by half, and double
concentration time [24].

No space is useless and, therefore, a successful LID retrofit should evaluate various design
alternatives and consider site-specific constraints. Communities can benefit greatly from retrofitting
green infrastructure into their homes and lots as stormwater effects are collectively managed.
In addition, property owners can protect air and water quality, reduce heat-island effects, reduce
utility maintenance costs, increase property values, and save money due to water conservation and tax
incentives [25].

As noted, an effective LID technique controls stormwater from its source, using nonstructural
methods and natural onsite features [26]. Some LID techniques that can be used for retrofitting in
a residential site are:

1. Vegetated filtered strips: strips of land planted with native vegetation that usually acts as a buffer
between a waterway and impervious surfaces.

2. Bioretention facilities: Shallow landscape depressions that consist of a mix of plants and soil and
are designed to closely mimic natural forested conditions [5]. Rain gardens and bioswales fall
under this category:

i Rain gardens—depressed landscape areas constructed using high-permeability media
such as soil, organic matter, and plants that collect rainwater from roofs, streets, or
driveways and allow it to soak into the ground [27].

ii. Bioswales—linear vegetated or mulched channels that slope gently to reduce and slow
stormwater runoff while acting as a filter for pollutants and are mostly placed near parking
lots [28].

3. Permeable pavement: allows water to infiltrate and be absorbed through surfaces that would
otherwise be impermeable [29]. The general categories of permeable paving systems include
porous hot-, warm-, or mixed-asphalt pavement; pervious Portland cement concrete; permeable
interlocking concrete pavement (PICP); and concrete/plastic grid systems [5].

4. Green roofs: typically consisting of a rooftop planted with vegetation over a waterproof
material/membrane that may include a drainage or irrigation system [30].

5. Rainwater harvesting: uses under- or aboveground storage containers to capture stormwater
runoff that can then be used for other purposes, such as irrigation.

The suitability of a LID technique or combination of techniques varies according to the physical
constraints and opportunities of a site. Physical factors that must be considered to determine suitability
include the amount of space available, soil permeability, distance of slopes from water table/bedrock,
proximity to building foundations, depth requirements, and maintenance needs of the homeowner [31].
Studies show that once residents understand the low-impact benefits on their local water quality, they
are more likely to accept and support alternatives and LID-based technologies [32]. To encourage
homeowners to retrofit LID into their property, the government can offer incentives such as reduced
impact fees, development fees, and density bonuses to help offset additional costs. Further, local
government can prepare educational campaigns and employ LID consultants to work in neighborhoods
to raise awareness.
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3. Materials and Methods

3.1. Study Area

Houston, TX has experienced increases in development and impervious surfaces such as roads,
parking lots, sidewalks, or any land cover with concrete and asphalt, which can exacerbate the effects
of flooding through limiting infiltration opportunities [33]. Further, new development replaces natural
facilities such as the Katy Prairie, a large area west of Houston that has long acted as a sponge for
absorbing water [34]. In a flat area like Houston, the soil is compacted and sheets of water are sent to
low-lying areas nearby. According to the Houston Chronicle, between 2001 and 2011, Fort Bend County
(the county in which Sugar Land is located) had a 53% increase in impervious surface. The increase in
pavement in the Houston region alone between 1996 and 2011 was 25%. This could potentially be a
major problem as, “on an average, every square meter of pavement/ impervious surface, translates
into around $4000 of flood damage” [35].

Sugar Land has an average elevation of 30 m and two major waterways that run through the
city (Figure 1). The Brazos River runs through the southern and southwestern portion of the city,
and Oyster Creek runs through the eastern and the northwestern part of the city [37]. Many other
artificial lakes connect Oyster Creek and the Brazos River with the city’s communities. Therefore, it is
often susceptible to flooding [38]. Many neighborhoods in Sugar Land that have potential flooding
issues are currently being protected by a levee, as most of Sugar Land lies within the 100- and
500-year-old flood plains also known as high-risk areas [38].

~———— Sugar Land Boundary

100 Year Floodplain

0 2000m
——

Figure 1. The Federal Emergency Management Agency (FEMA) 100 year floodplain in Sugar Land,
Texas (GIS Data from FEMA [36]; Generated using ArcMAP 10.4 (Esri, Redlands, CA, USA).
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The chosen site (Figure 2) is in a neighborhood in Sugar Land called Abbott Circle that is located

30 min away from Houston. The site was chosen as a repressive location because (1) it is susceptible
to flooding, (2) there is a large degree of impervious development and minimal green infrastructure,
(3) the site has clay soils and slow /low infiltration rates, and (4) is it developed as a typical suburban
community in Texas with small, single-family lots. To protect the anonymity of existing residents,
the exact location is not disclosed. The site, a typical single-family residential parcel, is a 0.28 acre
parcel located in a suburban area. The slope is nearly flat, and the site has a total of 5 existing trees.
The soils include mostly clay, and thus do not drain well. The total impervious cover of the site is 34%,
which includes 93.92 m? of impervious pavement in the driveway, and 273.97 m? of roof /built-up areas.
Due to these existing conditions and clayey soils, stormwater-runoff infiltration is severely limited.

