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Abstract

Urbanisation leads to both quantitative and qualitative changes to storm water
runoff. While the quantity changes have received much attention in the past, now
the quality changes are beginning to receive significant attention. The quality
changes are primarily due to a range of anthropogenic activities common to urban
areas, which result in the generation of various types of pollutants. These pollutants
accumulate on urban catchment surfaces and are eventually washed off by storm
water runoff creating irreversible impacts on receiving water environments. In this
context, structural storm water treatment measures are introduced, promoting pol-
lutant removal through physical, chemical and biological processes. They also
detain, retain and regulate storm water runoff to improve water quantity and quality
characteristics.

Bioretention basins and constructed wetlands are among the most common
storm water treatment systems, and their treatment performance is closely depen-
dent on hydrologic and hydraulic characteristics. Consequently, the in-depth
understanding of the role of hydrologic and hydraulic factors in bioretention basin
and constructed wetland treatment performance is important for effective urban
storm water design strategies. This research monograph presents the outcomes of a
detailed investigation into the influence exerted by hydraulic and hydrologic factors
on the treatment performance of bioretention basins and constructed wetlands.

In relation to bioretention basins, the research outcomes confirmed that the
antecedent dry period is an important factor influencing pollutant removal effi-
ciency. A relatively long antecedent dry period will result in comparatively low
moisture content in the filter media, which can enhance the runoff retention capacity
and consequently improve treatment performance. This implies that planting of
vegetation with high evapotranspiration capacity would enhance treatment effi-
ciency. Additionally, it was found that pollutant leaching influences bioretention
basin treatment performance, particularly reducing the ability for nutrient removal.
This highlights the importance of the selection of appropriate filter media and its
timely replacement.

In the case of constructed wetlands, it was found that large and small rainfall
events are subjected to different treatment. The pollutant load reductions in the
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initial sector of the runoff hydrograph from large rainfall events were relatively low
due to the rapid mixing. This highlights the need to establish an inlet pond to
initially intercept the flow entering the constructed wetland so that the inflow is
stabilised. This is also supported by the fact that the initial sector of the runoff
hydrograph generally carries higher pollutant loads, namely the first flush effect.
Additionally, the provision of a bypass system is recommended to control the runoff
to the constructed wetland. This will protect the treatment system from erosion
damage resulting from high runoff rates.

This research monograph further showcases an innovative approach for using
conceptual models to analyse storm water treatment system performance. The
approach adopted has the capability to generate key hydraulic data for individual
rainfall events in relation to the treatment systems investigated. This is a significant
advancement from conventional approaches for the analysis of treatment system
performance, which is based on the use of lumped parameters. The knowledge
presented provides practical guidance and recommendations for improved urban
storm water management to assist researchers, design engineers, decision-makers,
urban planners and storm water quality model developers.

viii Abstract



Chapter 1
Storm Water Treatment

Abstract Urbanisation leads to changes in storm water quantity and quality due to
the increase in impervious surface areas. While the quantity changes include
increase in runoff volume and peak flow and decrease in the time to the peak, the
quality changes are primarily due to the fact that a diversity of anthropogenic
activities contributes a range of pollutants to the urban environment. These pollu-
tants are washed off by storm water runoff and transported to receiving waters. In
this context, structural storm water treatment measures are commonly introduced to
mitigate storm water quality degradation. This chapter presents reviews of typical
structural storm water treatment systems used in urban areas, providing an overview
of their design and the inherent treatment processes. The systems discussed include
gross pollutant traps, vegetated swales/bioretention swales, detention/retention
basins, infiltration systems, bioretention basins and constructed wetlands.

Keywords Urbanisation � Storm water treatment � Storm water quantity � Storm
water quality

1.1 Overview

Impacts of urbanisation on the natural water cycle are clearly evident. Urbanisation
results in the spread of impervious areas and a diversification of land use, with
vegetated lands converted to impervious areas such as roofs, roads, driveways, car
parks and other paved surfaces (Barron et al. 2011). These changes lead to both
quantity and quality impacts on the water cycle, which are widely recognised as
significant environmental threats (Liu and Qin 2009; Liu et al. 2015). While the
quantity changes, such as increase in runoff volume and runoff peak and decrease in
the time to the peak, have received much attention in the past, the quality changes
are beginning to receive significant attention (Goonetilleke et al. 2005). The quality
impacts are due to the fact that urban areas typically consist of residential, com-
mercial and industrial land uses where anthropogenic activities typical to these
areas generate a range of pollutants (Liu et al. 2012a). These pollutants are washed

© The Author(s) 2016
I.R. Mangangka et al., Enhancing the Storm Water Treatment Performance
of Constructed Wetlands and Bioretention Basins, SpringerBriefs
in Water Science and Technology, DOI 10.1007/978-981-10-1660-8_1
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off by storm water runoff into receiving waters and create irreversible environ-
mental impacts (Liu et al. 2012b). Community concerns regarding the importance
of managing urban storm water pollution in order to protect the key environmental
values of receiving waters has resulted in regulatory authorities being increasingly
challenged to provide appropriate and prudent management of urbanisation
impacts. Storm water treatment measures are among the most important compo-
nents of storm water management.

Storm water treatment measures consist of non-structural and structural mea-
sures. Non-structural measures do not involve fixed permanent facilities, but entail
regulations and/or economic instruments for changing stakeholder behaviour in
relation to pollutant generation. Structural measures are treatment devices installed
to capture or divert pollutants transported by storm water. Use of non-structural and
structural measures in combination in storm water treatment is contextualised by
using a range of terms across the world. In Australia, Water Sensitive Urban Design
(WSUD) is the term commonly used to refer to the strategy to protect the urban
water environment, while Low Impact Development (LID) is the term used widely
in China. Best Management Practices (BMPs) is the term used in the United States.
Sustainable Urban Drainage System (SUDs) and Storm water Quality Improvement
Devices (SQIDs) are also terms used in a range of other countries to describe storm
water management strategies.

Structural storm water treatment measures promote pollutant removal or miti-
gation through physical, chemical and biological processes, while also detaining or
retaining polluted storm water to improve water quality. Figure 1.1 shows the
common processes inherent in structural storm water treatment measures. They treat
storm water runoff by preventing pollutant movement, removing pollutants and
protecting and enhancing the environmental, social and economic values of
receiving waterways. Selection of appropriate treatment measures depends on site

Fig. 1.1 Storm water treatment processes
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conditions, target pollutants, local rainfall characteristics and catchment charac-
teristics (Liu et al. 2013). The commonly used pollutant treatment measures are
gross pollutant traps, vegetated swales (bioretention swales), detention/retention
ponds (basins), infiltration systems, bioretention basins and constructed wetlands.

1.2 Common Structural Treatment Measures

1.2.1 Gross Pollutant Traps

Debris larger than 5 mm are defined as gross pollutants (Allison et al. 1997).
Typically, gross pollutants include urban-derived litter and vegetation debris. These
large pieces of urban debris get flushed from surfaces into the storm water system
during rainfall events and can lead to poor waterway aesthetics and bad odours, and
be a threat to aquatic biodiversity. Shaheen (1975) noted that 20 % of the weight of
pollutants accumulated on road surfaces is litter. Additionally, organic matter such
as leaves and grass clippings are primary litter on public roads. Madhani et al.
(2009) found that organic matter accounts for 20–80 % of anthropogenic litter in
Queensland, Australia. Due to their large size, gross pollutants are generally the
most visible water pollution indicator to the community.

Gross pollutant traps (GPTs) are typically considered as a storm water pre-
treatment measure. They play an important role in reducing the amount of urban
derived gross pollutants exported to receiving waters. They also play a very
important part in the treatment train (a series of measures combined in series for
effective pollutant removal) by protecting downstream storm water treatment
measures from clogging and malfunction. A number of different types of GPTs are
used for storm water treatment. Each GPT has different design specifications with
specific performance ability in trapping gross pollutants. Based on the way that
GPTs operate, they can be classified into five types as given in Table 1.1 while
Fig. 1.2 shows two typical GPT devices.

