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Introduction
Patterns of urban development that replace natural systems with impervious surfaces also replace natural
hydrologic processes. This results in more water entering natural systems like streams, and constructed systems
like stormwater pipes more quickly during rainfall events. This is accompanied by a host of water quality,
ecological, and environmental issues like transport of pollutants to water bodies downstream.
The Town of Greenwich, Connecticut has taken a proactive approach to this “rain-to-drain” problem by
implementing best management practices to manage storm water in the Town. One of these approaches is the use
of bioretention basins and raingardens. As the 2014 Town of Greenwich Drainage Manual states, “by capturing,
detaining, and retaining runoff, bioretention cells reduce the runoff volume, peak flow rate, and pollutant loading”.
Elsewhere the manual states, “Because stormwater management is an evolving field, existing stormwater management
practices are being refined and new practices are being developed on a regular basis”. This question of iteration and
improvement of bioretention basins and raingardens is the focus of this report.
“Bioretention systems are small but highly complex. The physical and biological processes that occur
within bioretention mimic ecological processes similar to those that occur in nature. These systems are
perhaps the best effort so far at providing hydrologic ecological restoration of urban areas. To the extent
that these systems can be installed cost-effectively and operated reliably for water quality treatment of
runoff, they may represent a truly sustainable treatment practice…Continued research should lead to
refinement of bioretention design and improved performance and help provide sustainable solutions to
our urban drainage problems.”- Liu et al.
Bioretention basins and raingardens are now a widely adopted technology but are still relatively new, and the best
design for a given place or purpose is very dependent on a community’s goals and priorities, as well as the soils,
geology and climate where that community is situated. Because of this, bioretention basins and related technologies
are an active area of research.
Part I of this report provides a synthesis of current research on bioretention basins and related technologies as
relevant to the goals and priorities of the Town of Greenwich, and a menu of bioretention media specifications and
considerations that can be used to meet different goals.
Part II Provides a description of the results of a small-scale survey of existing raingardens in the Town.
Part III Provides an annotated bibliography of the most relevant studies used to inform Part I.
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Part I:
Synthesis of current research relevant to the priorities of the Town of Greenwich, and a menu of
bioretention specifications and considerations that can be used to meet them.
1.0 Goals and Priorities
A key purpose of bioretention is to attempt to restore the predevelopment hydroperiod of a developed watershed, thus
helping to maintain a natural water cycle in urban areas. This
hydrologic restoration is achieved through slowing and
infiltrating runoff. Some biological processes are also provided,
namely, filtration and biological soil processes.
The means for achieving the three goals of 1) infiltrating water,
2) filtering water, and 3) supporting desired vegetation and
biological functions can differ in sometimes opposing ways,
meaning that they can sometimes compete.
This competition centers on the tension between hydraulic
connectivity, how quickly water travels from one point to another,
and hydraulic retention time, how long water stays in a system,
allowing physical, chemical and biological processes to happen.
This tension is illustrated in Figure 1. More time means more
treatment, but a lower volume of water that is moved through a
system. Finding a balance that optimizes among these goals is
addressed here.
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Figure 1:Visual representation of the tension between
hydraulic connectivity and retention time and their
associated functions

Town of Greenwich Priorities
The Town of Greenwich identified the following priorities for how bioretention basins and raingardens should deal
with the Water Quality Volume, which the Town of Greenwich Drainage manual defines as the “volume of
stormwater runoff from a given storm that must be collected and treated to remove 80% of the average annual postconstruction load of Total Suspend Solids (TSS)”:
1.
2.
3.

Infiltrate the required Water Quality Volume.
Filter the WQV, if infiltration is not possible.
Ensure the surface area is sized to hold WQV, noting there will no longer be credit provided for storage in
the soil itself.

1.1 Synthesis of current research on bioretention basins and related technologies related to the goals and
priorities of the Town of Greenwich
Goal 1: Maximize the volume of water that is captured by the bioretention system
In order for any of the attendant benefits of bioretention to be achieved, high hydraulic conductivity and the ability to
infiltrate the Water Quality Volume (WQV) of the contributing site is key. Success in this regard is dependent on
design, maintenance, and how the system ages in place.
Goal benchmarks:
1.1 Get the WQV into the system. Ensure that design and implemented system are positioned to maximize
contributing drainage area, and that the entrance to the system allows for laminar flow (generally, wide
angles and broad openings). As an example, 37 Moorhead Road (2015-075) includes large bio-retention
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units, but may not be receiving optimal flow. Flow could be improved by placing the basin at a lower
elevation than the neighboring surface and positioning the basin to eliminate the right-angle and create a
more direct flow path.
1.2 Have sufficient system volume to hold the WQV and prevent runoff. The designed volume of the
system should be sufficient to hold the WQV. This can be achieved through a variety of methods, two of
which, depth and Internal Water Storage, are discussed below.
a. Depth
Depth is a major determinant of hydrologic performance of bioretention systems. Changing depth can
be an effective way to improve hydrologic performance, but because of the nature of volume, there is
a tradeoff between depth and surface area, which is discussed further below.
i.
Optimizing Depth
In their 2014 article in Water, “Review and research needs of bioretention used for the treatment of
urban stormwater”, Liu et al. highlight a monitoring study that compared six bioretention cells that
differed by media depth; two were 1.2 m (47 inches), and the remaining four were 0.5–0.6 m (19-23
inches) in depth. Liu et al. describe that, “The larger media depths met their water quality volume
capture target 80% the time” while, “for the smaller, it was 44%, suggesting media depth may be the
primary parameter influencing hydrologic performance”. From their survey of the literature, Liu et al.
have determined that in general, a media layer with a thickness of 0.7 (27 inches) to 1.0 m (39 inches)
is best, but that depth of the layer should also consider construction cost and local groundwater level.
The Town of Greenwich Drainage Manual Appendix G: Design Guidance for Structural Stormwater
BMPs calls for depth between 0.45 m (18 inches) to 1.2 m (48 inches), with a recommended a depth of
0.76 m (30 inches), and allows for depths as shallow as .45 m (17 inches) in residential applications
(Greenwich 2014, G-12).