Figure 2. Site plan before Low-Impact Development (LID) (generated using Google Earth Pro 2017:
Mountain View, CA, USA; version, and Adobe Photoshop, CC version: San Jose, CA, USA).

To manage stormwater runoff, a series of LID facilities were proposed in strategic, retrofitted

locations based on certain their location and the functionality needed to assist in stormwater treatment
(Figure 3). The 6 utilized facilities are described below:

1.

Permeable pavement: the impervious driveway can be replaced with pervious material, such as
grass pavers (concrete pavers that allow grass to grow in between) [5], so water seeps through,
into the underlying soil, instead of running to nearby sewers.

Vegetated swale: These are proposed closer to the building so that runoff from downspouts
can be directed into them. Curb openings from the adjacent parking lot also allow stormwater
to enter these landscaped features, and natural features slow runoff volume and allow for
more infiltration.

Rain barrel: Two rain barrels, each with a capacity of 757 L, are proposed on either side of the
building and connected to downspouts to decrease rooftop runoff. Since rain barrels can be easily
installed and maintained by single-family homes, they can be used to collect water from the roof
through a downspout. Stored rainwater can then be utilized for irrigation purposes.
Stormwater planter boxes: These vegetated, enclosed stormwater storage basins must have an
underdrain and are usually enclosed in a concrete container with porous soil and plants to capture
runoff [17]. They are proposed near sidewalks to capture runoff from impermeable surfaces,
provide optimal urban streetscapes, and increase permeability.
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5. Rain garden: Since these systems typically have an underdrain [17], they can be placed near
sidewalks or in vast swaths of grasslands. It is proposed in the front of the building to be
aesthetically appealing as well as to be in an existing depression/topographical low point.

6.  Additional trees (shown in light green) and flower beds: these are proposed to decrease the turf
area and effectively slow and clean stormwater runoff.
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Figure 3. Site plan after being equipped with listed LID Facilities (generated using Google Earth Pro
2017: Mountain View, CA, USA; version, and Adobe Photoshop, CC version: San Jose, CA, USA).

3.2. Methodology

The methodological approach followed a 3-step process. First, the site was assessed examining
setbacks, soil infiltration rates, and surrounding development. The second step was to determine
the appropriate LID best management practices and ideal locations to install facilities through a
preliminary low-impact design. Third, GI Best Management Practices (BMPs) and their sizes were
adjusted according to location, site constraints, and cost estimates. The above steps were repeated
until requirements and goals were met. To calculate the benefits derived from the proposed GI BMPs
and how they compare to convectional stormwater management techniques, the parameters of the
final site plan were entered into the Green Values National Stormwater Calculator [39].

In 2010, the Center for Neighborhood Technology developed formulas to determine the volume
of rainfall that is retained on the site due to each LID technique used. The National Green Values
Calculator is an online tool developed to compare GI costs, benefits, and performance compared
to conventional stormwater-management practices [39]. It has been used to assess the impact of
stormwater-management practices on water quality [40], adaptive capacity [41], runoff capture [42],
and GI impact on new housing [43], Using the calculator formulas, the total runoff reduction due
to the LID retrofit design was calculated. Table 1 shows the input data used from Sugarland’s site
characteristics into the National Green Values Calculator.
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Table 1. Lot information enterted into the National Stormwater Management Calculator.

Lot Information

Zip Code 77498
Annual Rainfall (cm) 125.83
Storm Type * 85%
Storm Rainfall (cm) 2.6
Size of Lot (sq.m) 1133.12
Soil Type D (clayey soil)
Predevelopment Conditions
Impervious Area (%) 34
Lawn in good condition 30

Runoff Volume Reduction Goal

Goal North Carolina Ordinance
Precipitation Depth (cm) 3.81
Volume captured over Whole Site
Required Volume to capture on Site (m?) 11.80

Existing Conventional Development

Impervious Area

Roof Size (m?2) 274.02
Driveways and Alleys Area (m?) 93.9
Other Land Cover
Total Impervious Area (%) 34
Lawn in good condition (%) 30

* Calculated by taking standard daily rainfall values (removing all records less than one-tenth of an inch), arranging
from smallest to largest, and finding the value for which 85% of all the values are less.

The Green Values National Stormwater Management Calculator [39] is also a tool for calculating
and comparing the costs, performance, and benefits of using Green Infrastructure with conventional
stormwater-management techniques. This calculator considers the site-specific features that were
entered (in Table 1).

