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Abstract

Green infrastructure, sometimes referred to as nature-based solutions, promotes urban livability.
It reduces stormwater quantity and improves surface water quality while simultaneously providing
a multitude of other environmental, economic, and social benefits. However, it can be challenging
for designers and decision-makers to select a specific type of green infrastructure system for a
particular location in a complex urban water network. This paper is a guide for urban planners,
landscape architects, engineers, and local decision-makers in selecting and locating different types
of green infrastructure in a city for stormwater management purposes. Maximizing the
effectiveness of green infrastructure requires considering the site’s biophysical characteristics and
location in the watershed, the connectivity of the existing urban water system, and the probable
pollutants from the site and adjacent areas. Our recommendations are based on previously
published studies and we synthesize these in tabular format to highlight differences. Then, we
illustrate the sequence of decisions and evaluate our eventual site level recommendations with pre
and post- SWMM runoff simulations in Detroit, Michigan and Addis Ababa, Ethiopia. Our two
cases address different stormwater challenges. In Detroit, the most pressing stormwater goal is to
reduce combined sewer overflow events that degrade water quality. In Addis Ababa, stormwater
management must address seasonal flooding and poor river quality caused by discharging large
volumes of untreated stormwater. Through this stormwater guide, we highlight key decisions at
the watershed, urban water system, and site-specific scale.

Water Impact

Green infrastructure can address water quantity and quality problems associated with stormwater
runoff in urban environments. We provide a framework for urban designers and decision-makers
to select and implement green infrastructure for stormwater management purposes by considering
its overall effectiveness at three scales: the watershed, the urban water system, and the site.

1. Introduction
In early cities, the original purpose of stormwater infrastructure was to quickly transport runoff
through pipes away from the city to prevent damage to the built environment and avoid insects,
disease, and odor caused by stagnate water. Recently, bioengineered green infrastructure systems
(GI) that use vegetation, soil, and/or infiltration to retain stormwater and naturally filter out
contamination! are gaining popularity as an alternative to ‘grey infrastructure’. While we
concentrate on its stormwater management potential, GI offers a multitude of other benefits. Some
of these benefits are the reduction of the urban heat island, the provision of additional ecosystem
services, the increase in urban biodiversity and wildlife habitat, the enhancement of climate change
resilience, and the addition of attractive green spaces that have salutary effects on human physical
and mental health.!"® However, different GI systems vary in their ability to address water quantity,
water quality, pollutant removal issues and their effectiveness is significantly impacted by their
location.” In this paper, we synthesize prior research about the impact of GI systems to provide
local designers and decision-makers with guidance. After defining our terminology, we begin by
outlining concepts underlying siting recommendations at the watershed, urban water system, and
site scale. To demonstrate how these concepts influence decision-making, we have selected sites
in Detroit, Michigan and Addis Ababa, Ethiopia. These sites have distinct watershed, urban water
system and local characteristics. In both locations, GI is a preferred approach to the challenge of
stormwater management due to lower start-up costs and additional environmental and social
benefits compared to piped systems. We are actively collaborating with decision-makers and local
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residents in the design of their local GI systems. Based on the preferred designs, we analyze the
effectiveness of the GI systems with pre and post-SWMM (Stormwater Management Models) to
estimate the impacts on peak and total stormwater volumes. See Appendix 1 for modeling details.

2. Background

Urban settlements alter natural water cycles and can present significant challenges for
sustainability and human health.®° As urban settlements replace a portion of a watershed’s natural
land cover with impervious cover, they decrease onsite infiltration and increase stormwater runoff
that conveys pollutants into nearby surface waters.! An urban water system may be comprised of
drinking water, wastewater, and stormwater management systems. In developed countries, the
majority of urban water services are provided through constructed and piped centralized drinking
water, wastewater, and stormwater systems.!!:12 In developing countries, construction of buildings
and roads often precedes the development of urban water systems and subsequent improvements
often favor smaller-scale, decentralized systems.'3>-!7 In both developed and developing settings,
augmenting constructed water management infrastructure with GI is an ongoing discussion.!!

GI nomenclature can vary between and within countries. To reduce confusion, we state our
definitions in the following text. Retention ponds retain runoff, reduce peak flow rates, and are
always filled with water. However, the water volume within retention ponds fluctuates with storm
events.!® Constructed wetlands are engineered systems that channel runoff through a vegetated
path and remove pollutants through the soil, vegetation, or the inherent bacterial community.
Detention ponds hold runoff during storm events and slowly release their volume to the
environment until dry. Rain gardens are shallow vegetated basins often installed next to
impermeable surfaces such as roads, sidewalks, and parking lots to pool that eventually permit the
infiltration of runoff.'® Bioswales are located along the edge of a large impervious areas such as
roads or parking lots. Unlike rain gardens, bioswales are elongated in shape, have a deeper
depression so they can slow and filter more peak run-off volume, and are more likely to use
engineered soils.2? Green roofs are roofs with vegetation and/or stormwater collection basins that
allow for infiltration and evapotranspiration of runoff to reduce runoff due to impervious
surfaces.?! The effectiveness of infiltration and pollutant removal by GI systems increases when
they are well-maintained (weeded, watered, debris removed), and when water has with longer
residence times within the systems.?? In this paper, we also consider non-vegetated GI, because
these decentralized systems also reduce the peak flow of runoff and divert stormwater from
entering the sewer/wastewater network. Examples include permeable pavements, which are porous
surfaces installed in parking lots or sidewalks that infiltrate and store rainwater on-site.?? Finally,
rainwater harvesting is when rainwater is collected and stored for later use to reduce runoff and
decrease centrally treated water use.!8

As mentioned above, GI requires careful placement within the urban water network to avoid
failure. We define GI failure when there is a loss of function because 1) the system cannot
accommodate runoff volume, 2) plants are washed out due to high flowrates, or 3) plants cannot
withstand high contaminant loads.” When selecting an effective type of green infrastructure for a
specific location, decisions can be organized from the broad watershed, to the intermediate urban
water system scale, and then fine scale site factors that consider adjacent land uses. This
hierarchical thinking ensures that the effectiveness of the GI system extends beyond the site, to the
existing urban water system, where it can reduce the flux of runoff in the stressed pipe network,
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and to the overall watershed, where it can improve overall environmental water quality and reduce
runoff flowrates.

3. Scale-Specific Design Guidelines

3.1 Watershed Guidelines
Watersheds, also referred to as catchments or drainage basins, are defined as the land areas that
drain water to a particular stream, river, or lake. The extent of the watershed is found by tracing a
line along the highest elevations between two areas on a map, often a ridge.>* Watersheds are
complex systems that combine physical properties with dynamic processes. Some of the important
physical properties include topography, geology, climate, and land cover. Some of the dynamic
processes include rainfall, stream flow, evapotranspiration, groundwater interactions, and soil
moisture regimes. Due to this complexity, there is no one categorization system used across
disciplines.?>30 Since the 1990s, there has been a rise in watershed planning initiatives that
recognize that the majority of these systems are also social-ecological systems impacted by
environmental planning, policy, and management practices. For GI installation placement for
stormwater management purposes, our location decisions begin at the broad watershed level with
considerations of climate, terrain, location within the watershed, and imperviousness.