1.2.2 Vegetated Swales/Bioretention Swales

A vegetated swale or bioretention swale is an excavated trench filled with porous
media (bioretention component) to create a broad, commonly parabolic or trape-
zoidal shallow channel (swale component) having vegetation cover on the side
slopes and top layer. A vegetated swale or bioretention swale supports the
achievement of storm water treatment objectives by disconnecting impervious areas
from downstream waterways. The swale component promotes pre-treatment of
storm water by removing coarse to medium sediments, whilst the bioretention
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component removes finer particulates and associated pollutants through filtration,
infiltration, adsorption and biological uptake. Figure 1.3 shows a typical road-side
swale.

Table 1.1 GPTs devices and their characteristics

GPTs types Typical devices Comments

Drainage
entrance
treatment

• Grated entrance
screens

• Side entry pit traps
(SEPTs)

• Baffled pits

• Used at the entry point of the drainage system and
traps gross pollutants from a catchment when
water enters the drainage system

In-line
screens

• Litter control
devices (LCDs)

• Release nets
• Trash racks
• Boom diversion
systems

• Return flow litter
baskets

• Placed in the drainage channel to trap the gross
pollutants present in the storm water runoff

• Requires continuous monitoring and maintenance
to remove the trapped gross pollutants

Self-cleaning
screens

• Continuous
deflective
separation (CDS)

• Downwardly
inclined screens

• Improves the performance of in-line screens
• Operates with a self-cleaning system

Floating traps • Floating debris traps
(FDTs)

• Flexible floating
booms

• Specifically used to trap floating gross pollutants

Sediment
traps

• Sediment settling
basins

• Circular settling
tanks

• Hydrodynamic
separators

• Commonly used at the downstream end of the
drainage channel

• Removes gross pollutants remaining in the storm
water and prevents them from entering the storm
water treatment facilities that follow

Fig. 1.2 Typical GPT devices. a Trash rack. b In-line screen

4 1 Storm Water Treatment



Vegetated swales or bioretention swales are typically used in road medians,
verges, car park areas, and parks and recreation areas where flow velocities are low,
as alternative to kerb and gutter arrangements. These treatment devices are com-
monly designed with side slopes no steeper than 3:1 and with longitudinal slopes of

(a)

(b)

Fig. 1.3 A typical road side swale. a A road side swale. b Cross section
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between 1 and 4 %, in which they can generate appropriate velocities promoting
high infiltration. For slopes steeper than 4 %, check dams are typically constructed
across the base, at intervals along the invert of the swale, to reduce flow velocities
and to protect from erosion.

1.2.3 Detention/Retention Basins

Detention/retention ponds/basins are storm water facilities that provide storage for
storm water runoff to be retained or detained. The key difference between retention
and detention basins being that, in the case of detention basins, storm water is
detained for a period of time and then slowly released into a waterway through a
designed outlet. In the case of retention basins, storm water is retained and not
released into a waterway. Detention/retention basins allow infiltration of storm
water during the detention period. Therefore, these basins provide downstream
protection and flood control by attenuating peak flow and reducing runoff volume.

The primary mechanism of pollutant removal in detention/retention basins is by
the physical settling of suspended solids, which include particle-bound pollutants
such as nutrients, heavy metals and hydrocarbons. However, a better result in
improving storm water quality is achieved when these basins are combined with
other storm water measures, forming a treatment train. Figure 1.4 provides a typical
treatment train, where a detention basin is one of the devices employed. In com-
bination with storm water wetlands, for instance, which will result in very fine and
dissolved pollutants being removed by the wetland, whilst coarser sediments/solids
will be trapped and remain in the basin, and accordingly, the wetland will be
protected from damage. Furthermore, retention basins can also provide aesthetic
and recreational benefits as well act as a water supply for irrigation or fire pro-
tection. Figure 1.5 provides the image of a retention basin.

1.2.4 Infiltration Systems

Infiltration systems capture storm water runoff and promote infiltration into sur-
rounding soils. The primary focus of infiltration systems is managing storm water
quantity by reducing storm water runoff volumes and peak flows. However, they also
contribute to stormwater quality improvement through infiltration of stormwater into
the subsurface soils. Storm water pre-treatment measures such as sedimentation
basins and swale systems are required to be installed before infiltration systems. This
is to avoid clogging of the infiltration system. Typical infiltration systems primarily
include leaky wells/soakwells, infiltration trenches and porous/modular pavements.
Figure 1.6 shows a typical infiltration system-infiltration trench.
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Environment

Detention Basin
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Wetland

Wetland

Upstream Inlet

Fig. 1.4 A typical treatment train

Fig. 1.5 A typical retention basin
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1.2.5 Bioretention Basins

Bioretention basins are treatment devices that treat storm water runoff by passing
through prescribed filter media with planted vegetation on the surface. Bioretention
basins incorporate both vegetation and underlying filter media for removal of
pollutants. The vegetation, which covers the system’s surface, enhances the filtra-
tion process as well as maintains its porosity, while the filter media removes sed-
iments and suspended solids when the storm water passes through.

Unlike bioretention swales, bioretention basins are not required to convey storm
water runoff over the system surfaces, but the runoff is intended to pool on the
surface, promoting infiltration and percolation through the filter media. However,
excessive ponding of water can flow into overflow pits. The surfaces of bioretention
basins are typically horizontal. Therefore, they are not subjected to high velocities
that can dislodge collected pollutants or scour vegetation on the surface.

Bioretention media generally consist of three layers. These are the filter media
layer, transition layer and drainage layer. The filter media is commonly either
coarse sand (around 1 mm diameter) or fine gravel (2–5 mm). A drainage layer
surrounds the perforated pipe. Below the filter media, a drainage layer is required to
convey treated water from the base of the filter media to the perforated under-drain
pipes, while a transition layer is required if fine gravel is used for filter media. This
is to prevent migration of the filter media into the drainage layer and then into the
perforated pipes. A bioretention basin and its cross section are shown in Fig. 1.7.

Fig. 1.6 Typical infiltration trench
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In the case of water quantity mitigation, bioretention basins use the replenish-
ment of soil moisture deficit in the filter media and attenuate runoff peak discharge
through detention/retention. Plant transpiration during preceding dry weather is a
major contributor to the reduction in soil moisture in the filter media. Hunt et al.
(2006) found that since runoff volume reductions by bioretention basins mainly
depend on the moisture content in the filter media, the reductions can vary during
different seasons from 46 % in winter to 93 % in summer.

The volume of water that can be retained in bioretention basins is mostly
influenced by inflow characteristics. Bioretention basins are more effective in
reducing peak runoff of small to medium storm events (Parker et al. 2009). The
study undertaken by Hunt et al. (2008) found that for 16 storms with less than

(a)

(b)

Fig. 1.7 A typical bioretention basin. a A bioretention basin. b Cross section
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42 mm of rainfall depth, their peak outflow reduced by at least 96.5 %, with a mean
peak flow reduction of 99 %.

Bioretention basins provide flow retardation and are particularly efficient at
removing nutrients. For example, Chen et al. (2013) noted that a bioretention basin
can remove 56 % of influent total nitrogen concentration while Mangangka et al.
(2015) found that the total phosphorus concentration can be removed by more than
50 %. However, it has also been noted that there can be elevated discharge of
nutrients from bioretention basins. This is attributed to the leaching of native
material, rather than failure to remove incoming pollutants (Hatt et al. 2008).
Moreover, flushing and leaching of accumulated nutrients in bioretention basin
filter media from previous rainfall events can be another possible reason for the
increase in nutrient concentrations in the outflow (Mangangka et al. 2015).

The treatment performance of bioretention basins closely depends on a number
of factors. The influential factors include vegetation type, hydraulic loading,
detention time, hydraulic conductivity of the filter media and size ratio (the ratio of
bioretention basin area to the catchment area). In-depth understanding of the rela-
tionship between these influential factors and treatment performance is critical in
the design of effective bioretention basins.

1.2.6 Constructed Wetlands

Constructed wetlands are artificial, shallow and extensively vegetated water bodies.
Constructed wetlands are primarily created for storm water pollutant removal.
Improving landscape amenity and ensuring the availability of water for re-use are
considered as supplementary benefits. A constructed wetland generally consists of
an inlet zone, a macrophyte zone as the main area of the wetland, and a high flow
bypass channel (see Fig. 1.8).