 Recommendation: Consider increasing recommended depth in residential applications so that
variance around recommendation is closer to 27 to 39-inch range suggested in literature, as appropriate
based on construction cost and the local groundwater level.
ii.
The Depth-to-Surface-Area Tradeoff
It should be noted that there are three dimensions to volume, and while depth can greatly increase
volume, surface area is also an important factor for bioretention.
The Town of Greenwich Drainage Manual uses a Static Method equation to represent this
relationship:
SA = (WQV)/ [PD + (SD´n)+ (GD´n)]
where:
SA = Surface area of bioretention system (square feet)
WQV = Calculated water quality volume (cubic feet)
PD = Ponding depth above mulch surface (feet)
SD = Soil depth, depth of bioretention soil layer (feet)
GD = Gravel depth, depth of underdrain gravel and/or stone layer(s) between bottom of
the soil layer and native soil (feet)
n = porosity of the respective soil and gravel/stone layers.
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Surface Area is important because the surface and top few inches are where vegetation grows. Relying on
depth, rather than width and length, in order to increase volume sends inflowing water away from
vegetation at the surface that may need water to grow and survive.
Mandating a certain surface area is one way to address this, but an alternative method, using multiple
media layers in a deeper system could address this concern as well. Using two media layers; a top layer
higher in organic material designed to support vegetation and a bottom layer optimized for filtration (low
or no organic material) can allow for increased depth without depriving vegetation of water (Hsieh and
Davis).

 Recommendation: In situations where surface area is constrained by available space or other relevant
situations, consider a variance that allows for a vegetation-supporting layer above a deep permeable layer.
b. Internal Water Storage (IWS)
One option to increase volume in systems with an underdrain is to add an elbow joint at the desired level
that redirects water horizontally, increasing the area to which the basin drains under the surface. This
approach, often called Internal Water Storage (IWS) is particularly useful in sites with restricted outlet
depth or surface size, or when capture of maximum volume or temperature abatement is important.
The Town of Greenwich Drainage Manual Appendix G makes mention of this method in Appendix G
Figure 8, and on page G-13, but it may bear more consideration and emphasis. Studies of systems with
IWS have shown that it is effective in allowing systems to maximize the volume runoff they capture. One
2008 study by Brown et al, showed that IWS cells were able to capture 99.6% to 100% of stormwater
volume, while conventional cell reduced 78% volume under the same hydrologic condition (Liu et al).
Figure 3 shows flows, storage and sinks in a bioretention cell with IWS.

Figure 2: Schematic showing IWS. Source: Winston et. al, 2016

Recommendation: In areas where capture and retention of the full design volume of stormwater is
key, sites that have been identified as sources of nonpoint Nitrogen or heat pollution, or where runoff
is overtopping the system, IWS may make sense as a primary, rather than alternative implementation.
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c. Maintenance. As discussed above, the hydrologic performance and water quality benefits of
bioretention facilities are intrinsically linked to one another- the system must be able to infiltrate to work.
Maintenance of green infrastructure is key to its ability to work as designed, and understanding what
maintenance is needed is important to assessing lifecycle costs.
The review article by Liu et al. discusses the role of management and maintenance practices in
enhancing performance and reducing overall lifecycle costs. It describes a 2012 study by Brown et al
that clearly demonstrates the impact of clogging. Two bioretention cells deployed in the field had the
top 75 mm (3 in) of fill media removed in order to remove accumulated fine sediments. The result
was that surface storage volume increased by nearly 90% and the infiltration rate increased by up to a
factor of 10. Because the systems were better able to infiltrate, overflow volume decreased from
around 35% to around 11%. Effluent leaving the cells was measured, and nearly all pollutant loads
were lower than their pre-repair conditions.
The Town of Greenwich Drainage Manual Appendix G Section 1.5: Inspection and Maintenance and
Appendix H, Section 6: Bioretention/Biofiltration Basins and Rain Gardens specify the regularity of
post-installation inspection and list several metrics for unit health. These are compiled and expanded
upon in Appendix A: Rain Garden Condition Assessment Matrix for Town of Greenwich