Climate is important because it influences the volume, duration, and intensity of rainfall within the
watershed. Green infrastructure installations must have capacity and flow characteristics to handle
the runoff from regional precipitation events. Temperature can also influence green infrastructure
decisions as is linked to species selection and vegetation growth. If a watershed has extreme
temperatures, the plants of green infrastructure installations must be able to accommodate rapid
growth or adapt to intense sunlight. If designed properly, the green infrastructure system can
perform consistently in terms of water quality improvement and quantity reduction despite
seasonal variations.

Terrain, also referred to as topography or slope of the land surface, is an important first
consideration. Where the terrain is steeply sloping in hilly or mountainous areas the run-off will
move more rapidly reducing infiltration and these steep slopes will generally have shallower layers
of soil. These shallow soils also reduce water storage potential. Conversely, less sloping
watersheds generally more infiltration due to slower run-off speeds and also have deeper layers of
soil that also increase the absorption and storage potential. Installing GI systems in watersheds or
sub-watersheds with significant terrain will be generally less successful than in less sloping
watersheds or sub-basins. Most vegetation-based GI systems are designed to intercept sheet flow
runoff. If there is a steep slope, the runoff volume and flow rate can overwhelm the system to the
point of soil washout. In general, the slope for vegetation-based green infrastructure should not
exceed 12% 3! If it does, site grading is required to reduce the slope. With vegetative GI, flatter
slopes allow for a longer retention time which then improves the effectiveness of different
pollution control strategies

The site’s location within the watershed or sub-watershed relative to the receiving waters is the
third consideration. Marsh3? notes that a small watershed or sub-watershed can be divided into
three zones. These three main hydrological zones are the contributing zone, the collection zone,
and the conveyance zone. The contributing zone is located farthest from the point of collection in
the upper watershed. Land in the contributing zone (which is generally but not always the largest
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hydrologic zone) receives the most water and generates three types of run-off; overland flow,
interflow (water that moves laterally in the soil and into the stream channels), and groundwater. In
general, it is desirable to capture and retain stormwater in the contributing zone to prevent flooding
lower in the watershed.!”-2! The collection zone is located between the contributing zone and the
conveyance zone. In the collection zone, flooding problems are generally greater as groundwater
saturation may occur and rainfall begins to pool as stormwater is collected and infiltrated. This
middle collection area is generally a good location for small-scale stormwater management
installations for both water quality and water quantity purposes.?® Finally, the conveyance zone is
the lowest section of the watershed. In this zone, stormwater is at its highest volume and poorest
quality. Volume reduction using GI is difficult in the conveyance zone due to the rapid runoff
flowrate and likelihood that the water table is close to the surface. Table 1 provides a guide for
relating the best type of GI installation relative to the general characteristics of Marsh’s
hydrological zones.

Table 1. Guidelines for GI system selection based on location within the watershed or sub-watershed.
@ =very appropriate, O =moderately appropriate, O=mildly or not appropriate.

Location in Watershed?30-2

Contributing Collecting Conveyance
Zone (Upper | Zone (Middle | Zone (Lower
Watershed) Watershed) Watershed

Retention basins
Rainwater Harvesting
Constructed Wetlands
Detention basins
Bioswales

Rain Gardens

Green Roofs
Permeable Pavement

Urbanization increases the area of impervious surface in a watershed, which significantly impacts
stormwater runoff. Klein®} found that when total area of impervious surfaces of a watersheds
exceeded 12%, it negatively impacted the quality of the receiving waters. At 30% imperviousness,
these environmental degradation effects were considered severe.’® Equally as important as the
percent of imperviousness in a watershed is the connectivity of the GI systems used to combat it.
It is suggested that uncoordinated placement of GI systems in terms of stormwater retention time
can cause the hydrographs to compile, actually contributing to larger downstream flows.>* By
considering these GI systems as just that — a connected system — rather than individual
implementations, impacts in reduced runoff flow throughout the watershed can be seen.

3.2 Constructed Urban Water System Guidelines
The constructed urban water system, which for our purposes includes drinking water, wastewater,
and stormwater systems, is the backbone of water access and management within cities in
developed and emerging nations. When thinking about GI type and placement, we believe that it
is important to know whether the urban system combines wastewater and stormwater collection or
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whether wastewater and stormwater systems are separated. Combined stormwater systems (CSS)
are still in use today in America’s older cities in the Northeast and Midwest. In CSS, both sewage
and stormwater is transported to a wastewater treatment plant rather than being directly discharged.
A major issue with CSS occurs during heavy precipitation events, where the flow can exceed
capacity within the pipe network, resulting in combined sewer overflows (CSOs). When CSOs
occur, untreated or partially treated human and industrial waste, toxic materials, debris, and
stormwater directly discharges into the receiving waters. These CSOs cause pollution and can lead
to public exposure and subsequent health hazards.?> CSS pipe networks are also very expensive to
maintain considering their age and size.

In more modern urban water infrastructure systems, separate sewer systems (SSS) transport raw
sewage to treatment plants while the stormwater runoff is collected in separate pipes that are
discharged untreated (or in some cases, minimally treated with an end-of-pipe bar screen) into the
receiving waters. With SSS management, stormwater collection pipes discharge directly into
receiving water bodies, and constituents within the stormwater can be toxic to aquatic life and
degrade the environment. In comparing CSS and SSS, studies show that effluent water quality is
slightly superior in CSS.36-38 However, a SSS is typically more cost-effective compared to a CSS,
considering the conveyance pipe maintenance and the sheer volume of wastewater being treated
in a CSS versus an SSS.3%3° Additionally, with increasing impervious surfaces and more intense
storm events due to climate change, CSS are significant sources of water pollution due to system
overloading and subsequent CSOs. Therefore, some cities with older CSS infrastructure have
begun the expensive process of decoupling stormwater and sewer lines.

While expansive centralized urban water collection, treatment, and distribution systems are
standard in the American constructed urban water system, smaller, decentralized water treatment
systems and large grey storage tunnels or reservoirs are two possible alternatives. Decentralized
systems manage drinking and wastewater treatment at the local level to service adjacent residents
or businesses immediately. Particularly in developing countries without an old and established
water conveyance system, decentralized water treatment and distribution allows the flexibility to
address water access and sanitation as needed in a modular treatment network that can flex with
the expanse or sparsity of a dynamic population.!34° However, the flexibility of small-scale
systems is often associated with significantly stronger sensitivity to variable flows throughout the
water system and subsequently less reliability.*! GI can be a beneficial addition to decentralized
water systems, acting as a pre-filtration step for drinking water treatment, polishing step for
wastewater treatment, or comprehensive runoff treatment zone before reentering the watershed.