The inlet zone consists of a constructed sedimentation pond with a relatively
deep open water body with edge and possibly submerged macrophytes. The pond is
generally located upstream of the wetland, and commonly used as a pre-treatment
device for coarse sediments and gross pollutants. The macrophyte zone is the main
zone of the wetland system, comprising of a shallow water body with extensive
emergent vegetation. There are some specific zones of vegetation throughout the
wetland, where each zone is generally determined by the water depth. Figure 1.8
shows that constructed wetlands contain four vegetation zones including zones of
shallow marsh vegetation, marsh vegetation, deep marsh vegetation and submerged
vegetation. A constructed wetland also has an open water zone which promotes
ultra violet exposure. Runoff flows entering the macrophyte zone are controlled at
the inlet zone using a bypass system. This is to protect the macrophyte zone from
scour, due to high flows. Unfortunately, this also reduces the treatment effectiveness
of the wetland.

In terms of water quantity, constructed wetlands promote runoff volume and
peak flow reduction through infiltration, evaporation and retention. The hydrologic
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(a)

(b)

Fig. 1.8 Typical constructed wetland system. a A typical constructed wetland. b Structure of a
constructed wetland system
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effectiveness in retaining storm water is determined by the interaction between three
factors, namely retention time, inflow characteristics and storage volume. Long
retention time in the wetland system ensures significant reduction in runoff peak
flow. However, due to saturated conditions in the wetland, less storm water per-
colates into the soil and hence would lead to only a low reduction in runoff volume.
For instance, Parker et al. (2009) reported that a constructed storm water wetland
investigated in South East Queensland, Australia, reduced runoff volume by only
about 5 %.

In terms of water quality, constructed wetlands are termed as efficient storm
water quality treatment devices, particularly when storm water contains high con-
centrations of dissolved pollutants that are difficult to remove by other storm water
treatment devices. Pollutant removal in a constructed wetland is achieved by set-
tling, vegetation uptake, adsorption, filtration and biological decomposition.
Wetland vegetation enhances water quality by encouraging sedimentation, filtering
of nutrients and other pollutants through roots, stems and leaves and promoting the
growth of biofilms, which assimilate dissolved nutrients.

Storm water treatment processes are strongly dependent on rainfall character-
istics, wetland design parameters, weather and seasons, pollutant loading rate and
hydraulic retention time. Therefore, water quality improvement provided by con-
structed wetlands can be inconsistent and highly variable. For example, a con-
structed wetland designed as a 350 mm-depth horizontal subsurface flow showed a
relatively high variability of concentration reduction rate of dissolved phosphorus
(9.66–37.37 %) (Li et al. 2016). Sanchez et al. (2016) reported that the constructed
wetland that they investigated had a better nitrogen removal performance in hot and
dry summer. They attributed it to the higher transpiration water loss in summer that
provided large volumes of replacement water into the microbes to process nitrogen.

1.3 Summary

Structural storm water treatment measures have been widely used to mitigate the
changes to storm water quantity and quality due to urbanisation. Structural mea-
sures prevent, convey and collect pollutants, promote pollutant treatment through
physical, chemical and biological processes taking place, and detain or retain storm
water to improve water quality. Pollutant removal in these systems involves
physical and biochemical processes achieved by settling, filtration, infiltration of
particulate and in-bound pollutants and biological uptake.

This chapter has outlined the structure and functionality of six commonly used
structural storm water treatment measures. Gross pollutant traps (GPTs) are pri-
marily used for source, stream and downstream control for removal of items larger
than 5 mm. Vegetated swales, or bioretention swales, are used for pollutant treat-
ment while they convey storm water runoff. Retention basins remove pollutants by
physical settling of suspended solids, which include particle-bound pollutants such
as phosphorus and organic matter. Infiltration systems can remove sediments,
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which are finer particles including nutrients from polluted storm water via the
processes of adsorption, filtration and infiltration.

Bioretention basins and constructed wetlands are among the most common
storm water treatment systems. Bioretention basins treat storm water runoff by
passing it through prescribed filter media with planted vegetation, while pollutant
removal in a constructed wetland is achieved by settling, vegetation uptake,
adsorption, filtration and biological decomposition. The pollutant removal perfor-
mance of bioretention basins and constructed wetlands has been found to be
variable with a range of factors including rainfall depth, rainfall intensity and
antecedent dry days. This suggests that external factors such as hydrologic and
hydraulic parameters play an influential role. Therefore, the in-depth understanding
of the relationship between these influential factors and treatment performance is
critical in the design of effective bioretention basins and constructed wetlands.
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Chapter 2
Creating Conceptual Models of Treatment
Systems

Abstract The chapter discusses two conceptual models developed for replicating
bioretention basin and constructed wetland behaviour. This discussion firstly out-
lines the development processes adopted including the theory applied, mathematical
equations used and assumptions made, and then presents the model calibration
procedure indicating model accuracy. A range of hydraulic parameters were
selected to replicate the processes in the two treatment systems. These parameters
were selected based on their ability to facilitate the analysis of the relationships
between hydrologic and hydraulic factors and system treatment performance.

Keywords Conceptual models � Hydraulic and hydrologic factors � Model cali-
bration � Storm water quality � Storm water pollutant processes

2.1 Background

Although there are a range of treatment measures used, as discussed in Chap. 1,
bioretention basins and constructed wetlands are among the most common systems
for treating storm water. This is due to higher pollutant removal efficiency and ease
of incorporating them into the surrounding landscape, compared to other measures.
The treatment performance of these two devices is closely dependent on rainfall and
storm water inflow and outflow characteristics (Mangangka et al. 2014a, b). This
means that hydrologic and hydraulic factors play an essential role in driving the
pollutant removal mechanisms within bioretention basins and constructed wetlands.

The review provided in Chap. 1 outlines the points of differences between
bioretention basins and constructed wetlands, such as their layout and the treatment
mechanism involved. Bioretention basins are provided with filter media and use
filtration as the primary mechanism for pollutant removal, supported by plant
uptake, adsorption and biotransformation, while constructed wetlands are typically
a shallow, extensively vegetated water body with different zones to promote
enhanced sedimentation, fine filtration and pollutant uptake processes to remove
pollutants from storm water. Due to differences in pollutant removal mechanisms,
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hydrologic and hydraulic factors influencing their treatment performance are
different.

Understanding the influence of hydrologic and hydraulic factors on the perfor-
mance of bioretention basins and constructed wetlands is critical for effective urban
storm water mitigation. However, developing such an understanding is difficult, due
to practical limitations in the monitoring of governing hydrologic and hydraulic
factors. Generally, field investigations monitor rainfall characteristics, and inflow
and outflow data for treatment systems. The parameters related to the processes
occurring within a system are not easy to monitor, such as average water depth and
average retention time in the constructed wetland, and volume retained and con-
tributed wetted area (representing the percentage of wetted area in the filter media)
within the bioretention basin. However, these parameters can exert significant
influence on pollutant removal efficiencies. This highlights the need for modelling
approaches to estimate these factors and thereby investigate their influence on
treatment performance. Since these factors are generally variable during a rainfall
event, rather than representing long-term hydrologic and hydraulic characteristics,
the modelling approach needs to be event-based and not based on a lumped
modelling method, which is the conventional approach. This chapter discusses two
conceptual models developed as part of a research investigation into the perfor-
mance of a bioretention basin and a constructed wetland. The developed models
were applied to generate a series of hydraulic factors that exert significant influence
on the treatment performance of these two systems.

2.2 Study Sites

The study site was located at Coomera Waters, Gold Coast, Australia, which is a
residential catchment (see Fig. 2.1a). A bioretention basin and a constructed wet-
land have been established to serve three different sub-catchments of the residential
area as shown in Fig. 2.1b. The storm water runoff from Catchment A flows into the
bioretention basin. After leaving the bioretention basin, the treated storm water
enters the constructed wetland through the available drainage pipes. The storm
water then receives further treatment in the constructed wetland, as part of the
treatment train (a range of measures combined in series for effective pollutant
removal). In addition to Catchment A, storm water from Catchment B and
Catchment C also contribute to the constructed wetland. The characteristics of the
three sub-catchments are summarised in Table 2.1.