Recommendation: Because maintenance is so key to the success of bioretention basins and rain
gardens, in future editions of areas of The Town of Greenwich Drainage Manual, consider making
portions on inspection and maintenance more prominent, perhaps by putting these sections closer to the
beginning of the manual, or making reference to their importance throughout.
Recommendation: Consider adding more specific metrics or assessment methods to the list of
maintenance metrics in Appendix G, and ensure that specific actions such as replacement of plantings
and mulch twice a year as called out in Appendix H, Section 6 are consistent throughout. Consider
adding a check of path of flow, inlet and connectivity to intended contributing area to the
Bioretention/Biofiltration Basins/Rain Gardens section of the Operations and Maintenance Log (Form
MD-100).
Goal 2: Filter and improve water quality before water exits the system
Once Goal 1 is accomplished, and the water has entered the system, a variety of processes can act upon it. Design
and specifications relevant to removal of metals and phosphorous are discussed below.
Goal benchmarks:
2.1 Remove Metals
Treatment processes for removal of metals within bio-retention systems are: sorption, precipitation out
of solution and uptake by vegetation. Metals in rainwater are often adsorbed to the sediments that are
carried from upstream.
a. Layering
One method to maximize the ability to take advantage of all three treatment processes for removal of
metals (sorption, precipitation and uptake by vegetation) is to create layers in the bioretention system.
Layer 1: Mulch A course mulch layer can act as a first line of defense for the removal of pollutants,
particularly metals. In a 2004 study by Chi-hsu Hsieh and Allen Davis, course hardwood mulch in
rain gardens was found to be a large sink for metals, nitrogen, and phosphorus. The shredded
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hardwood mulch retained 98% of copper (Cu), 36% of lead (Pb), and 16% of zinc (Zn). For
purposes of comparison, the plants in the study only removed 0.1, 0, and 0.2% of the inputs of Cu,
Pb, and Zn, respectively.
A course mulch of rough hardwood, as already called for in the Town of Greenwich Drainage
Manual is the preferred method. A fine mulch made of leaves and wood (essentially a rough
compost) was used in laboratory test columns by Hsieh and Davis in their comparative study of
media types. Because the particles were small but heterogeneous (the d60 /d10 was 15.4, very high),
they saw migration of the fine mulch through the column, a potential source for clogging or release
of nutrients. A grain size distribution (d60 /d10) of 4 or below is recommended as the top media
layer by Hsieh and Davis.
A top mulch layer is also in keeping with the Town’s design intention of bioretention basins
mimicking a forested ecosystem, where woody debris forms part of the duff layer, though without
the added nutrients from leaves and other organic materials that would also be in a duff layer but
aren’t appropriate for a bioretention basin because of the nutrients they may add.
Layer 2: Vegetation. Vegetation, such as grasses, shrubs, and herbaceous species in bioretention
systems serve to slow water and trap sediments, promote evapotranspiration and biological activity,
maintain soil porosity and permeability and uptake pollutants. Vegetation also marks the location of
the basin and provides aesthetic value.
Though actual uptake of pollutants is low compared to that of soils (Hsieh and Davis. 2004), because
so many pollutions sorb to sediments, the role of vegetation in trapping sediments and their
attendant metals is important to consider.
Layer 3: Media. While mulch can capture large proportions of metals, water that infiltrates into the
media layer still requires treatment. The pollutant removal efficiencies of different media
compositions can vary widely based on factors like chemical make-up and pH, but for metals, results
are promising.
In the same study by Hsieh and Davis, laboratory tests of sandy-loam bioretention plots were
demonstrated to capture over 90% of copper (Cu), lead (Pb), and zinc (Zn), all under different pH,
duration, intensity, and pollutant concentrations. This was further supported by field-scale
confirmation studies. Two different sands (course and fine) and three different soils (two local to
Prince George’s County, and one specialty soil from a Low Impact Development supplier) were
compared in eighteen different combinations and alone, and the coarse sand (d10 > 0.30 mm) alone
was most effective at removing oil and grease, TSS, and Pb (Hsieh and Davis. 2004).
Since coarse sand alone is not sufficient to support plant growth and its attendant benefits, Hsieh
and Davis advocate a design with a layer of mulch, underlain by separate vegetation and filter layers.
The vegetation layer is a 25–30 cm (10-12 inch) deep media mix tailored to meet the needs of the
plants. The filter layer is then free to be optimized for pollutant removal. The filter layer depth is
recommended at 25–50 cm (10-20 inches). Under this design, the study states expected removals as
follows: >96% of TSS, >96% of O/G, >98% of Pb, ~74% of TP, ~9% of nitrate, and ~20% of
ammonium.