Table 2 shows the measurements and specifications of LID green improvements that were
entered into the National Stormwater Management Calculator based on the proposed GI site plan in
Figure 3. These inputs were used to compare conventional development, or development without
green infrastructure, to the low-impact retrofit design. The calculator generated results based on all
the above information (from Tables 1 and 2).

Table 2. Green improvement inputs used in the National Stormwater Management Calculator.

Planter Boxes (Disconnected Downspout)

Area (sq.m.) 2.22

Soil: 1. Depth (cm) 30.48

2. Porosity (Void Ratio) 0.25
Underlying Aggregate: 1. Depth (cm) 30.48

2. Porosity (Void Ratio) 0.35
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Table 2. Cont.

Rain Garden (Disconnected Downspout)

Amount (m?) 43
Prepared Soil: 1. Depth (cm) 30.48
2. Porosity (Void Ratio) 0.35
Underlying Aggregate: 1. Depth (cm) 30.48
2. Porosity (Void Ratio) 0.25
Rain Barrels (Disconnected Downspout)
Rain Barrel Capacity (liters) 2 nos. 757.08 each
Native Vegetation
Amount (%) 80
Vegetation Filter Strips
Area (m?) 46.07
Depth of Prepared Soil (cm) 30.48
Porosity of Prepared Soil (cm) 0.89
Trees
Quantity 4
Average Canopy (sq. m.) 18.6
Average Tree Box: Width (m) 1.2
Length (m) 1.2
Depth of Prepared Soil (cm) 1219
Porosity of Prepared Soil 0.35
Permeable Pavement on Driveways
Amount (%) 100
Material Porous
Underlying Aggregate: 1. Depth (cm) Asphalt 20.32
2. Porosity (Void Ratio) 0.25
Permeable Pavement on Sidewalks
Amount (%) 100
Material Porous
Underlying Aggregate: 1. Depth (cm) Asphalt 20.32
2. Porosity (Void Ratio) 0.25

4. Results and Analysis

Table 3 shows total runoff reduction, while Table 4 shows values for different parameters when
conventional stormwater management is used and when GI is used in the site. The total number
of households in Sugar Land is 28,020, out of which 81.9% are owner-occupied [44]. According to
the output data, if LID techniques are incorporated into the all these houses (using identical design
specifications), Sugar Land can see an annual reduction of 56 billion liters of stormwater (reduction of
2.611 million liters x 22,696 houses) from exacerbating flood conditions (Table 3).
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Table 3. Runoff reduction calculation for LID Best Management Practices (BMPs).

Total Runoff Reduction
Formula Calculation (Liters Per Cubic
Centimeter)

LID Best Management
Practices (BMPs)

(Annual precipitation x Green
Infrastructure Area X % Retained) x
13.38 sq.m x 0.001 L/cm? = Total Runoff
reduction [45].

(125.83 cm x 274.94 sq.m X
0.60) x 13.38 sq. m x 277.77
0.001/cm?

Green Roof

(Annual precipitation x (Feature Area +
Drainage Area) x % of rainfall captured) x
13.38 sq.m x 0.001 L/cm?) = Total Runoff
reduction [45].

(25.83 cm) x (41.99 sq.m +
1120.485 sq.m) x 0.80 x 1565.72
13.38 sq.m x 0.001/cm?

Vegetated Swales

(Annual precipitation x (Feature Area +
Drainage Area) X (% of rainfall captured)
x 13.37 sq.m x 0.001 L/cm?3) = Total
Runoff reduction [45].

(125.83 cm x (13.93 sq.m +
1120.485 sq.m) x 0.80 x 1909.9
13.38 sq.m x 0.001/cm?)

Rain Garden

(Annual precipitation x Green

Infrastructure Area x % retained) x (125.83 cm x 95.97 sq.m x

Permeable Pavement (13.37 sq:m x 0.001/cm?) = Total Runoff 0.80) x 133.38 sq.m X 129.26
con 14 0.001/cm?)
reduction [45].
Total Runoff Reduction 277.77 + 1565.72 + 1909.9 + 129.26 3882.65

Table 4. Values obtained before and after Green Infrastructure Design Provisions.