The inlets and outlets of the bioretention basin and constructed wetland were
monitored using automatic monitoring stations to record rainfall and runoff data and
to capture storm water samples for water quality testing. Flow measurements were
undertaken using calibrated V-notch weirs, and samples were collected by stage
triggered, peristaltic pumping. Discrete storm water runoff samples were collected
during rainfall events to investigate the variation in inflow and outflow water
quality during a runoff event.
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Coomera Waters

Gold Coast

(a)

(b)

Fig. 2.1 Study sites. a Location of study sites. b Sub-catchments
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2.3 Conceptual Model for a Bioretention Basin

2.3.1 Description of the Bioretention Basin

The bioretention basin has an extent of 248 m2 area with a grass surface cover (see
Fig. 2.2a). The size of the bioretention basin is approximately 3.8 % of the total
contributing catchment area. Filter media of 0.8 m thickness promotes storm water
treatment through infiltration (see Fig. 2.2b). The treated storm water, which
infiltrates through the filter media, drains to the 0.2 m thick drainage layer under-
neath the filter media consisting of granular material. The bioretention basin also
contains a network of perforated pipes in the drainage layer, which conveys infil-
trated storm water to the invert of the outlet control pit. Perforated pipes are
installed at the bottom of the drainage layer with 0.5 % slope. The top weir of the
overflow control pit is designed 10 cm above the surface elevation. This allows
storm water ponding up to 10 cm above the bed of the bioretention basin. The
overflow control pit is utilised to be a bypass control. When the depth of storm
water exceeds 10 cm, it bypasses into the pit and no treatment is provided.

2.3.2 Model Set-up

2.3.2.1 Principles and Assumptions Adopted for the Model

Hydraulic characteristics of a bioretention basin are primarily based on infiltration
and percolation processes of storm water through the filter media, and can be
classified as typical subsurface flow. Subsurface flow can be best replicated by
3-dimensional flow models, which are very complex and often require numerical
analysis. To reduce this complexity, a range of assumptions was made to convert a
3-dimensional flow system to a 1-dimensional flow system. For this purpose, the
bioretention basin was divided into 10 equal zones in the conceptual model. The
number of zones was determined based on a trial and error process. The storm water
movement over the surface was conceptualised as typical surface flow from zone 1,
where the inlet structure was located, to zone 10 where the outlet structure was

Table 2.1 Sub-catchment
characteristics of the study
site

Characteristics A B C

Area (m2) 6530 44,470 10,500

Impervious area (m2) 3402 21,348 4940

Impervious fraction (%) 52.1 48.0 47.0

Roof area (m2) 2358 14,955 4586

Street area (m2) 790 4868 44

Driveway area (m2) 254 1462 310

Others (m2) 0 63 0
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located. Each zone with 24.8 m2 surface area was considered to be a soil column, in
which a portion of water flows downwards to replicate the infiltration process.
When the storm water flow on the surface of the assumed soil column exceeds the
infiltration capacity of the soil, the excess runoff was assumed to be surface flow to
the next zone. The storm water flow within the bioretention basin was modelled
according to the processes described in the following steps, which were replicated
by a range of mathematical equations as shown by the numbered labels given in
Fig. 2.3.

(a)

(b)

Fig. 2.2 The bioretention basin. a The bioretention basin at the site. b Cross-section
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• Storm water runoff inflow (1) into the bioretention basin infiltrates into the soil
column (2). This is replicated using an infiltration model;

• When the inflow rate is higher than the soil column’s infiltration capacity, the
excess runoff becomes surface flow to the next soil column (3);

• The infiltrated water percolates until it reaches the drainage layer where the
storm water is temporarily stored (4);

• Part of the storm water stored in the drainage layer percolates to the original soil
layer underneath (5);

• Through perforated pipes, storm water in the drainage layer flows to the outlet
structure where the flow is monitored (6).

2.3.2.2 Modelling Water Flow

The soil column was considered as a system where water balance can be applied.
This means that water entering (such as direct precipitation) and leaving (such as
water losses due to percolation) the system were subjected to the water balance
concept. In this way, cross interaction between an individual column and its sur-
rounding columns were considered negligible. In the same way, any possible
seepages from ground water and infiltration into the sidewalls were considered
negligible. This was an acceptable assumption since the soil surrounding the system
is silty clay with low infiltration rate. Adopting the water balance approach, the soil
column was considered as a storage. The volume stored was considered as

(a) (b)

Fig. 2.3 Conceptual model for the bioretention basin. a Separation into 10 zones for model
formulation. b Schematic of storm water flow
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dependent on the volume of storm water entering and leaving the column. This
action was replicated using a standard storage equation in the form of Eq. 2.1.

DS ¼ StþDt � St ¼ I � Dt � O � Dt ð2:1Þ

where:
ΔS Change in storage volume (m3)
Δt Time interval (s)
St Storage volume (m3) at the beginning of the time interval Δt
St+Δt Volume (m3) at the end of the time interval Δt
I Inflow discharge rate (m3/s)
O Outflow discharge rate (m3/s)

The inflow-outflow components considered in the model development are dis-
cussed below.

Direct Precipitation
Direct precipitation is rainfall that directly falls on the bioretention basin surface
and the area surrounding the bioretention basin without entering a storm water inlet
device. The amount of direct precipitation for a certain duration is considered as the
rainfall depth for that duration, multiplied by the bioretention basin surface area. In
the case where the rainfall falls on the surroundings of the bioretention basin area
and the runoff produced does not flow through the inlet measurement device, but
seeps through the bioretention basin, was estimated by applying a runoff coefficient.
The initial runoff coefficient of 0.7 was considered appropriate to compensate for
the loss of water due to interception and infiltration. However, this value was
adjusted during model calibration.

Water loss due to Percolation
Since the type of soil underneath the bioretention basin is silty clay with a low
permeability, a constant percolation rate of 1.8 × 10−6 m/h, as suggested by Lambe
and Whitman (1969), was applied in the model throughout the bioretention basin
area. However, during model calibration, this percolation rate was adjusted to
improve the results.

Infiltration Process
The input to the system was considered as infiltration, while the output components
of the system were percolation to the drainage layer underneath, and evapotran-
spiration. Infiltration was considered to be influenced by factors such as moisture
content, porosity and hydraulic conductivity of the filter media, and surface con-
ditions including vegetation cover. A range of equation formats are available to
replicate the infiltration process, such as equations proposed by Horton (1933),
Philip (1957) and Green and Ampt (1911). For this study, the Green-Ampt equation
was adopted, due to its ability to incorporate filter media characteristics and the
requirement of relatively less variables compared to the other models.

The principle of the Green-Ampt model is based on continuity and momentum.
The conceptual format in which the Green-Ampt equation was applied in this study
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is presented in Fig. 2.4. Considering zone 1 as a vertical soil column (see
Fig. 2.4a), the control volume was defined as the volume of the soil column from
the surface to depth L (see Fig. 2.4b). As the wetting front progresses, the moisture
content θ increases from the initial value θi to η (porosity). When θ equals η, the
soil within the control volume is fully saturated. When L equals the thickness of the
filter media (m), the whole filter media is considered fully saturated. In this con-
dition, the wetting front passes through the whole filter media and reaches the
drainage layer. For the subsequent subsurface flow, infiltration is replaced by
percolation.

The developed model replicates the infiltration process in two phases. Phase I
replicates the initiation of the infiltration process until it reaches the drainage layer.
Phase II replicates the scenario where the infiltrated storm water contributes to the
storage volume in the drainage layer. In this instance, the drainage layer was
considered as a secondary storage. The storm water entering and leaving this
secondary storage was also replicated using the water balance approach, with a
standard storage equation in the form of Eq. 2.1.