Recommendation: Consider design suggestions that include layering customized to the needs or
desired outcomes of the bioretention basin at a particular site.
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2.2 Remove Phosphorous
Treatment processes for Phosphorous (P) removal within bioretention systems are: precipitation,
adsorption, filtration, and vegetation uptake. The ways that P is retained or moves through soils is
dependent on both the influent and media characteristics, and the form of P. These treatment processes
are discussed below.
Precipitation
Precipitation, a process that causes P to fall out of solution in solid form, can be an important
removal process in stormwater, particularly when it is high in metal ion content, as the substances
can combine to form a solid phase that then gets trapped in the media (Liu et al).
Adsorption
P in solution can adsorb, or stick, to the outer surface of soil particles, or chemically bond to
substances in the media, and plays a major role in trapping P in the system.
Chemical makeup of the media can be particularly important for the fate and transport of P. Sands
with different calcium (Ca), iron (Fe), and aluminum (Al) contents can have roughly threefold
differences in P removals (Arias, et al. 2001.) There are a number of ways that the chemistry of the
media can be manipulated to maximize removal of P, with increase in aluminum (Al) often the most
practical.
Filtration
Particulate phosphorus (P) can be retained in soils through physical filtration, such as by sand.
Uptake
Soluble P, phosphate (PO4) is the most readily available to plants. This is a liability in aquatic
systems, where it can fuel undesired growth, but means that the phosphate in raingardens can be
taken up by the vegetation. Uptake is dependent on how much of the roots are exposed to the
soluble P, length of exposure, plant and root age, and abiotic factors like temperature, and soil
pH.
For this reason, if stormwater is known to have high levels of phosphate, designing the system so
that the water has the opportunity to make contact with roots (more planted surface level area vs.
depth) will maximize opportunities for removal.
Liu et al point to a long-term study by Komlos and Traver of orthophosphate removal in a fieldscale storm-water bioinfiltration rain garden which found that the median PO4 concentration
decreased by 0.21–0.25 mg/L in water ponded on the surface, and went and down to 0.03 mg/L
in the pore water at the bottom of the infiltration bed. Importantly, this removal performance
was sustained over the nine years that the site was monitored for the study.
Media
As mentioned above, there are a number of ways that the chemistry of the media can be manipulated
to maximize removal of P.
Water treatment residuals (WTRs), containing alum can be used as an admixture within
bioretention media to enhance P removal. In a 2011 mesocosm study by Lucas and Greenway, a
specific media using WTR as an admixture was shown to provide effective initial total P retention
of close to >94%.

Recommendation: For Phosphorous removal, particularly in areas that are potential nonpoint
sources of P pollution, encourage design of systems with high surface areas and dense or root-
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heavy plantings so that the water has the opportunity to make contact with roots, and will
maximize opportunities for removal. Consider allowing or encouraging addition of water
treatment residuals (WTRs), containing alum as an admixture within bioretention media.
The options available and needs of a specific site vary based on incoming water quality, position in the watershed,
budgetary constraints and other factors. For this reason, a ‘menu’ of options for bioretention media specifications
and considerations that can be used to meet different goals is provided below.
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2.0

Menu of bioretention media specifications and considerations that can be used to meet different goals
Key




®
Bold

Physical
Processes: sedimentation, filtration, flow

Very Strongly Positive
Very Positive
Positive
Neutral or little change
Highlighted benefits

Chemical
Processes: sorption, precipitation, speciation, volatilization
Biological
Processes: speciation, uptake by vegetation, mycorrhizal action, respiration, etc.
Functions

HC

HRT

Volume

In/Exfiltration

Evaporate/Transpire

Filter

Processes:




Maintenance
(Removal of top layer)



®

Depth




Water can access
depth.


Water can reach
surrounding soils

Can increase
surface storage
volume by ≈ 90% *

Can add volume
without increasing
surface area
Less runoff= more
water gets at least
some filtration

Can increase
infiltration rate by
up to 10x*

Drainage from
bottom
unchanged, much
more side drainage
with increased
depth if conditions
appropriate

®

®

®

Less runoff, more
water for E/T
¯

Water far away from
surface (and roots)
except in large events


Evaporation from
media less, but benefits
plants, holds water to
later E

Top Mulch layer
(Coarse Hardwood)

¯



®

®

®

Largely unchanged,
except bottom layer.
Dependent on
depth.

Adding C to bottom


IWS Elbow






Increases WQV
volume that can be
accommodated


Longer time and
larger area to
exfiltrate to
surrounding soil



Re-exposes
filtration surfaces

More physical
filtration area and
opportunities for
contact with media


Filters influent,
prevents clogs
below.
Early capture of
metals.


Provides more
surface areas,
variety
®
Area for E unchanged.
May improve
conditions for plants, 
Transpiration


Larger volume of
water can be
filtered

Abate Pollutants
TSS

Metals

Physical filtering

sorption, precipitation,





Removes
accumulated TSS,
re- exposes
filtration surfaces
®
Side drainage less
likely or slower to
clog.

Removes
accumulated metals
in TSS, re- exposes
filtration surfaces

More opportunities
for contact with
media, more
surrounding soil
surface area for
adsorption


Filter incoming
TSS



Excellent sink for
Cu, Pb, Ni and Zn

®
Mostly in upper
layers
®



Vegetation

P
precipitation, sorption,
filtration, veg. uptake.

Stops problem of
flow only going
along preferential
flow paths, increases
media surface area
to capture more P.
®


Re-exposes reaction
surfaces, allows
chemical and natural
processes to occur.

Opportunity to add
layers with sands with
different chemical
makeup to capture
more P.

Opportunity to add
layers with OM or
depth that will create
anoxic conditions for
a period of time.