Conventional Stormwater Green .
Difference
Management Infrastructure
Volume Control:
1. Requp’ed Vg)lume capture from 1.5” over 4318 4318 0
whole site (m~)
2. Volume captured by current BMPs (m?) 0 25.77 25.77
3. Required volume captured by current
BMPs (%) 0 60 60
4. Decrease in impervious area (%) 0 49 49
Coefficients and runoff:
1. Total Runoff (cm) 121.08137 114.07 7.017
2. Total Runoff Volume (m?) in 85% storm 2.06 1292.5 9.6
3. Total Runoff (cm) 0.53 0.02 0.51
4. Total Runoff Volume (m?) 6.14 0.25 5.89
Land Use:
1. Conventional Area (sq.m) 274.9 2749 0
2. Total Impervious 391.67 200.6 191.1
3. Total Pervious 41.5 932.47 190.9
Costs ($):
1. Construction cost $48,644 $85,850 $37,206
2. Annual Maintenance costs $962 $1564 $602
3. Life-Cycle Cost (NPV) $89,709 $154,054 $64,345
Annual benefits:
1. Reduced air pollutants 0 1 1
2. Compensatory value of trees 0 1100 1100
3. Groundwater replenishment 0 3 3
4. Reduced treatment benefits 0 2 2
Life-Cycle benefits (NPV):
1. Reduced air pollutants 0 23 23
2. Compensatory value of trees 0 34,856 34,856
3. Groundwater replenishment 0 110 110
4. Reduced treatment 0 61 61
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After adding LID techniques/green improvements, there is a dramatic change in the capacity
of the site to retain more water. Overall, we see that the benefits of using GI features on site surpass
conventional stormwater management. In terms of volume control, stormwater captured by GI BMPs
is 25.7 m3, which is 25 times the volume captured by conventional development. This means that
more stormwater is captured and infiltrated on site. The total runoff volume when GI is used is
1292.46 m?, which is 79.6 m3 less than conventional stormwater management (Table 4). This suggests
that the volume of water running to major water bodies and contributing to increased flooding is
reduced when GI is used. The total pervious area in the site when GI is incorporated is 932.5 m?,
which is 190.9 m? more than conventional stormwater management. This indicates a 49% decrease in
impervious surfaces when LID is used, allowing more permeability.

Unlike typical water damage from rainfall or plumbing issues, flood damage is more severe due
to the movement of the water that often brings considerable lateral force with it, which can impact the
structural integrity of buildings. Repairing flood damage usually involves not only the pipe repair and
water removal, but can also involve excavation and reinforcement of building foundation, which is
something that cannot be handled by home owners or occupants, as it involves large equipment
and machinery [46]. This can cost a lot of money from the inspection stage to the final repair stage.
In Sugar Land, the average total cost to clean up flood damage for 19.97 sq.m. is $3155, in addition to
flood-damage labor ($2521.73 for 33.4 h), and job materials and supplies cost ($633.27 for 18.6 sq.m.) [46].
The construction cost of installing LID is $37,206 higher than conventional development, and the annual
maintenance cost is $602 higher. Although the cost for LID is higher than conventional development,
there are various other benefits that GI can offer and pay back in time that surpass conventional
stormwater-management techniques. GI reduces air pollutants, provides compensatory values for
trees, replenishes groundwater, and reduces treatment costs. The total annual benefits that LID offers
are $1106, while the total life-cycle benefit is $35,050 more than conventional stormwater management.

5. Conclusions

This paper distills the impact that can be reaped by retrofitting GI on a large scale compared to
conventional stormwater management. Overall, the National Stormwater Management Calculator
shows that retrofitting LID into residential lots has important implications on urban stormwater
management, especially when done on a larger scale. Through a GI retrofit of single-family lots,
Sugar Land can achieve a reduction of 56 billion liters of stormwater annually. In addition, the results
implicate that the installation cost of LID BMPs is affordable, easy to maintain, and offers various other
environmental benefits to the community. These findings are similar to other research using the Green
Values Calculator that also found long-term economic benefits and stormwater reduction [40-42,47].

Traditional stormwater approaches aim to convey runoff off-site to a combined sewer system,
to receiving waters, or to a regional facility. But these designs also need supplemental infrastructure
that demands costs. In contrast, LID techniques reduce the amount of materials required for paving
or installing curbs and gutters. In addition, GI practices can offset costs related to regulatory
stormwater requirements. In urban redevelopment projects, the land is unlikely to be available
for stormwater-management practices, and, in cases like this, developers can employ various BMPs
that are dispersed within the site, thereby avoiding penalties or fees that many municipalities charge
when mitigation requirements are not met.

In addition, the city can also address flooding concerns, improve water quality, protect
aquatic habitats, mitigate the urban heat-island effect, and balance increased population density
by incorporating LID. It should be noted that the calculator estimates outcomes based on available
information such as soil type, landscape, land-use information, and historical weather. These estimates
can be affected by limitations on site-specific information and uncertainties about climate conditions
in the future.

It should be noted that this paper is the first attempt to scale up findings to a broader area using
local and community-scaled landscape performance data. To ensure stronger generalizability, future
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monitoring and assessments are needed using similar methods across differing localities to confirm or
challenge these results. The field of landscape performance studies is quite young, and validation of
such innovative approaches to operationalizing these tools is continually needed.
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