Phase I
Initiation of Phase I occurs when the storm water from the catchment enters zone 1
or the excess surface flow enters the next zone. In scenarios where adequate flow of
storm water is present, infiltration rate was considered as equivalent to infiltration
rate capacity F(t) estimated using Eq. 2.2. In scenarios where inflow rate is less than
the infiltration rate capacity of the soil column, the actual infiltration rate was
considered as equal to the inflow rate. When the inflow rate is greater than the
infiltration rate capacity, the actual infiltration rate is equal to the infiltration rate
capacity while excess storm water flows to the next zone. The cumulative infil-
tration capacity estimation in the form of Eq. 2.2 requires an iterative approach to
obtain the cumulative infiltration capacity F(t).

(a) (b)

Fig. 2.4 Vertical soil column and Green-Ampt infiltration model
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F tð Þ ¼ ksDtþwDhDln 1þ FðtÞ
wDh

� �
ð2:2Þ

where:
F(t) Cumulative infiltration capacity (m)
ks Hydraulic conductivity or saturated soil permeability coefficient (m/h)
t Time elapsed (h)
Ψ Wetting front soil suction head (m)
Δθ Difference between the initial water content and saturated water content or

porosity (η)

Phase II
Phase II begins when the wetting front reaches the drainage layer and the storm
water in the filter media starts draining to the drainage layer. The percolation of
storm water from the filter media to the drainage layer was estimated based on two
conditions. The first condition is when the filter media is still unsaturated while the
second condition is when the filter media is fully saturated. The percolation rate in
the second condition was replicated using the saturated coefficient of permeabil-
ity ks. Therefore, the volume of water that percolates during the modelling time
interval Δt can be estimated in the form of Eq. 2.3.

VwDt ¼ ks � Dt � A ð2:3Þ

where:
VwΔt Volume of water percolating from filter media column (m3)
ks Hydraulic conductivity or saturated soil permeability coefficient (m/h)
Δt Time interval (h)
A Cross sectional area of the filter media column (m2)

When the filter media is not in a fully saturated condition, the saturated soil
permeability coefficient, ks in Eq. 2.3 is replaced by kw, which can be estimated
using Eq. 2.4.

VwDt ¼ kw � Dt � A ð2:4Þ

where:
VwΔt Volume of water percolating from filter media column (m3)
kw Unsaturated soil permeability coefficient (m/h)
Δt Time interval (h)
A Cross sectional area of filter media column (m2)

To obtain an accurate unsaturated soil permeability coefficient kw, a field or
laboratory experiment is required. However, Brooks and Corey (1964) have pro-
posed an approximate method to obtain values for kw, which is presented in
Eq. 2.5.

2.3 Conceptual Model for a Bioretention Basin 23



kw ¼ ks � Sde ð2:5Þ

where:
kw Unsaturated soil permeability coefficient (m/h)
ks Saturated soil permeability coefficient (m/h)
Se Effective saturation of soil
δ An empirical constant, expressed by δ = (2 + 3λ)/λ, where λ is the pore size

distribution index (λ = 10 which gives δ = 3.5. This value was obtained from
the calibration)

The effective saturation Se is the ratio of the available moisture content θ − θr to
the maximum possible available moisture content η − θr. It is written in the form of
Eq. 2.6 (Chow et al. 1988).

Se ¼ h� hr
g� hr

ð2:6Þ

where:
Se Effective saturation of soil
θ Moisture content
θr The residual moisture content of soil after it has thoroughly drained
η Porosity

The maximum possible available moisture content is referred to as the effective
porosity, reflected by η − θr = θe. The effective saturation, Se was monitored during
the modelling period to evaluate whether the filter media is in unsaturated or
saturated condition. Once the value of Se reaches 100 %, the filter media is con-
sidered to be saturated.

Overall, by using the equations discussed above, the infiltration process within
the bioretention filter media was replicated. Since the processes are complex and
correlated, a flowchart (see Fig. 2.5) was created to summarise the modelling
process and equations used in each step.

2.3.2.3 Modelling the Flow Through Perforated Pipes to Outlet

Flow through the perforated pipes was modelled as flow in a circular open channel.
Initially, this flow was assumed as laminar and later confirmed after calibration. The
flow at the end of the perforated pipe near the outlet was also assumed as uniform
and steady. This assumption was based on the fact that the longitudinal slope of the
perforated pipe is very small (0.005). Manning’s equation, in the form of Eq. 2.7,
was used to simulate flow through the perforated pipes.

Q ¼ k
n
� A� R

2=3 � S
1=2 ð2:7Þ
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where
Q Discharge (m3/s)
k Conversion factor (m1/3/s)
n Manning’s coefficient
A Wetted cross sectional area of the circular pipe (m2)
R Hydraulic radius of the wetted cross sectional area (m)
S Slope of the hydraulic grade line (equal to the longitudinal slope for uniform

flow)

The internal surface of the perforated pipe was considered as rough, due to the
presence of perforations. Therefore, the Manning’s roughness coefficient in the
range of 0.012–0.017 was initially used (Han 2008). The actual Manning’s coef-
ficient was obtained from calibration.

2.3.3 Model Calibration

Finalised model parameters were obtained by model calibration, which was
undertaken by using a trial-and-error approach. The model parameters were
changed until outputs reached visual fit to the measured outcomes. The model
calibration was done using data from twelve rainfall events during the period April
2008 to March 2011. To assess the accuracy of the calibrated model, coefficient of
determination (R2) was used. R2 typically demonstrates the ‘goodness-of-fit’ of
models with respect to measured data. As such, the R2 value is expected to be
between 0 and 1 (0 < R2 < 1). The higher the R2 value, the better the model,

Fig. 2.5 The infiltration modelling process and equations used
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indicating that the model replicates reality closely. The R2 value was calculated
using Eq. 2.8.

R2 ¼ 1�
Pn

i¼1 yi � ŷið Þ2Pn
i¼1 yi � �yð Þ2 ð2:8Þ

where:
R2 Coefficient of determination
yi Measured value
ŷ Modelled value
�y Mean value

The R2 values calculated for twelve monitored rainfall events are shown in
Table 2.2. R2 ranges from 0.88 to 0.98 with an average of 0.92. This range was
considered satisfactory. This suggests that the approaches adopted in the model
development are appropriate.

2.3.4 Generating Hydraulic Factors from the Model

The purpose of the developed conceptual model was to generate influential
hydraulic factors for the analysis of water quality treatment performance. The
selected hydraulic factors were, volume treated (VT), volume retained (VR), con-
tributed wetted area (CA) and outflow peak (OP). The reasons for selecting these
parameters are discussed below.

VT indicates the actual storm water quantity entering the treatment system, while
VR is the volume retained within the system at the end of a storm event. VR is an
important parameter influencing storm water treatment performance of bioretention

Table 2.2 The
goodness-of-fit, coefficient of
determination R2

No. Rainfall event R2

1 29-01-2008 0.89

2 03-02-2008 0.91

3 17-03-2008 0.92

4 18-04-2008 0.91

5 29-05-2008 0.92

6 22-01-2009 0.94

7 29-01-2010 0.98

8 18-04-2010 0.91

9 23-06-2010 0.92

10 19-07-2010 0.88

11 02-03-2011 0.93

12 29-03-2011 0.94

Average 0.92
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basins (Jenkins et al. 2012). OP is the maximum outflow discharge recorded during
a rainfall event, which was selected to investigate the influence of the rate of flow
through filter media on treatment performance. Generally, a relatively smaller
inflow volume might receive better treatment. On the other hand, a large runoff
volume may flow through the treatment system at a relatively higher rate, resulting
in little residence time for adequate treatment (Liu et al. 2013). CA represents the
percentage of the wetted area of the bioretention filter media. This parameter is
important for small events where the complete surface area of the system does not
contribute to the treatment and hence could lead to a lower pollutant removal
percentage (Mangangka et al. 2014a). The hydraulic factors generated from the
conceptual model for the monitored twelve rainfall events are presented in
Table 2.3. VT ranges from 8.70 to 87.73 m3 while OP is from 0.522 to 3.417 L/s.
CA is more than 40 % (except for the 23-06-2010 event). VR is from 6.03 to
49.51 m3.