Different types of constructed urban water systems in place can stress the benefits of GI systems.
For example, in drinking water systems, if the water originates from a surface source, GI can
improve water quality by filtering runoff through a vegetative treatment barrier before it enters the
surface water body. Improved surface water quality is an advantage for the receiving environment
as well as the downstream communities that then use that surface water as a source of drinking
water. In a groundwater-sourced drinking water, GI can offset the effects of overdrafting by
recharging groundwater aquifers through infiltration. Wastewater systems, whether centralized or
decentralized, can also benefit from GI. In centralized wastewater treatment that has a CSS
network, GI can reduce the volume of stormwater entering the system that must then be treated at
a wastewater treatment plant, thus reducing operation costs and, in some cases, improving
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environmental and public health by reducing CSO events.® In centralized wastewater treatment
with separate sewer and storm systems, stormwater is in most cases directly discharged into the
receiving water body without treatment. With GI, some of this runoff can be intercepted and treated
before entering the environment, thus removing harmful contaminants that would have otherwise
degraded water quality.*>** Finally, in a decentralized wastewater treatment system, GI
installations can be used as a tertiary polishing step and vegetative buffer before treated wastewater
effluent reenters the watershed.!343-46

3.3 Site Level Guidelines
The final considerations for guiding GI using our stormwater framework occur at the site scale. At
the site scale, we recommend considering on-site soil type and the adjacent land uses that
contribute contaminants (slope must be considered to anticipate which adjacent areas are of
concern) through the GI system. At the site level, soil composition influences drainage capabilities.
Soils are composed of a blend of sand, silt, and clay. The particle size distribution of the soil
determines soil characteristics such as packability and drainage capability.*’ Typically, for GI
systems, it is important to have well-drained soils that are a loamy mix of sand and silt with less
clay. This allows for stormwater infiltration and groundwater recharge rather than overland flows
that contribute to urban flooding.*®#° Accurate information on urban soil types can be difficult to
obtain because of the amount of disturbance. Herrmann et al.’° noted that urban soils may be
functionally different due to their local management (mixing, removal, and replacement) and lack
specific soil horizons. Therefore, we recommend taking soil samples and have them locally tested.

Stormwater runoff picks up contaminants from the land it flows over before eventually discharging
in to the receiving water body. These contaminants are harmful to the environment and human
health depending on the type and concentration.’! We divide common contaminants found in
runoff into seven categories: 1) pathogens, 2) natural organics, 3) synthetic organics, 4) nutrients,
5) heavy metals, 6) sediments, and 7) pharmaceutical and personal care products. Table 2 shows a
brief description of each contaminant category as well as their sources.
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Table 2. Detailing the source and description of the most common contaminants in stormwater runoff.

Contaminant Description Sources
. . ) ) Animal fecal matter, animal
Disease-causing microorganisms that .
Pathogens . agriculture, wastewater
cause public health concerns
effluent and sludge
Natural Organic Orgar}isms (plant and animal) and their Food waste, decaying.plant
associated waste cause decreased and animal matter, animal
Matter (NOM) . . ..
dissolved oxygen in receiving waters fecal matter
. . : . : Car byproducts (oil, fuel
Synthetic Organic | Fabricated chemicals for anthropogenic yproducts (oil, fuel,
) . exhaust), road wear,
Chemicals use that are usually toxic and are .
- . . . . detergents, pesticides,
(SOCs persistent in soil and water environments 3
fertilizers
Nitrogen and phosphorus. Used heavily | Fertilizer, manure, pet waste,
Nutrients in agriculture. Can cause eutrophication | soil erosion, wastewater
and stimulate harmful algal blooms effluent, leaf and lawn litter
Common due to widespread residential, Tire wear, metallic road
Heavy Metals industrial, and commercial use. Toxic to | structures, traffic signs,
aquatic life. industrial byproducts
Small solids disrupt aquatic life by Every type of land use, but
. reducing light penetration, filling in major sources include soil
Sediments . : . o . .
critical small-life habitat, and providing a | erosion from construction sites
mobile sorption surface for contaminants | and road debris
Pharmaceuticals | Products used to prevent/treat disease or . o
) . . ) , Pharmaceuticals, antibiotic
and Personal Care | improve quality of life; persistent in . .
. . resistant genes, disinfectants,
Products environment and potential threats to sunscreen
(PPCPs) environmental and public health

Understanding the adjacent upstream land uses and anticipating probable pollutants downstream
helps planners, engineers, or decision-makers select the appropriate green infrastructure
installation type.>* Based on a review of existing literature, we identify the frequent contaminants
associated with seven common urban land use types: residential, public institution, transportation,
industrial, urban agriculture, open space, and commercial. Contaminants for open space land uses
may be a source for nutrient contamination through lawn maintenance as well as animal waste
(pathogens) and plant debris that can clog both green and grey infrastructure installments.3>->¢ For
commercial land uses like offices, shops, and restaurants, the main source of pollution is from
vehicles used to transport consumers and workers to these areas as well as landscaping on site and
the people frequenting these locations.’”>® The waste from commercial dry cleaners and other
similar establishments are disposed of as industrial waste, but residual surfactants may end up in
the environment. Automotive commercial facilities do not have separate waste disposal, so outdoor
car washing does introduce heavy metals and complex organics to the environment.

Residential, public institution, transportation, industrial, and agricultural land uses are of greatest
concern for runoff pollutants. In residential areas, while contaminants are diverse, the primary
contaminants of concern are synthetic organics from oils and machinery (vehicles, lawn mowers,
etc.), household cleaners like bleach or non-biodegradable surfactants, lawn fertilizers (nutrients),
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and natural organics and pathogens from yard, animal, and human waste.’>3’>° The primary
contaminants of concern for public institutions such as government properties, religious
institutions, schools, hospitals, and wastewater treatment plants (WWTPs) are nutrients from lawn
maintenance and wastewater treatment as well as any pathogens from the dense concentration of
people and the wastewater they produce.>>-%%-3 Transportation land uses include highways, roads,
and sidewalks. The most detrimental contaminants related to transportation land uses are
hazardous synthetic organics like polycyclic aromatic hydrocarbons (PAHs) and polychlorinated
biphenyls (PCBs) derived from car byproducts (oil, fuel, exhaust, road wear, tire wear), heavy
metals, and sedimentation from litter, and other debris.’®4% For industrial land uses, pollutants
can be extreme and varied based on the specific industry. The types of pollutants from industrial
land uses range from natural organics from food production, to synthetic organics and heavy metals
from car manufacturing, or other diverse but damaging industrial pollutants. Agricultural land uses
include the land to grow and produce crops and raise animals. These crops may be supplemented
with fertilizer and manure, thus making nutrient runoff a concern due to the likelihood of
stimulating eutrophication in receiving water bodies.6-68

Tables 3, 4, and 5 summarize the type of GI most effective for different contaminants, the likely
type of contaminant by land use, and the relative desirability of different green infrastructure types
for different adjacent land use types. These tables do not offer an invariable solution; rather, they
are a compilation of literature that offer an informed hypothesis and subsequent rated guideline to
follow when considering GI and its placement in an urban network for stormwater purposes. In
the next section, we illustrate our sequence of decisions at different scales in two locations and
then quantify the impact of our GI framework on stormwater peak flow reduction and volume
reduction quantity by comparing pre and post- flow hydrographs generated by U.S. EPA’s SWMM
software.
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Table 3. Identifying the contaminants that each green infrastructure implementation can best target based on the
effective removal mechanisms of each contaminant and the major active removal mechanisms within each green
infrastructure system.. @=very effective in terms of stormwater runoff water quality improvement, O=moderately

effective, O=mildly or not effective.