More uptake by
sustained plant
growth
®

Provides more
surface area
opportunities for
metals to be retained

More time to get
adsorbed, taken up

N
ammonification,
de/nitrification, uptake.

®
Longer time could
lead to more
adsorption to media,
uptake by plants.




More uptake by
sustained plant
growth

Modifying media
with newspaper
and wood chips
provided N
removal > 90% **

Anoxic conditions
and time allow for
denitrification

Applications/Notes

Can uptake metals,
N, P, filter sediment
®
Removal of
surface layer likely
disturbs. Fresh
media may have
better growing
conditions.
¯
Water far from
roots except in
large events
Strong
drought/inundati
on pattern.


Provides OM,
holds moisture
for plants
®
May help retain
some soil
moisture
®

Need to dispose of
sometimes very
contaminated fine
particulates appropriately.

If using depth to
compensate for small
surface, note: Smaller
surface level area could
cause upper layers to clog
more quickly, poorer
conditions for plants.
Low nutrient and coarse
recommended (hardwood
mulch)
Maintenance and disposal a
consideration.
For areas were N runoff a
concern, a low-cost
amendment that does not
require more digging,
pipes, etc.
Particularly useful in sites
with restricted outlet depth
or surface size, or when
capture of maximum
volume or temperature
abatement is important.

*Brown, R.A.; Hunt, W.F. Improving bioretention/biofiltration performance with restorative maintenance. Water Sci. Technol. 2012, 65, 361–367.
** Kim, H.; Seagren, E.A.; Davis, A.P. Engineered Bioretention for removal of nitrate from stormwater runoff. Water Environ. Res. 2003, 75, 355
HC = Hydraulic Connectivity
HRT= Hydraulic residence time
TSS= Total Suspended Solids
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PART II:
Field assessment of existing rain gardens
In order to understand the relationship between specifications in the Town of Greenwich Drainage Manual, what was
built, and how the systems are functioning post-installation, site visits to bioretention areas and rain gardens installed
in Greenwich were performed. Site visits were performed April 20, 2018 with the generous assistance of Doreen
Carroll, Wetland Compliance Officer for the Town of Greenwich.
The field assessment aimed to do the following:
1. Compare design (as-builts) to existing site conditions.
2. Assess vegetation, including presence and type.
3. Assess current function against original goal and other functions it may provide.
In order to aid in assessment, a matrix capturing criteria set by the Town Drainage Manual and the research contained
in this report was created. This can be seen in Appendix A: Rain Garden Condition Assessment Matrix for Town of
Greenwich.
The weather preceding the site visits proved to be helpful in understanding how well units were working. In the 96
hours preceding the site visit, 3.7 inches of precipitation fell. This constitutes more than half of the rain that fell in all
of April 2018, and is more than the 10-year mean of 3.5 inches for monthly rainfall in April. Of this, 2.4 inches fell in
one day. (NOAA National Centers for Environmental Information. Data for Stamford, CT Station: STAMFORD
4.2S, CT US US1CTFR0039). This large amount of precipitation allowed an understanding of flow and infiltration.
A summary containing site, project number, photos of the site, a description and comments regarding the condition,
hydrology, soils/media, and vegetation is below.
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1 Location: 16 Turner (14-141)

Description

Vegetated side-of-driveway raingarden with layered vegetation zones. With outlet to small stream in a forested wetland

Condition
Hydrology:

Good
Placement, basin shape, path of flow such that water flows into and out of basin. Lawn soils saturated, but no standing water in or
surrounding. Inlet and outlet open.

Soils/Media:
Vegetation:

Mulch layer in place, no evidence of compaction, tunneling, sedimentation or contamination
This unit is aesthetically attractive and has well zoned vegetation.

2 16 Winding Road (2016-148)

Upper Raingarden

Lower Raingarden

Sediment spill-in
Description:
Condition:
Hydrology:
Soils/Media:

Vegetation:
Status/Notes:

Two raingarden units next to and below a swimming pool immediately adjacent to and above a forested wetland ravine.
Fair
Retains and infiltrates water, sediment control not optimal. Filter bed may be eroding in lower unit or clogged by construction sediment.
Concave units with logical flow path. Inlets clear. Lower outlet shows signs of sediment accumulation.
Upper unit had intact mulch layer.
Bottom unit, which has spillover to lawn and wetland had exposed soil with very little march. Floatline of smaller mulch pieces at outlet an
along flow path to. Suspect mulch has floated away.
Currently unvegetated. Vegetation in plan called out as Northeast Conservation/Wetland mix.
Active construction underway. Sediment from nearby earthwork had spilled into the lower raingarden.

3 27 Khakum Wood Road (2017-061)

Settling/Loss?
Settling/Loss?

View from basin toward outlet
Pocket/piping

Preferential flow patterns and settling

Description:

Large, deep, kidney-shaped raingarden with plantings.

Condition:

Fair- Design and planting weel thought out, settling or loss of sediment a problem for function and viability.

Hydrology:
Soils/Media:
Vegetation:
Status/Notes:

Concave shape, engineered flow path. Inlet and outlet appear clear. Media has settled in pockets with depressions, particularly around root
balls of planted shrubs and trees. Indicator of preferential flow.
Very sandy media. Media showing though mulch layer, and settling and preferential flow are apparent. No media seen in/outside outlet
pipe, indicating that erosion out of basin does not seem to be occurring.
Densely planted. Media settling may impact of survival.
Location and planting plan by PWS.