2.4 Conceptual Model for a Constructed Wetland

2.4.1 Description of the Constructed Wetland

The constructed wetland consisted of a sedimentation pond, two wetland cells and an
overflow bypass system (see Fig. 2.6a). There were two pipes that conveyed storm
water into the wetland from two separate sub-catchments (B and C in Fig. 2.1). The
larger pipe (750 mm diameter) conveyed storm water from the larger sub-catchment
(B), while the smaller pipe (300 mm diameter) conveyed storm water from the

Table 2.3 Hydraulic factors generated from the bioretention basin model

No. Rainfall
events

Volume
treated (m3)

Outflow
peak (L/s)

Contributing
area (%)

Volume
retained (m3)

VT OP CA VR

B1 29-01-2008 54.65 1.528 70 31.33

B2 03-02-2008 87.73 3.417 100 22.00

B3 17-03-2008 31.03 1.342 50 23.23

B4 18-04-2008 51.69 1.258 40 24.81

B5 29-05-2008 112.26 1.877 100 48.86

B6 22-01-2009 79.06 3.032 70 38.47

B7 29-01-2010 70.56 1.550 100 49.51

B8 18-04-2010 49.33 1.458 40 20.38

B9 23-06-2010 8.70 0.522 10 6.03

B10 19-07-2010 31.87 0.933 50 28.41

B11 02-03-2011 28.88 1.595 40 23.20

B12 29-03-2011 38.82 1.303 60 31.17
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smaller sub-catchment (C). Consequently, two storm water monitoring stations were
required for the wetland inlets. Storm water entering the constructed storm water
wetland was pre-treated in the sedimentation pond prior to receiving further treat-
ment in the wetland cells. A cell inlet control pit at the pond outlet ensures that the
storm water enters the cells slowly, as high flow might disturb the cells and vege-
tation. Additionally, the maximum inflow rate that was allowed to enter the wetland
cells was controlled by the bypass weir (see Fig. 2.6b). A 7 m wide bypass weir
(broad crested) overflows when the water level is above its crest level and the storm
water is discharged to the receiving water through the bypass channel without
undergoing treatment. The bypass system was designed such that it activates only
during large rainfall events and rest of the storm water is directed to wetland cells 1
and 2, respectively, for further treatment. Outflow from the constructed wetland
system is via a PVC riser arrangement located at the downstream wetland cell (cell 2)
(a detailed discussion is provided in Sect. 2.4.2.4). The PVC riser is designed to
create high outflow rate when the water level of wetland is high. Outflow from the
PVC riser flows though the outlet pipe to the wetland outlet station, where the flow
can be measured and samples can be collected for laboratory testing. The layout of
the constructed wetland is shown in Fig. 2.6.

2.4.2 Model Set-up

2.4.2.1 The Principles and Assumptions Adopted for the Model

The conceptual model for the constructed wetland was developed to represent water
movement through the system. The basic concept incorporated in the model is the
water balance approach. This considers the wetland components, including the inlet
pond and its cells as storages interlinked via inlet/outlet structures. Water balance in
each of these interlinked storages was replicated using a standard water balance
equation, as shown in Eq. 2.1.

The inflow to the constructed wetland system comprises of inflow from inlet
structures and direct precipitation to the wetland area and seepage from ground-
water. Outflow from the wetland system comprises of outflow through the outlet
structure, percolation and evapotranspiration. All inflow and outflow components
mentioned above were included in the model developed. In this regard, inflow as
seepage from the surrounding soil was considered negligible. The water flow within
the wetland was replicated using the schematic shown in Fig. 2.7. Storm water
entering the wetland system is through the inlet structure to the inlet pond (1). The
water then flows to wetland cell 1 through a concrete pipe controlled by an inlet pit
(2). High inflow creates high free surface elevation in the inlet pond leading to part
of the inflow bypassing through a channel (3). The water from wetland cell 1 flows
into wetland cell 2 through a 1 m wide channel (4), which is assumed as a broad
crested weir. The water in wetland cell 2 leaves the wetland system through a PVC
riser (outlet structure) (5).

28 2 Creating Conceptual Models of Treatment Systems



(a)

(b)

(c)

Fig. 2.6 The constructed
wetlands. a Aerial view of the
constructed wetland. b The
constructed wetlands at the
site. c The bypass weir
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2.4.2.2 Generating the Volume Versus Depth Curve

Accurate estimation of storage volume played a pivotal part in the constructed
wetland conceptual model. This was undertaken by developing volume versus
depth curves for the inlet pond, wetland cell 1 and wetland cell 2, individually. For
this purpose, the wetland contour map (see Fig. 2.8) was obtained by undertaking a
bathymetry survey. Volume versus depth curves were developed based on the
bathymetric contour map. The developed curves are provided in Appendix A.

Water flows from inlet pond to cell 1, and from cell 1 to cell 2, were calculated
based on the difference in free surface elevations. Free surface elevation in each
storage device, therefore, acts as the control parameter in the model. Free surface
elevation was obtained based on the volume versus depth relationships developed
for each storage component.

2.4.2.3 Flow Through Wetland Cells and Bypass

Water flow from inlet pond to cell 1
Storm water flow from inlet pond to wetland cell 1 is through a pit and pipe
arrangement. The concrete pipe discharging water from pit to cell 1 has a diameter

Fig. 2.7 The schematic of storm water flows in the wetland system

Fig. 2.8 The wetland
contour map
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of 350 mm. This pipe is typically submerged, below the free surface level of the pit
and wetland cell 1 (see Fig. 2.9). The pit has 15 cm thick concrete walls with length
and width of 1.90 m and 1.00 m, respectively. Based on this configuration, the flow
from the inlet pond to the wetland cell 1 was modelled for two different scenarios
(see Fig. 2.9) and the governing scenario was taken into account. The first scenario
was when the free surface elevation in the wetland cell 1 is relatively low and the
flow from inlet pond to cell 1 is controlled by the flow entering the pit. Under this
scenario, the pipe is assumed to have adequate capacity to convey the flow. The
second scenario is when the free water surface elevation in wetland cell 1 is above a
threshold and the resulting backwater influences the water level in the inlet pond.
Under the second scenario, flow from inlet pond to cell 1 was modelled by esti-
mating the discharge capacity through the pipe.

For scenario 1, water entering the pit was assumed as flow through a broad-crested
weir. The weir width was taken as the inner perimeter of the pit. According to
Gerhart and Gross (1985), the discharge through a broad-crested weir can be
expressed in the form of Eq. 2.9.

Q ¼ Cd
2
3

� � ffiffiffiffiffi
2g

p
LH3=2 ð2:9Þ

where:
Q Discharge (m3/s)
Cd Discharge coefficient ( 1ffiffi

3
p was used as an initial estimate while value used

during simulations was obtained using a calibration process)
g Acceleration due to gravity (m/s2)
L Weir width (m)
H Head above the weir crest (m)

Fig. 2.9 Flow from wetland inlet pond to wetland cell 1
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For scenario 2, flow through the pipe is the governing scenario. In this regard,
the flow velocity through the pipe is relatively low and hence entry loss and
frictional head loss was considered insignificant. Therefore, the simplified flow
equation as shown in Eq. 2.10 was used to replicate the flow scenario. In Eq. 2.10,
discharge coefficient (Cd) was used to compensate other minor losses.

Q ¼ CdA
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gðHw� TwÞ

p
ð2:10Þ

where:
Q Discharge (m3/s)
Cd Discharge coefficient (0.6 was used as an initial estimate and value used

during simulations was obtained using a calibration process)
A Cross section area of the inner pipe (m2)
g Acceleration due to gravity (m/s2)
Hw Head water (water elevation in the pond) (m)
Tw Tail water (water elevation in the wetland cell 1) (m)

Water Flow from Cell 1 to Cell 2 The flow of water from cell 1 to cell 2 was
considered as the flow through a broad-crested weir and Eq. 2.9 was used for flow
estimation. The weir width (L) was estimated based on the opening shown in the
bathymetric survey and the head (H) was the height of free water surface elevation
in cell 1 from the crest. However, when the water level in cell 2 rose above the weir
crest, then the difference in the surface water elevation between cell 1 and cell 2 was
assumed as the head (H).

Water Bypass Bypass from the detention pond is over a 7 m wide broad-crested
weir. It was designed to bypass excess water above the crest of the weir to flow
across to the bypass channel. The model adopted an equation similar to Eq. 2.9 to
replicate the bypass flow.