Quality
. Synthetic . .
Pathogens Natural Organics v . Nutrients Heavy Metals Sediment PPCPs
Organics
Filtration,
. sedimentation, Filtration, . . Filtration, . .
Main ) Sorption, Sorption, redox, . . . Filtration,
storage sorption, . . sorption, redox, | Sedimentation . .
Removal . . redox bioaccumulation . . 69 bioaccumulation
. (removal, not bioaccumulation 69,71 69 bioaccumulation (%°) 6972
Mechanisms . L 6o (5971) (%) 60 (572)
inactivation) (%9) (%)
(69,70)
Retention . Vegetation, . Sparse Sparse
. Retention, & X Vegetation, Sparse P . . P .
Basin . . retention, . . vegetation, Settling vegetation,
73 infiltration - . retention vegetation : . .
(”3) infiltration retention infiltration
Rainwater
Harvesting Retention Retention - Retention Settling -
()
. REEWY
Constructed . Vegetation, . . . Heavy
Retention, . Vegetation, S [EWY vegetation, Settling and .
Wetland e . retention, ) . . vegetation,
75 infiltration . . retention vegetation retention, catchment . .
() infiltration - . infiltration
infiltration
. Sparse
Detention . egetatio . . Sparse
. Retention, Vegetation, Sparse vegetation, . ;
Basin . L . etentio . . . Settling vegetation,
73 infiltration retention vegetation retention, . o .
(%) atio o infiltration
infiltration
. . Sparse Sparse
Bioswale . . Vegetation, . Sparse P . . 2 .
7677 Infiltration . . Vegetation . vegetation, Settling vegetation,
(76:77) infiltration vegetation s . . .
infiltration infiltration
. . Heav: Heav:
Rain Garden . . Vegetation, . ea .y e g and .y
78 Infiltration e . Vegetation vegetation, vegetation,
(78) infiltration egetatio - . 3 e = .
infiltration infiltration
. Heav Heav
Green Roof . . Vegetation, . ea 'y e g and .y
79 Infiltration o . Vegetation vegetation, vegetation,
(7) infiltration egetatio . o . e e . .
infiltration infiltration
Permeable . .
. Retention, Retention, e g a ) .
Pavement Retention L . - - L . Infiltration
infiltration infiltration 3

(*)
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Table 4. Identifying the major sources of each individual contaminant class from each land use and raking the
comparing severity of each contribution, where ®=high contribution of an individual contaminant class from an
individual land use type, O=moderate contribution, O=mild contribution.

Residential Transportation Public Industrial Urban Agriculture Open Space Commercial
Land Use Land Use Land Use Land Use Land Use Land Use Land Use
Domestic animal .
. Fecal matter, Animal fecal matter, Dense
and human fecal Road-killed . . .
. . WWTPs, land-applied Animal fecal matter| population of
CEIGLENWY  matter, septic animals . . . 3187
g5 hospitals biosolids (B people
systems (*) (56/59,61,81,84,86) (8187 (56,81.87)
(81—84)
Food waste from . Decayin . .
. Road-killed ying Food . Decaying greenery Decaying
composting, . greenery, food . Decaying greenery
. . animals, production, . and greenery, food
Natural municipal solid waste, and animal matter, . -
. greenery . . greenery ) Animal matter, |waste, municipal
Organics RYENCRVEILRATERN IR : municipal solid . animal fecal matter .
. maintenance maintenance 90.94 animal fecal matter| solid waste
animal fecal matter waste (29°4)
(55,91) (93) (55) (89)
(55,82,83,88—90) (55,88,92)
. . Farm equipment
Detergents, lawn [Ee=IdelYelgele[VasH High synthetic . quip
. - i Car byproducts, . maintenance and . - Car byproducts,
Synthetic fertilizer, car fertilizer, de- - material usage Pesticides/fertilizers -
R . fertilizer . byproducts, o8 fertilizer
Organics byproducts icers and salts B and production - . (%) o557
(95-97) (919697 (°%97) (9697) fertilizer/pesticides (°%97)
(9697)
Fertilizer, domestic
animal fecal matter, Fertilizer, soil Fertilizer, manure, .
. - . . . Animal fecal matter, -
Nutrients yard waste, soil Fertilizer erosion, Fertilizer animal fecal matter, fertilizer Fertilizer
erosion, septic (°91.101,103) WWTPS (102,102) soil erosion R DR L () (101,102)
systems (92.99,101,102) (90.94,99,101,102) (520:99:104,102)
(55,82:88,90,99-102)
Metal Farm equipment
Municipal solid  JeEIgs)s]gele[le1{H processing, . quip .. .
. maintenance and Municipal solid
waste, car MEElITNEI Ml Car byproducts, metal
Heavy . . byproducts, land- waste, car
byproducts, roof HigiaiIMIFTiile WWTPS production, X . . -
Metals . . 5, 418 6L 1T . applied biosolids, byproducts
corrosion signs (BRI  metal working e i
(6482,96,100,104) (6491,96,104) fluids felzt; |1|§7er (64104)
(106) (19197)
. . Soil erosion,
Road debris, soil 8 . . . : :
. . ) Soil erosion and industrial . . Soil erosion and
Soil erosion, yard erosion, car . Soil erosion, . . .
. . debris, WWTPS, process . Soil erosion debris,
Sediment | work, construction byproducts, . construction a6 ;
o . construction byproducts, o (192) construction
(102) construction T : (68-102) 102
91108 (°102) construction (102)
(>+1%%) (106)
Pharmaceuticals in Pharmaceuticals Pharmaceuticals
municipal solid WWTPS, PPCP production N in municipal
i . . ARGs, antibiotics for Sunscreen .
PPCPs WERTRCISII{Ia sl hospitals companies . 109 solid waste,
59,86,109 (209) animals (*9) disinfectant
sunscreen ( ) (66:109) isinfectants
(109) (109)
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Table 5. Combining Table 3 and Table 4 results to pair common land uses with suitable green infrastructure
installations based on contaminant load, where ** is an excellent match and * is a good match (See Appendix 2)

. Open
. . . Public . Urban P R
Residential | Transportation Institution Industrial Agriculture Space | Commercial
Land Use Land Use Land Use . Land Land Use
Land Use Land Use
Use
Retention Basins ** * * * *% * *%
Rainwater Harvesting * * * *% *
Constructed Wetlands * * * * * * *
Detention Basins ** * * * *% * %
Bioswales * * * * *% *%
Rain Gardens * *x * * * *k
Green Roofs * * *k * * * *%
Permeable Pavement * * * *k ok

4. Case Study Applications

4.1 Case Study: Detroit, Michigan
Detroit, Michigan is considered a Rust-Belt legacy city in the American Midwest. In 2010, 711,299
people lived in the city — a notable decline from its peak population of 1.8 million in the 1950s.
Today approximately 40 square miles (103 square kilometers) of the city’s 139 square miles (360
km?) is vacant due to population decline and industrial exodus. This vacant land gives Detroit a
unique opportunity for large-scale GI installations.’ Relative to other major cities in the U.S.,
Detroit is a low-resource city given its low tax base and lack of employment opportunities. While
the Detroit Metropolitan Area’s mean household income in 2013 was $50,000, the mean household
income in Detroit was considerably less at $25,000 in 2011.

Within Detroit there are three major watersheds: Rouge River Watershed, Clinton River
Watershed, and Lake St. Clair Watershed. For this study, we selected a site within the Lake St.
Clair Watershed (Figure 1). Detroit sits in the lower watershed, where stormwater runoft collects
before discharging into the Detroit River. Lake St. Clair is at the head of the Detroit river and Lake
Erie is at the mouth. Therefore, Detroit’s stormwater runoff eventually flows into Lake Erie — the
most polluted of the Great Lakes. Lake Erie has experienced issues with harmful algal blooms as
well as extreme eutrophication. The topography in this watershed, consistent with Detroit as a
whole, is relatively flat with a slope ranging from 0 to 2%. The lack of slope makes GI design
easier, because the runoff flowrate will not increase due to land patterns, making GI failure less
likely.
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10

miles

Figure 1. Three watersheds are within the boundaries of Detroit, Michigan. The Holy Redeemer site is indicated
with a black square and is within the Lake St. Clair Watershed.