4 Doverton (2010-068)

Ponding

Inlet

Overflow

Description:
Condition:
Hydrology:

Soils/Media:
Vegetation:

Three swale-like units in a row at toe of slope to west of building. Adjacent to forested wetland.
Fair
Concave shape, clear path of flow. Spillover over outer berm and movement of material over edge evident by surface layer float lines
outside of basin on side opposite of remaining pooling. Water pooled in one side of middle unit to depth of approximately 2.5 inches. If
infiltrating at required 0.5 in/hour rate, the 3.7 inches of rain received in the last 96 hours would have infiltrated by time of site visit. May be
caused by grade.
Some flow lines over lip of berm
Sod with planted shrubs.

5 37 Moorehead Road (2015-075)

Inlet
Float line
Puddle

Tire mark
Lip

Description:
Condition:
Hydrology:

Multiple swale-like systems with overflow grates
Good, some design flaws
Some leaf litter in plumbed inlets, but generally clear and not eroding. Overflow routes well established.
Float lines marking edge of previous ponding.
Curb cut inlets higher than contributing surface with unlikely angle of entry.

Soils/Media:

Surfaces have been mowed. No signs of erosion.

Vegetation:

Sod

6 100 Maher Avenue, Brunswick School (2006-052)

Description:
Condition:
Hydrology:
Soils/Media:
Vegetation:

Raingarden located in parking lot of Brunswick Boy’s School.
Good
Inlet and outlet unobstructed, outlet is raised and grated. No standing water visible
Stone coble matrix in center.
Vegetated around perimeter with river birch and dogwood species. Trees provide marker of raingarden edge for cars.