2.4.2.4 Modelling the Outlet

Retention time in a wetland is significantly influenced by the outlet structure. For
example, Konyha et al. (1995) in their study found that an orifice outlet structure
would provide longer retention time than a weir outlet structure. Wong et al. (1999)
reported different performances of outlet structures and suggested that a riser outlet
gives the best performance. The monitored wetland in this study utilises a PVC riser
outlet, which consists of a number of 20 mm diameter slots as shown in Fig. 2.10.

Two scenarios were used to model this outlet using the conceptual model. In the
first scenario, when a slot is fully submerged, the flow was assumed as flow through
a small orifice as shown in Fig. 2.11. Flow through a fully submerged orifice was
calculated using Eq. 2.11.
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Q ¼ CdA
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2gHÞ

p
ð2:11Þ

where
Q Discharge (m3/s)
Cd Discharge coefficient

Fig. 2.10 The configuration of the PVC riser

Fig. 2.11 Flow through a small orifice
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A Cross section area of the slot (m2)
g Acceleration due to gravity (m/s2)
H Head from the centre of the slot (m)

In the second scenario, when a slot is partially filled, flow was calculated,
considering it operates as a circular sharp-crested weir (Fig. 2.12). In this regard,
the equation form proposed by researchers such as Greve (1932) and Stevens
(1957) was used for this model. They have expressed discharge through a circular
sharp-crested weir as shown in Eq. 2.12.

Q ¼ 0:3926Cd
ffiffiffiffiffi
2g

p
H3=2Dg1=2ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 0:2200g

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 0:7730g

p
Þ ð2:12Þ

where
Cd The discharge coefficient
g The acceleration due to gravity (m/s2)
H Flow depth above the weir crest (m)
D The diameter of circular weir (m)
h The filling ratio (= H/D)

Researchers have noted a diverse range of experimental values for discharge
coefficient (Cd) in Eq. 2.12. For this study, the equation presented by Vatankhah
(2010) was used to estimate Cd (Eq. 2.13). However, the value obtained using
Eq. 2.13 was only used as an initial value. The actual Cd value was obtained during
the calibration process.

Cd ¼ 0:728þ 0:240g
1þ 0:668

ffiffiffi
g

p ð2:13Þ

In summary, the equations discussed above describe processes of water flow
from the inlet pond (including bypass) to the outlet. Similar to the bioretention
basin model, the processes involved are complex and correlated. Therefore, a

Fig. 2.12 Flow through a circular sharp-crested weir
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schematic (see Fig. 2.13) has been created to illustrate the modelling process and
equations used in each step.

2.4.2.5 Percolation, Evapotranspiration and Direct Precipitation

Percolation and evapotranspiration are two important factors influencing the con-
structed wetland water balance. A range of methods are available to estimate per-
colation rates. However, in the model developed, a constant percolation rate was
used to ensure simplicity of the model. Initial percolation rate was selected based on
the soil bed characteristics. The monitored wetland bed consisted of silty clay soil
and approximate percolation rate was estimated as 5 × 10−4 m/h (Rawls et al.
1983). The actual percolation rate was obtained during model calibration. A range
of methods are available to estimate evapotranspiration. For the developed wetland
conceptual model, a constant daily evapotranspiration rate obtained from the
Bureau of Meteorology Australia (2011) was used to ensure simplicity.

Direct precipitation into the wetland perimeter is also an important input to
assess the water balance for the wetland. Two components, namely, rainfall falling
directly on wetland surface water area and rainfall falling in the wetland perimeter
with no contribution to the piped flow network, were considered. The calculations
were the same as the direct precipitation in the case of the bioretention basin (see
Sect. 2.3.2.2).

Fig. 2.13 Wetland modelling process and equations used
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2.4.3 Model Calibration

Final parameters were obtained by model calibration. The calibration undertaken
was similar to the calibration steps adopted for the bioretention basin conceptual
model. The model calibration was done using data from eleven rainfall events
during April 2008 to March 2011. The coefficient of determination (R2) estimated,
based on all measured and simulated hydrographs, is shown in Table 2.4. As
evident from Table 2.4, R2 values for the eleven rainfall events range from 0.80 to
0.97. This is considered satisfactory, suggesting that the approach used to develop
the model is appropriate.

2.4.4 Generating Hydraulic Factors from the Model

The purpose of the wetland conceptual model was to generate the influential hy-
draulic factors for the analysis of water quality treatment performance. The selected
influential hydraulic factors were outflow volume (OV), outflow average discharge
(OQ), average water depth in the wetland (AD), average retention time (RT) and
outflow peak (OP). The reasons for selecting these parameters are discussed below.

OQ values represented the outflow characteristics, while OP was the maximum
outflow discharge recorded during the runoff event. OQ, OV and OP reflect how
much volume goes through the constructed wetland and hence could receive
treatment (Mangangka et al. 2014b). AD influences the wetland environment, such
as light penetration and dissolved oxygen concentration, and hence would play an
important role in treatment performance of plants and microorganisms (Paudel et al.
2013). RT is a critical parameter, as it represents the time period in which the storm
water receives treatment in the wetland system. Generally, a longer RT leads to
better treatment (Elliott and Trowsdale 2007). Event-based hydraulic factors

Table 2.4 The
goodness-of-fit, coefficient of
determination R2

No. Rainfall event R2

1 05-04-2008 0.80

2 18-04-2008 0.93

3 29-05-2008 0.89

4 11-02-2009 0.95

5 04-03-2009 0.85

6 29-01-2010 0.90

7 18-04-2010 0.96

8 23-06-2010 0.89

9 19-07-2010 0.89

10 02-03-2011 0.97

11 29-03-2011 0.86

Average 0.90
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obtained from the conceptual model are presented in Table 2.5. RT ranges from
1.92 to 4.31 days while AD is below 0.5 m (except for 29-05-2008 event). The
ranges for OP, OQ and OV values are 0.753–2.696 L/s, 0.398–1.564 L/s and 44–
594 m3, respectively.

2.5 Summary

Due to the fact that a number of important hydraulic factors which influence the
treatment performance of bioretention basins and constructed wetlands are difficult to
directly monitor, two conceptual models were developed using mathematical rela-
tionships underpinned by fundamental hydraulic theory. These two models demon-
strated satisfactory performance as evident from the statistical analysis undertaken,
and were found to be capable of generating the required hydraulic parameters. The
parameters generated by conceptual models for the bioretention basin were; volume
treated, outflow peak, contributing area and volume retained, while the parameters
generated for the constructed wetlands were average retention time, outflow peak,
average outflow discharge, outflow volume and average depth of water.

This showcases an innovative approach in using conceptual models to generate
influential hydraulic factors, which in turn can be used to analyse storm water
treatment system performance. Additionally, the approach adopted has the capa-
bility to generate key hydraulic data for individual rainfall event rather than using
long-term rainfall characteristics. This is a significant advancement from conven-
tional approaches for the analysis of treatment system performance, which is based
on the use of lumped parameters.

Table 2.5 Hydraulic factors generated from the wetland conceptual model

No. Rainfall
event

Average
retention
time

Outflow
peak

Average
outflow
discharge

Outflow
volume

Average
depth of
water

(day) (L/s) (L/s) (m3) (m)

RT OP OQ OV AD

W1 05-04-2008 2.98 1.163 0.642 98 0.350

W2 18-04-2008 2.56 2.319 1.197 493 0.465

W3 29-05-2008 2.37 2.696 1.564 524 0.539

W4 11-02-2009 3.97 1.071 0.302 168 0.250

W5 04-03-2009 4.31 0.753 0.282 44 0.270

W6 29-01-2010 2.48 2.477 1.255 594 0.452

W7 18-04-2010 3.15 1.768 0.883 383 0.403

W8 23-06-2010 4.24 0.969 0.398 93 0.283

W9 19-07-2010 2.97 1.513 0.637 228 0.327

W10 02-03-2011 1.92 2.536 1.358 251 0.497

W11 29-03-2011 2.22 2.242 1.101 255 0.443
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Chapter 3
Assessing Bioretention Basin Treatment
Performance

Abstract This chapter investigates the influence of hydrologic/hydraulic factors on
the treatment performance of a bioretention basin using parameters generated by the
conceptual model discussed in Chap. 2. The study outcomes showed that an-
tecedent dry period is an important factor influencing pollutant removal efficiency.
A long antecedent dry period will result in relatively low moisture content in the
filter media which can enhance the runoff retention capacity and consequently
improve treatment performance. This implies that planting vegetation with a high
evapotranspiration capacity would enhance treatment efficiency. Additionally, it
was found that pollutant leaching influences bioretention basin treatment perfor-
mance, particularly reducing the ability for nutrient removal. This highlights the
importance of the selection of appropriate filter media and its timely replacement.