Located in a temperate climate zone, the average annual rainfall in Detroit is 33 inches with 113
days per year of precipitation. Precipitation is dispersed relatively evenly throughout the year as
rainfall and snowfall, with heavier precipitation seasons in spring and winter. Because this land is
in the river floodplain, the majority of the soil is relatively poorly drained clay and silt, which is a
consideration for plant-based green infrastructure. Climate in this watershed follows a four-season
pattern, with warm temperatures up to 83°F (28°C) on average and cold temperatures down to
31°F (-0.55°C) on average. This means that vegetated GI installations must be robust enough to
withstand extreme temperatures.

The city of Detroit’s water and sewerage services are provided by Great Lakes Water Authority
(GLWA)/Detroit Water and Sewerage Department (DWSD). GLWA manages regional water and
wastewater services, while DWSD retains control of water and sewer services within the city
limits. In terms of drinking water, the network contains five drinking water treatment plants
servicing eight different counties, totaling approximately four million people serviced with 600
million gallons of water per day (2,300,000 cubic meters per day).'!” Drinking water treatment
begins with surface source water from either the Detroit River or Lake Huron.!'! The current issues
with the drinking water system within Detroit are related to deteriorating infrastructure; the
drinking water distribution network is leaking, or in some cases, valves are left open when
buildings are deconstructed but not disconnected from the network (leaks can sometimes go
unreported for months).!1?

The Detroit Wastewater Treatment Plant is the second largest wastewater treatment plant in the
world.!'3 With the combined sewer network feeding to this system, the designed primary treatment
capacity of the plant is 1.7 billion gallons per day and the designed secondary treatment is 930
million gallons per day. The average daily treatment of the plant on a non-rainy day is 650 million
gallons per day (2,500,000 m?3/day). This plant services 35% of the total population in the state of
Michigan, with a service area spanning approximately 950 square miles (2,460 square kilometers).
The stormwater management in Detroit is a CSS. On a day without precipitation or snow melt, all
waste and runoff is directed to the wastewater treatment plant where it undergoes secondary
treatment and disinfection before being discharged into the Detroit River. When precipitation or
snow melt events occur, the volume sometimes exceeds the wastewater plant’s treatment capacity,
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leading to approximately 50 combined sewer overflow (CSO) events annually where raw sewage
and stormwater runoff are directly discharged into the Detroit River.!'* In extreme precipitation
situations, wastewater and stormwater can contaminate residential basements in low lying areas.!!4
This is not only inconvenient for the home owners, but poses a severe public health concern.

Our specific site is the Holy Redeemer Church and School property located in Southwest Detroit.
This site is primarily (88%) impervious, which increases the runoff volume as well as the pollutant
load on site. The site contains a church and school as well as associated buildings to support daily
public services. The on-site land cover is approximately as follows: 39% buildings, 38% parking,
4% green space, and 19% roads or sidewalks. Commercial land use dominates adjacent land use
to the northwest of the site, while residential land use dominates the southeast side. The residential
land use will contribute nutrients from lawn fertilization, pathogens from household pets, as well
as organics and sediments to a lesser degree. Homeowners sometimes dispose of car byproducts
in their yard inappropriately, such as when changing car oil, which contributes damaging
contaminants to the watershed as well. With commercial land use, the contaminants of concern are
mainly heavy metals from the heavily trafficked parking lots as well as sediments from general
debris. Synthetic organics from car byproducts and nutrients from landscaping may also contribute
to runoff contaminant load from commercial land use. The surrounding transportation land use
will also contribute heavy metals and synthetic organics from car byproducts.

The primary concern in this location is the overwhelming percentage of impervious surface area
and the need to accommodate significant areas of parking. To address this, we propose a large
permeable pavement installment covering the secondary parking lot of the site to reduce peak flow.
This area gets less traffic than the main parking lot, which should extend the lifetime of the
permeable pavement and make its maintenance easier. We also propose a rain garden to provide
an attractive green space that will address contaminant loads through biotreatment and infiltration.
In SWMM we modeled the implementation of a 4,530 square foot (ft?) (420 square meter, m?) rain
garden and a 33,000 ft?> (3065 m?) area of permeable pavement. The site as well as suggested GI
installations are shown in Figure 2.

Public Institution

¢ Residetial Land Use

‘ \\ \ Y -

Figure 2. Holy Redeemer Church Site, Detroit, Michigan. This site includes a rain garden and a large area of
permeable pavement for secondary parking.
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Using the U.S. EPA’s SWMM model!'3, we estimated how adding the rain garden and pervious
pavement would decrease stormwater runoff (Figure 3). The simulated storm event was modeled
after the heaviest six-hour precipitation period in Detroit in 2016, which occurred on March 24,
The precipitation data in 5-minute increments was provided by a weather station in Recovery Park,
Detroit through the United States Geological Survey.!'® The total stormwater runoff volume for
the simulated storm event was reduced from 0.49 cubic feet (ft?) to 0.14 ft (0.014 m3 to 0.004 m3),
a 70% reduction, by implementing both the designed rain garden and the permeable pavement.
What this SWMM model does not consider, however, is that the runoff will be partially treated
through the rain garden as well, thus reducing pollutant load at the end of the watershed. The
church is considering this design for green infrastructure as newly proposed stormwater utility fees
would significantly burden the institution’s financial well-being.

wn o
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Figure 3. Hydrograph (left) and infiltration (right) of the Most Holy Redeemer Church site before and after
implementing a rain garden and permeable pavement. Achieved volume reduction of 0.49 f8 to 0.14fF. Simulation
in SWMM used Detroit’s heaviest 6-hour precipitation period of 2016.

Residents of Detroit are charged a drainage fee to help support the cost of sewage infrastructure
such as pipe networks and combined sewer overflow facilities. In 2017, the Detroit Water and
Sewerage Department implemented an updated stormwater drainage fee for its residents.
Previously, most properties were charged a flat drainage fee of $20.63. Now, the stormwater
drainage fee is based on the amount of impervious surface area on the property. This caused an
extreme increase in stormwater fees for some residents and business owners with previously
established impervious infrastructure such as roofs, driveways, and parking lots. However, there
1s opportunity to reduce this fee. Residents receive an automatic 25% Green Credit on their bill if
they redirect their downspouts to run onto their lawn instead of directly into the sewer, allowing
for natural infiltration. Residents can also earn Green Credit through incorporating GI on their
property to reduce the impervious surface area. There is therefore strong motivation to implement
GI on Detroit properties. Installing GI is often more economical than paying a stormwater drainage
fee, especially for larger properties like the Most Holy Redeemer Church site.

4.2 Case Study: Addis Ababa, Ethiopia
Addis Ababa, Ethiopia, a city in East Africa, is experiencing rapid growth. According to the
Federal Democratic Republic of Ethiopia Central Statistical Agency (2014), the population of
Addis Ababa in 2013 was 3.2 million people and growing. The total area of the city is 209 mi?
(540 km?) with mixed land uses including informal/unplanned settlements. On a global scale, this

country is considered a “less-developing country” because the average income per person is less
than $2 per day (GDP is $505) 7.
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Addis Ababa contains two watersheds: Little Akaki and the Big Akaki (Figure 4). Our site is in
the Little Akaki Watershed, an area that covers approximately one third of Addis Ababa’s total
land area. Industrial, commercial, and residential land uses contribute pollutants such as heavy
metals, carcinogenic tanning effluents, agricultural waste and byproducts like antibiotics and
pathogens, and other wastes to the Little Akaki '8, The river and its contributing runoff proves to
be a health risk to the residents of Addis Ababa who depend on it for agricultural irrigation,
washing, and other vital activities. Therefore, it is important to infiltrate and treat as much
stormwater runoff as possible before it enters the watershed’s hydraulic network.