Part III:
An annotated bibliography of the most relevant studies used to inform Parts I and II
This literature review is intended to provide a summary of the current state of research and practice on bioretention
BMPs as is relevant to the specifications of bioretention systems by the Town of Greenwich.
Summary of search methods:
Search engines: GoogleScholar, Web of Science, Yale University Library’s system.
Sorted by: Most cited, most recently published within the following search terms
Search Terms: “bioretention rain gardens”, and combinations of these terms
Annotated Papers:
Dietz, M.E. and J.C. Clausen. 2006. Saturation to Improve Pollutant Retention in a Rain Garden. Environ.
Sci. Technol., 2006, 40 (4), pp 1335–1340. DOI: 10.1021/es051644f
The object of this study was to assess whether the creation of a saturated zone in a rain garden improved
retention of pollutants. The study is also useful for examining P fate and transport and the role of mulch in
absorbing toxins in raingarden systems.
The study took place in Haddam, CT, which is similar in climate and soils to Greenwich, but used a design
manual from Prince Georges County, MD. Replicate rain gardens sized to store 2.54 cm (1 in) of runoff were
constructed.
These raingardens had a liner (1143 um EPDM) and an underdrain (10.2 cm perforated). The media used was
a “native loamy sand soil mixture”, rather than an engineered mix. This is an important difference for the
purposes of how this study relates to rain gardens in Greenwich, particularly the issue of fate and transport of
Phosphorous. Additionally, the source of water was runoff directly from roofs, which tends to have low ionic
strength, meaning that it has a tendency to pick up other substances.
This differs from the approach Greenwich is taking, in that overland flow and water from the whole
contributing landscape is captured, rather than direct roof runoff, bioretention basis are not lined and specific
bioretention mixes are used.
Flow: Results show high retention of flow (only 0.8% overflowed). The design used for these rain gardens
was effective for flow retention, but did not reduce concentrations of all target pollutants, even in the
treatment system, which was modified to increase length of saturation.
Infiltration: These findings demonstrate the tradeoff between hydraulic connectivity and residence time, in
that high flow and pollutant retention could be achieved with the 2.54 cm design method, but the use of an
underdrain it thought to have reduced overall pollutant retention.
Pollutant treatment: The treatment rain garden, which was modified to increase length of saturation showed
that levels of nitrogen were improved by the treatment, but neither the control nor the treatment reduced
concentrations of all of the desired target pollutants.
Nutrients:
N: Concentrations of nitrite, nitrate, ammonia, and total-N (TN) in roof runoff were
reduced significantly by the rain garden that remained saturated. Redox potential also
decreased in the saturated garden, meaning that anoxic conditions existed for long enough to
change the forms of nitrogen in the soil to less bioavailable ones.
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P: In this study, total phosphorous (TP) concentrations were higher from the underdrains of
the gardens than roof runoff TP concentrations, and the difference was statistically
significant. Examined over the two-year timeframe of the study, there was decaying trend in
underdrain outflow TP concentrations as the original TP in the system got washed out or
bound up, ending at essentially no net gain of TP
The role of the biofiltration media in this study is important. The study used a “Native loamy sand
soil mixture”, and the authors note that in a 2004 Swedish study (Djodjic, et al.), a loamy sand was
also found to be a source of TP in percolate water, but a loam and a silty clay loam were found to be
TP sinks.
Metals: Rain garden mulch was found to be a large sink for metals, nitrogen, and phosphorus. The
shredded hardwood mulch retained 98% of Cu, 36% of Pb, and 16% Zn. The plants in the study
only removed 0.1, 0, and 0.2% of the inputs of Cu, Pb, and Zn, respectively.
Other notes:
Related articles:
Djodjic, F.; Börling, K.; Bergström, L. Phosphorus leaching in relation to soil type and soil phosphorus
content. Journal of Environmental Quality. 2004, 33, 678-684.
Hsieh, C., and A.P. Davis. 2004. Evaluation and optimization of bioretention media for treatment of urban
stormwater runoff. Journal of Environmental Engineering 131: 1521-531. doi:10.1061/(ASCE)07339372(2005)131:11
This study focused on bioretention media characteristics that control effectiveness of systems, and provides a
useful review of work performed by others. The authors examine how the ability of a system to remove
pollutants from stormwater mechanisms like sedimentation, filtration, sorption, and precipitation is impacted
by differing physical or chemical makeup of media.
The study had both a lab and field component. Both used synthetic rainwater with known quantities of
pollutants. They tested improvement of water quality and infiltration rate using eighteen six-hour bioretention
columns with different media mixtures.
Infiltration: These were made up of two different sands (course and fine) and three different soils (two local
to Prince George’s County, and one specialty soil from a LID supplier), and all were topped with a mulch
made from composted leaves and grass clippings. Each sand and soil was tested individually, and then in both
layered and homogenously mixed configurations. The various types of sands and soils resulted in different
runoff infiltration rates and pollutant removal.
Pollutant treatment: Overall, all of the experimental units (bioretention columns and field facilities) had
excellent removal for lead and oil and grease. Removal of total suspended solids (TSS) was good, though
some washout of media particles was noted in newer field facilities.
Nutrients:
N: Nitrogen (nitrate and ammonium) was again not effectively removed without modifications to
extend residence time. It should be noted that this was a six-hour study, so longer processes may not
have been captured.
P: Treatment of total phosphorous (TP) ranged widely and as in other studies, appeared to
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influenced by both the chemical properties of the media, and the flow path; preferential flow patterns
reduced effectiveness because they limited exposure to the media.
Metals: The authors note the tight link between TSS and metals that are adsorbed to the fine
particles that make up TSS, and highlight that oil and Grease, TSS and lead (bound to the TSS) are all
primarily removed through physical filtration. They also note the complex chemical and physical
factors that can impact effectiveness of removal. The authors point to other studies that have shown
that lead (Pb), copper (Cu), nickel (Ni) and zinc (Zn) adsorption by and desorption from soils were
affected by the pH of the soil (Harter,1983.) Another study showed that sands with different calcium
(Ca), iron (Fe), and aluminum (Al) contents resulted in about threefold differences in P removals in
constructed reed bed systems (Arias, et al. 2001.)
Related articles:
Arias, C. A., Bubba, M. D., and Brix, H. 2001. “Phosphorus removal by sands for use as media in subsurface
flow constructed reed beds.” Water Resources, 35, 5, 1159–1168.
Harter, R. D. 1983. “Effect of soil pH on adsorption of lead, copper, zinc, and nickel.” Soil Sci. Soc. Am. J.,
47. 1, 47–51.