Addis Ababa, Ethiopia

18 miles
1 1 1 1 1 1 L L J

Figure 4. There are two main watersheds in Addis Ababa, Ethiopia. The Little Akaki is highlighted in grey and the
Biruh Tesfa Condominium site is indicated with a black square.

The climate of Addis Ababa is relatively temperate due to its high elevation, with a mean annual
rainfall of about 42.7 in (1200 mm).!'® Fifty percent of the annual rainfall occurs during two
months of the year (July and August). This rainy season leads to flashy and flood-prone areas in a
city with rapidly increasing areas of impervious surface. The city’s topography amplifies flooding
within the city network, as Addis Ababa contains very steep slopes due to its location on a
mountain. There is a change in elevation from 9800 ft (3000 m) in the north to 6900 ft (2100 m)
in the southern extent of the city. This leads to faster flows at higher volumes, which regularly
disrupts vehicular travel along the city streets during the rainy season.!?® The soils are a product
of this seasonality, falling into two major types: vertisols and nitisols. While both soils are used
for low-density vegetation and crop growth, vertisols have a high clay content and are not well
drained while nitisols are well-drained.'?!

With regards to water access and sanitation, the system is stressed due to the population surge,
socio-economic transformations, climate change, and low system management and maintenance.
Drinking water comes from both groundwater and surface water. The groundwater is pumped from
different wells located within and outside the city limits. The groundwater is directly stored, treated
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with chlorine, and pumped in to the city. The surface water comes from three dams in the east and
northwest of the city that feed into two drinking water distribution plants. While the majority of
residents have access to treated drinking water, approximately 19% of the population does not. Of
the distributed drinking water, an estimated 37% is lost to system leaks or illicit access.!?

In terms of sanitation, the majority of the population has access to either the piped sewer collection
system (7%) or vacuum trucks for pit latrines (80%).'?> In addition to several scattered
decentralized treatment sites, two larger centralized wastewater treatment facilities service the city:
Kality and Kotebe. The Kality Wastewater Treatment Plant (design capacity 7,600 m? per day) is
over capacity, treating 10,000 m? per day of sewer line waste and vacuum truck waste using
screening and stabilization ponds as treatment before discharging in to the river. Kotebe
Wastewater Stabilization Pond (design capacity 2,000 m? per day) is also operating beyond design
capacity to treat vacuum truck waste. There are also several decentralized wastewater treatment
plants that primarily serve condominiums and usually consist of a series of stabilization ponds, or
in some cases, more advanced treatment processes.

Because the city is rapidly growing, it is difficult to track industries and the effluents they
discharge. Lack of stricter water quality regulations and the associated enforcement of those
regulations allows for undertreated wastewater effluents to enter the environment and effect public
health and quality of life throughout the city.!?? This includes runoff from industries such as dyeing
and tanneries with synthetic organics, heavy metals, and carcinogens, as well as urban agriculture
with increased nutrient loading in the runoff. Urban farming is also practiced, which can introduce
nutrients as well as pathogens to the stormwater runoff.

Stormwater management is limited and generally confined to underground concrete pipes buried
along both primary arterial streets and local streets as well as roadside ditches '2°. Most stormwater
is directly discharged into local streams and rivers along with untreated wastewater and solid
waste. When it rains in Addis Ababa, due to the increasing impervious surface area, runoff floods
the streets and eventually turns them to rivers of contaminated stormwater runoff. To ensure the
viability of the city and the safety of the population, it is important to reduce runoff quantity and
improve runoff quality whenever possible.

Our site is called “Biruh Tesfa Condominium Residents Association” and is located in the Jemo
Condominium area. The site lies in the middle of the watershed (Figure 4). This location is
convenient for implementing GI solutions. The site itself is approximately 53% impervious. To
characterize the site, the land cover breaks down approximately as follows: 25% buildings, 8%
parking, 37% green space, and 30% partially permeable roads. This series of 11 condominium
blocks contains 316 household units mostly occupied by low income working families, totaling an
average population of approximately 1580 residents. These units are equipped with running water
and flush toilets, but the water supply is sporadic, especially in the dry season. As such, many
inhabitants are turning to grey water as a supplemental water supply used to clean and flush toilets
124 Adjacent land uses include urban agriculture to the north, commercial to the south, and
residential to the northeast. The runoff from this site is discharged into the closely located Jemo
River, as shown in Figure 5. Due to the diverse adjacent land uses, contaminants contributing to
this site runoff are varied. Urban agriculture can contribute pesticides, nutrients, and pathogens
depending on fertilizer use or if farms include animals. The residential land uses contribute
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surfactants from outdoor laundry as well as sediment and debris. The commercial land use and
transportation land use, although dependent on the commerce, contribute priority contaminants
such as heavy metals and synthetic organics that can pose a risk to human health.

The primary stormwater concern in this location is the site’s proximity to the Jemo River and
reducing the quantity of pollution that enters the river. After conversations with local residents and
government officials, we propose a detention basin on the southern portion of the area to reduce
peak stormwater flow and encourage slow infiltration-based runoff treatment. When there is no
precipitation, the basin will not hold standing water (which would otherwise be a safety concern
for the children playing around the lot and could serve as an insect hub). In the parking lots, we
propose permeable pavement to reduce the runoff volume and reduce potential for standing water
on site. Finally, a rain garden is proposed for the large green space on the northwest side of the
site. The rain garden can treat runoff before it enters the river, thus reducing overall pollutant loads.
The site as well as recommended GI installations is illustrated in Figure 5.

Urban Agriculture
Land Use

Jemo River

Figure 5. Biruh Tesfa Condominium Site, Addis Ababa, Ethiopia. This residential site inc
retention area, and permeable pavement parking area.

%
ludes a rain garden,

A storm event was modeled in EPA SWMM (Figure 6) using a theoretical storm based on the
heaviest monthly precipitation total from the Ethiopian Metrology Agency, which occurred in
August 2012, as precipitation data for individual storm events is not yet reported. By implementing
the detention basin, permeable pavement, and rain garden, the total runoff volume from the
simulated storm event was reduced from 2.2 ft3to 0.84 ft* (0.062 m? to 0.024 m?). This is a runoff
volume reduction of approximately 63%. From the flash floods produced during the intense rainy
season in this region, any reduction in peak flow is a success for the city. The SWMM model
hydrograph validates that the proposed implementations will indeed reduce runoff on site, making
this a safer and more enjoyable place to live for the residents.
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Figure 6. Hydrograph (left) and infiltration (right) of the Biruh Tesfa condominium site before and after
implementing a rain garden, detention basin, and permeable pavement. Achieved a volume reduction of 2.2 f# to
0.84 1. Simulation in SWMM based on a theoretical storm from Addis Ababa’s heaviest monthly precipitation total
in 2016.

The cost of GI in Addis Ababa is currently hindering more rapid implementation. Because the city
does not regulate water quality strictly'?, there is little motivation to use GI for water quality
improvement or it many other public benefits. However, water management officials in Addis
Ababa acknowledge there would be associated cost savings such as reducing damage to public
infrastructure (roads) due to stormwater. University scholars and researchers are urging the city to
consider GI as a low-cost addition to the urban water management system that can slow flows and
provide a contaminant buffer before entering the receiving rivers. Some research-associated GI
systems are currently being implemented and monitored, with results intended to strengthen the
argument for incorporating further GI throughout the city.!?

5. Discussion

By identifying sites within Detroit, Michigan and Addis Ababa, Ethiopia, we can compare how
our guidelines for selecting the type and location of GI installations consider watershed, urban
water system, and site characteristics in addition to the city’s natural conditions and existing built
environment for stormwater management. In Detroit, the relatively flat site location in the lower
watershed, as well as frequent CSO events, led us to prioritize water quantity over water quality
concerns with a large permeable pavement installation. Because the site sits close to the Detroit
River and thus Lake Erie, water quality was addressed to a lesser extent using a rain garden on site
to provide preliminary runoff treatment before exiting the watershed into the Great Lakes network.
Due to the gentle slope of the watershed, vegetation-based GI is likely to receive moderate runoff
from the flat surrounding landscape, so GI failure is less of a concern.

In Addis Ababa, the watershed is steeply sloped. This makes the failure of GI systems a greater
concern. However, our site in the central area of the Little Akaki watershed has a moderate slope.
Water quantity and quality were equally considered for this middle-watershed site using a rain
garden, a detention basin, and permeable pavement. In Addis Ababa, precipitation is concentrated.
This city experiences two rainy seasons a year: the first lighter rains occur from February to May,
while the second rainy season lasts from June to September and is when the city receives the
majority of its annual precipitation.

In terms of GI, both Detroit and Addis will need to maintain their systems seasonally based on the
amount of precipitation received as well as the flowrate of rainfall, because a more intense rain
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event will stress the GI systems. Maintenance of GI systems is critical for their continued
performance. Some forms of maintenance, such as identifying and removing invasive plants,
require trained individuals while other forms of maintenance, such as cleaning pervious pavement
to retain its porosity, require special equipment. In our work with local decision-makers and
residents in the two locations, maintenance has been a key discussion point. University faculty and
students familiar with GI operations and native plant identification will conduct training sessions
for volunteers. With the increasing popularity of GI in Detroit, the City has purchased special street
cleaners. However, as these GI systems have yet to be installed, the maintenance regimes have
not been finalized.

From an urban water system perspective, Detroit is experiencing the challenges of an oversized
urban water network, where addressing general maintenance in addition to the problems of a CSS
require significant financial investment yet local funds are limited. GI can help mitigate the stress
on the current CSS and reduce CSO events. In Addis Ababa, the situation is opposite in several
ways; the growing population does not have sufficient infrastructure or water supply to support all
its residents. This leads to some residents going without access to proper drinking water sources
or sanitation. Incorporating stormwater management in the urban water system specifically with
GI can help create a safer environment. On-site in Addis Ababa, we considered both water quantity
and water quality management. This decision was made in response to the residents’ concerns
about standing water affecting health and ability to play outdoors (quantity), as well as the site’s
proximity to the Jemo River (quality). The lack of a stormwater system means that all runoff
passing over the ground directly conveys contaminants into the streams and rivers. Fortunately,
many types of GI offer both water quality and quantity management, and these decentralized
installations were beneficial for both the sites in Detroit and Addis Ababa.

The two specific case study sites have key differences. The Detroit site is 88% impervious and
the proposed GI installations will serve as the only infiltration opportunity on site. Detroit’s Holy
Redeemer Church site is primarily a “public institution” and must maintain a significant area of
parking. The contaminants stem from the heavy traffic within and along the site’s boundaries with
some potential contaminants from the adjacent commercial and residential areas. Therefore, we
propose adding two types of GI: an area of permeable pavement in the secondary/overflow parking
area and a rain garden near a main entrance. Based on our stormwater modeling, these proposed
changes will reduce runoff volume from 0.49ft* to 0.14 ft*, reducing the total volume by 70%
during the simulated storm event.

The Addis Ababa site, as a multifamily residential area, is 53% impervious. In this situation, we
must balance our GI selections with residents’ desire for safe year-round outdoor play for their
children. Household waste and laundry surfactants are the main contaminants of concern on site,
with adjacent land uses contributing nutrients form agriculture and heavy metals/synthetic organics
from commercial and transportation effluents. Therefore, we propose adding a rain garden for
water quality improvements, a detention area to reduce peak flow and allow for slow infiltration-
based treatment of runoff, and pervious parking to reduce the runoff quantity on-site and keep the
existing play areas free of standing water. Based on our stormwater modeling, these proposed
changes will reduce runoff volume from 2.2ft3 to 0.84 ft, reducing the total volume by 65% during
the simulated storm event.
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6. Conclusion

We applied our guidelines to specific sites in two different urban locations and modeled the relative
effectiveness of our proposed green infrastructure types on peak flow reduction and volume
reduction. In creating our case studies, we summarized the watershed and water system
characteristics of Detroit, Michigan, and Addis Ababa, Ethiopia. Detroit, Michigan, is a city with
a significant amount open space due to population loss. With increasing precipitation intensity,
Detroit’s aging combined sewer/stormwater system is frequently overwhelmed, releasing
untreated or partially treated wastewater into the adjacent Detroit and Rouge Rivers and Lake Erie.
We selected a site at the bottom of this watershed that is particularly affected by intense storm
events due to its large amount of impervious surface area, thus contributing to peak flow and
exacerbating runoff volume issues. The proposed GI systems provides users with green space to
enjoy as well as significant reductions in runoff quantity. GI in Detroit, Michigan, provides an
opportunity to reduce stormwater runoff, rethink the use of vacant land for multiple GI benefits,
and reduce Great Lakes’ water pollution.

Addis Ababa, Ethiopia, on the other hand, is experiencing population growth at a rate that is not
matched by water infrastructure growth. It currently lacks sufficient wastewater and stormwater
systems to manage seasonal rains, contributing inconvenient flooding and high-contaminant runoff
loads to the city’s rivers. The site we selected, in the middle of the watershed with a moderate
slope, uses GI to consider specific needs of the residents on-site as well as protecting the
surrounding environment. By using these two case studies, we were able to balance these GI
guidelines with three levels of contextual considerations for storwmater management and
residents’ desires.