Liu, J., D. Sample, C. Bell, and Y. Guan. 2014. Review and research needs of bioretention used
for the treatment of urban stormwater. Water 6: 1069-1099. doi:10.3390/w6041069
This in-depth review article carefully examines a multitude of factors including: media types, depth, P content
of media, etc. in bioretention basins and raingardens and their role as part of LID. The authors take a
perspective of hydrologic restoration, what the authors describe this as the “ability to mimic the predevelopment hydroperiod of an undeveloped watershed and thus help to maintain a natural water cycle in
urban areas.” The study focuses on the ways in which bioretention systems can mimic natural ecological
processes to improve water quality and restore a more natural hydrologic regime
The authors compared numerous field monitoring studies of sites with underdrains that were published in
peer-reviewed journals.
Flow: The studies that the authors compared showed that bioretention facilities helped to restore the outflow
rates in systems to those of undeveloped watersheds, increase runoff time of concentration, and improve
water quality.
Infiltration: One major factor analyzed in this study was the relationship between the depth of the media
layer and hydrologic performance. Findings suggested that deeper media depths could improve
performance, and that in general, a media layer of 0.7–1.0 m thickness is recommended (US Department
of Housing and Urban Development), depending on construction cost and the local groundwater level.
The idea of layering media to provide different functions, for example, a top layer designed to support
vegetation and the bottom optimized for filtration. The authors point to the Hsieh and Davis study
discussed above to recommend a layer to provide growing media to plants that is sandy enough to prevent
loss of infiltration above a layer with greater sand content optimized for pollutant removal.
Pollutant treatment: The review concludes that performance of bioretention systems in both laboratory
and field studies show meaningful improvement in water quality, and are “one of the most effective BMPs
in pollutant removal”.
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Nutrients:
N: The authors describe the mechanisms by which N is removed in a natural system, and
how dependent effective N removal is on design and residence time. The authors explored
the idea that media enriched with carbon could enhance N removal, because the carbon
would serve as an electron donor to facilitate the denitrification process. They point to a
2003 study by Kim, et al. in which modifying bioretention media with newspaper and
wood chips provided N removal above 90%, very high compared to other methods.
P: The review highlights the need to balance Soil P between the growth needs of the
plants and potential leaching. They point to an article by Beck et el and a media
specification developed by the Virginia Tech Crop, Soils, and Environmental Sciences
Department that both recommend that soil P “be within the range of 5–15 mg/kg under
the Mehlich I extraction procedure or 18–40 mg/kg Mehlich III extraction”.
Metals: Several field studies reviewed by the authors suggest that bioretention is effective in the
removal heavy metallic elements from runoff, in large part from trapping sediments to which the
metals have attached. The authors point out that care must be taken to avoid the use of
bioretention as a sediment trap in order to prevent clogging. The contaminated sediments need to
be removed n disposed of as part of ongoing maintenance.
Media Recommendations made: “Media is a key factor in bioretention design…In general, a typical
bioretention ideally contains approximately 50%–60% sand and 40%–50% mix of loam/sandy
loam/loamy sand on a per volume basis. Clay content should be minimized to maintain proper cell
hydrology, ideally in the range of 5%–8%”
Other notes: One design approach that is discussed in depth in this review is Internal Water Storage
(IWS), an extension of an underdrain with an elbow that shunts excess flow into a subsurface layer that
extends beyond the surface of the raingarden, providing more storage space and increasing runoff
reduction. Including an IWS layer may also help in removal of nitrate (NO3) removal through
denitrification in the anoxic zone created in the in the bottom media layer by having an IWS elbow
installed.
Related articles:
Kim, H.; Seagren, E.A.; Davis, A.P. Engineered Bioretention for removal of nitrate from stormwater runoff.
Water Environ. Res. 2003, 75, 355–367.
Virginia Department of Conservation and Recreation. Virginia Nutrient Management Standards and Criteria;
Commonwealth of Virginia, Department of Conservation and Recreation: Richmond, VA, USA, 2005; p. 120.
Beck, M.B. Vulnerability of water quality in intensively developing urban watersheds. Environ. Model. Softw.
2005, 20, 381–400.
Quantifying volume reduction and peak flow mitigation for three bioretention cells in clay soils in northeast
Ohio, Science of The Total Environment, Volume 553, 2016, Pages 83-95
https://doi.org/10.1016/j.scitotenv.2016.02.081.
US Department of Housing and Urban Development. The Practice of Low Impact Development; Office of
Policy Development and Research: Washington, DC, USA, 2003.
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U.S. Department of Agriculture Mid Atlantic Water Program research project: “Evaluation of
Bioretention Recipes for Sequestering Stormwater Nitrogen and Phosphorus.”
Ryan J. Winston, Jay D. Dorsey, William F. Hunt,
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Appendix A: Rain Garden Condition Assessment Matrix for Town of Greenwich
Parameter
Hydrology/Form
Concave Shape
Path of Flow
Inlet
Source
Sufficient infiltration

Infiltration time

Preferential flow
Soils/Media
Compaction
Erosion
Contamination

Description

Metric

The cell continues to have a concave shape rather than being mounded up.1
Clear path of flow from impermeable services to raingarden.
Flow not impeded.
Inlets [and outlet structures] are not eroding, by-passing flow, or clogged.1
Water direction devices such as downspouts are positioned so that runoff flows
downhill to raingarden.
Filter bed functions and drains at a proper rate. Standing water is not an issue
between storms 1.
No signs that water has been pooling or persisting; wetland obligate plants such as
Typha, debris float lines outside of basin, water at or above surface more than 72
hours after rain event. Could also be anecdotal from interview of
resident/homeowner.
Infiltration time sufficient to infiltrate WQV within 72 hours
(<0.5 in. /hour)

Visual inspection
Visual inspection
Visual inspection

The filter has not settled in pockets, or “piping” created through filter media. 1
Media has sufficient aeration to allow for flow. Lacks obvious signs of postinstallation compaction (i.e. foot or tire impressions).
The filter bed is not eroding. 1

Mulch

No evidence of contamination with oil, grease, or other contaminants from
drainage area. 1 Should be inspected monthly and after relatively large storm
events for…trash and debris.2
Mulch is replaced as necessary. 1

Vegetation
Present

Vegetation present (approximate % coverage)

Condition

Visual inspection
Visual inspection for water line, wetland obligate plants saturation.
Ask resident if possible

If draining time is excessive, quantitatively determine infiltration
rate. Use a double ring infiltrometer or monitor drop in water level
after a significant storm. If infiltration rate <0.5 in. /hour,
remedial action shall be taken.2
Visual inspection of surface, layers, particularly along surfaces.
Pencil test (force required, comparison to surrounding soil)
Mulch layer intact, media contained within basin, top layers of
uniform thickness
Visual inspection
Measure thickness. Should be replaced 2x/yr.2

Vegetation is maintained. Dead or diseased plants are removed and replaced.
Vegetation is pruned as needed. 1
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