Many communities are excited by the potential of using GI to supplement overwhelmed or absent
stormwater management systems. In this guide, we summarized existing literature about how GI
systems differ in their effectiveness to manage water quality and/or reduce water pollution and
highlighted the array of important contextual variables at different scales.
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10. Appendices
APPENDIX 1: Explanation of SWMM Modeling

The Environmental Protection Agency’s Stormwater Management Model (SWMM) is free
software that permits the comparison of stormwater run-off before and after interventions. Typical
applications of SWMM include designing and sizing drainage system components, flood plain
mapping, control of combined sewer overflows, generating non-point source pollutant loadings,
and evaluating green infrastructure for sustainability goals. The resolution of SWMM output data
is dependent on user input. In our application of SWMM, we quantified stormwater runoff from a
single rain events in two distinct urban environments before and after implementing GI systems.
Inputs included a storm event with total precipitation in 5-minute increments, total site area,
impervious surface area from the site, slope of the site, permeability of the site, and GI systems
(referred to as LID controls in SWMM) that we wanted to implement. Using Google Earth and its
embedded measuring tool, we calculated the area of each site and divided the area into pervious
and impervious surface to determine the total percent impervious area of the site. Using ArcGIS,
we calculated the average slope of each site. LID control parameters were inputted after we
designed the desired area, depth, and permeability of materials of each rain garden, detention basin,
and permeable pavement installation. We obtained the precipitation and hydrograph of each site
using government resources. The rainfall data for Wayne County was acquired through the United
States Geological Survey Current Water Data for Michigan, waterdata.usgs.gov.!'® Using the
weather station at Recovery Park in Detroit, the 5-minute incremented precipitation data from the
6-hour storm that produced the largest amount of rainfall in 2016 (24 March) was selected as the
simulated storm for the paper. The rainfall data for Addis Ababa was acquired through the
Ethiopian Metrology Agency, www.ethiomet.gov.et. Using the data of the most current year
posted, the heaviest rainfall of 2012 was in August. Unlike Detroit, the Ethiopian Metrology
Agency does not yet provide S-minute incremented precipitation data of a storm event. Instead, a
storm event was theoretically generated by dividing the total rainfall volume by the number of
days it rained in August to get the average precipitation of each storm event, and then using past
precipitation data to estimate 5-minute increment precipitation measurements for the simulated
storm.
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APPENDIX 2: These guidelines presented in Table 5 were constructed by combining Table 3 with
Table 4. Each table is labeled by a GI implementation. Looking at row one listing contaminants,
Table 3 was used in row two to give a rating of high, medium or low considering the effectiveness
of the title GI against the stated contaminant. Looking at row one listing contaminants and column
one listing land uses, Table 4 was used to give a rating of high, medium or low considering the
amount of stated contaminant that the stated land use contributes to the environment. After
assigning a rating, a number was assigned to each contaminant-land use pair: if the match was
high-high, med-med, or low-low, the pair was assigned the number 2. If the match was high-med,
med-high, med-low or low-med, they pair was assigned the number 1. If the match was high-low
or low-high, the pair was assigned the number 0. The final recommendations were based on the
sum of the rows. Values from 10 to 14 were categorized as excellent(**). Values between 5 and 9
were categorized as good (*). Values less than 5 were considered poor (blank cell).
SUM
OF
RETENTION BASIN ROWS
> J,' Pathogens NOM SOCs Nutrients Heavy Metals di PPCPs
/ I med high high med med med med
residential high 1 high 2 med 1 high 1 med 2 med 2 high 1 10
transportation low 1 low 0 high 2 low 1 high 1 high 1 low 1 7
public high 1 med 1 med 1 high 1 med 2 med 2 high 1 9
industrial low 1 low 0 high 2 low 1 high 1 med 2 med 2 9
urban ag high 1 high 2 med 1 high 1 med 2 med 2 high 1 10
open space med 0 med 1 low 0 med 2 low 1 med 2 low 1 7
commercial med 0 med 1 med 1 low 1 med 2 high 1 med 2 8
RAINWATER HARVEST
Pathogens NOM SOCs Nutrients Heavy Metals dii PPCPs
low low low low low med low
residential high 0 high 0 med 1 high 0 med 1 med 2 high 0 4
transportation low 2 low 2 high 0 low 2 high 0 high 1 low 2 9
public high 0 med 1 med 1 high 0 med 1 med 2 high 0 5
industrial low 2 low 2 high 0 low 2 high 0 med 2 med 1 9
urban ag high 0 high 0 med 1 high 0 med 1 med 2 high 0 4
open space med 1 med 1 low 2 med 1 low 2 med 2 low 2 11
commercial med 1 med 1 med 1 low 2 med 1 high 1 med 1 8
CONSTRUCTED WETLAND
Pathogens NOM SOCs Nutrients Heavy Metals di PPCPs
med high high high high high med
residential high 1 high 2 med 1 high 2 med 1 med 1 high 1 9
transportation low 1 low 0 high 2 low 0 high 2 high 2 low 1 8
public high 1 med 1 med 1 high 2 med 1 med 1 high 1 8
industrial low 1 low 0 high 2 low 0 high 2 med 1 med 2 8
urban ag high 1 high 2 med 1 high 2 med 1 med 1 high 1 9
open space med 2 med 1 low 0 med 1 low 0 med 1 low 1 6
commercial med 2 med 1 med 1 low 0 med 1 high 2 med 2 9
DETENTION BASIN
Pathogens NOM SOCs Nutrients Heavy Metals dii PPCPs
med high high med med med med
residential high 1 high 2 med 1 high 1 med 2 med 2 high 1 10
transportation low 1 low 0 high 2 low 1 high 1 high 1 low 1 7
public high 1 med 1 med 1 high 1 med 2 med 2 high 1 9
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industrial
urban ag
open space

commercial

residential
transportation
public
industrial
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open space

commercial

residential
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public
industrial
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open space

commercial

residential
transportation
public
industrial
urban ag
open space

commercial

residential
transportation
public
industrial
urban ag
open space

commercial
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low 1 low high 2 low 1 high 1 med 2 med
high 1 high med 1 high 1 med 2 med 2 high
med 2 med low med 2 low 1 med 2 low
med 2 med med 1 low 1 med 2 high 1 med
BIOSWALE
Pathogens NOM SOCs Nutrients Heavy Metals Sediments PPCPs
low med med med low med med
high 0 high med 2 high 1 med 1 med 2 high
low 2 low high 1 low 1 high 0 high 1 low
high 0 med med 2 high 1 med 1 med 2 high
low 2 low high 1 low 1 high 0 med 2 med
high 0 high med 2 high 1 med 1 med 2 high
med 1 med low 1 med 2 low 2 med 2 low
med 1 med med 2 low 1 med 1 high 1 med
RAIN GARDEN
Pathogens NOM SOCs Nutrients Heavy Metals di PPCPs
low med med high med high med
high 0 high med 2 high 2 med 2 med 1 high
low 2 low high 1 low 0 high 1 high 2 low
high 0 med med 2 high 2 med 2 med 1 high
low 2 low high 1 low 0 high 1 med 1 med
high 0 high med 2 high 2 med 2 med 1 high
med 1 med low 1 med 1 low 1 med 1 low
med 1 med med 2 low 0 med 2 high 2 med
GREEN ROOF
Pathogens NOM SOCs Nutrients Heavy Metals dii PPCPs
low med med high med high med
high 0 high med 2 high 2 med 2 med 1 high
low 2 low high 1 low 0 high 1 high 2 low
high 0 med med 2 high 2 med 2 med 1 high
low 2 low high 1 low 0 high 1 med 1 med
high 0 high med 2 high 2 med 2 med 1 high
med 1 med low 1 med 1 low 1 med 1 low
med 1 med med 2 low 0 med 2 high 2 med
PERMEABLE PAVEMENT
Pathogens NOM SOCs Nutrients Heavy Metals di PPCPs
low med low low low high low
high 0 high med 1 high 0 med 1 med 1 high
low 2 low high 0 low 2 high 0 high 2 low
high 0 med med 1 high 0 med 1 med 1 high
low 2 low high 0 low 2 high 0 med 1 med
high 0 high med 1 high 0 med 1 med 1 high
med 1 med low 2 med 1 low 2 med 1 low
med 1 med med 1 low 2 med 1 high 2 med
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