Keywords Bioretention basin � Antecedent dry period � Treatment performance �
Pollutant leaching � Storm water quality

3.1 Background

As discussed in Chap. 1, bioretention basins are among the most commonly used
storm water treatment measures. In bioretention basins, filtration is the main
treatment mechanism, supported by evapotranspiration, absorption and biotrans-
formation. Bioretention basins can also provide storm water quantity mitigation by
attenuating peak runoff and reduction in runoff volume through detention and
retention (Davis et al. 2006).

The effective design of a bioretention basin is closely dependent on the in-depth
understanding of the influence of hydrologic and hydraulic factors on treatment
performance. This is because these factors play an important role in influencing
pollutant removal processes of a bioretention basin. The influential factors include
rainfall characteristics and inflow and outflow parameters.

This chapter investigates the treatment performance of a bioretention basin by
relating its performance to hydraulic and hydrologic factors. The hydrologic factors
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were obtained from a field monitoring program (see Sect. 2.2 in Chap. 2) while
hydraulic factors were generated by the conceptual model discussed in Chap. 2.
The study outcomes are expected to contribute to a greater understanding of the
treatment performance of bioretention basins and in turn enable improved design
and operation and maintenance of these systems.

3.2 Hydrologic/Hydraulic Factors Selection

Twelve monitored rainfall events were selected for the analysis. The selected
rainfall events were less than one year average recurrence interval (ARI). This ARI
range is used for most urban storm water treatment system designs (Dunstone and
Graham 2005), due to their relatively more frequent occurrence and responsibility
for a high fraction of annual runoff volume from catchments (Liu et al. 2013a, b).
Additionally, the twelve rainfall events accommodated the mid-range of the rainfall
depth (4.8–52.0 mm) typical to the study area (Liu et al. 2012). An appropriate
number of storm water runoff samples had been captured by the installed automatic
sampler for all 12 events.

In addition, hydraulic factors as identified in Chap. 2 and three hydrologic
factors were also selected for the assessment. The characteristics of the rainfall
events were considered as the hydrologic factors and included rainfall depth (RD),
antecedent dry period (AD) and average rainfall intensity (RI) (see Table 3.1). RD
is directly related to the runoff volume generated by a catchment. AD can generally
reflect the amount of pollutants available for wash-off with storm water runoff. As a
number of previous researchers have noted (such as Vaze and Chiew 2002; Deletic
and Orr 2005), a longer antecedent dry period can lead to relatively higher pollutant
build-up load on the catchment surfaces. RI is an important factor influencing peak
runoff and pollutant wash-off from catchments. High RI can result in high rain drop
kinetic energy and lead to a high fraction of pollutant wash-off from urban surfaces
(Kleinman et al. 2006; Brodie and Rosewell 2007; Liu et al. 2012, 2013a). As
discussed in Chap. 2, hydraulic factors selected for the assessment were; volume
treated (VT), volume retained (VR), contributed wetted area (CA) and outflow peak
(OP), and are listed in Table 3.1.

From the seven hydraulic and hydrologic factors selected, the most critical fac-
tors for influencing treatment performance were selected for detailed assessment.
The selection of hydrologic and hydraulic factors was undertaken by using
PROMETHEE, which is a multi criteria decision making method (Khalil et al. 2004;
Liu et al. 2015), and the Pearson correlation analysis. Detailed information regarding
the PROMETHEE method and Pearson correlation analysis is provided in
Appendix B. This selection was to prevent too many correlating parameters over-
shadowing critical relationships between hydrologic and hydraulic factors and
treatment performance of the bioretention basin (Egodawatta et al. 2006).

Outcomes of the PROMETHEE analysis are presented in Table 3.2. The φ net
value is the net ranking flow where a higher φ net value of an object indicates the
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higher position in the rank order. It can be noted that the higher ranked objects are
those rainfall events with higher rainfall depths. For example, three top ranked
events (B6, B5 and B2) have the highest rainfall depths (51.8, 44.6 and 52.0 mm)
among the twelve monitored events. In contrast, the bottom ranked event has the
lowest rainfall depth (B9, 4.8 mm). This fact can also be supported by the GAIA
biplot (Fig. 3.1). Detailed information regarding the GAIA biplot is provided in
Appendix B. The decision axis Pi points to the events with high rainfall depths (B5
and B6), while the lowest rainfall depth event (B9) is located opposite to the

Table 3.1 Hydrologic/hydraulic factors for the bioretention basin analysis

Rainfall
no.

Rainfall
depth
(mm)

Rainfall
intensity
(mm/h)

Antecedent
dry period
(day)

Volume
treated
(m3)a

Outflow
peak
(L/s)a

Contributing
area (%)a

Volume
retained
(m3)a

RD RI AD VT OP CA VR

B1 20.6 7.36 8.51 54.65 1.528 70 31.33

B2 52.0 14.86 3.05 87.73 3.417 100 22.00

B3 12.0 5.45 6.60 31.03 1.342 50 23.23

B4 18.4 3.91 6.83 51.69 1.258 40 24.81

B5 44.6 5.95 10.48 112.26 1.877 100 48.86

B6 51.8 8.22 13.05 79.06 3.032 70 38.47

B7 25.8 4.69 10.36 70.56 1.550 100 49.51

B8 19.4 8.08 4.24 49.33 1.458 40 20.38

B9 4.80 2.53 4.56 8.70 0.522 10 6.03

B10 9.60 8.73 10.50 31.87 0.933 50 28.41

B11 20.2 8.78 5.88 28.88 1.595 40 23.20

B12 12.6 6.63 13.07 38.82 1.303 60 31.17
agenerated from the wetland conceptual model

Table 3.2 Rainfall event
PROMETHEE ranking of the
bioretention basin

Ranking Rainfall events φ value Rainfall depth (mm)

1 B6 0.2955 51.8

2 B5 0.2926 44.6

3 B2 0.2712 52.0

4 B7 0.1507 25.8

5 B1 0.0141 20.6

6 B12 −0.0117 12.6

7 B10 −0.0801 9.60

8 B11 −0.1089 20.2

9 B8 −0.1246 19.4

10 B4 −0.1324 18.4

11 B3 −0.1526 12.0

12 B9 −0.4139 4.80
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direction of the Pi axis. This suggests that rainfall depth is an important factor
among the hydraulic parameters and hence could be critical to the overall hydraulic
performance of the bioretention basin. Additionally, RD shows a close relationship
with OP, VT and CA, since the RD vector forms acute angles with the OP, VT and
CA vectors. This means that RD can be a representative factor for OP, VT and CA.
RI indicates the capacity of the rainfall for detaching pollutants from catchment
surfaces and hence should be selected for the detailed analysis. It is also noted in
Fig. 3.1 that AD and VR are located far from other hydrologic and hydraulic
factors. This means that AD and VR are relatively independent from other
hydrologic/hydraulic factors. AD is dry days between consecutive rainfall events
while VR is the volume retained in the bioretention basin.

For confirmation of the relationships between these factors, the Pearson corre-
lation matrix was created (Table 3.3). It is evident that VT, OP and CA have very
close correlations with RD, as the coefficients are 0.887, 0.931 and 0.739,
respectively. This is in agreement with the observations from the GAIA biplot
(Fig. 3.1). This essentially confirms that high rainfall depth (RD) leads to high
storm water volume entering the bioretention basin, high outflow peak and a large
filter media wetted area. RI is an independent factor, since it shows a relatively
weak relationship with the other factors except with OP (0.738). AD is an inde-
pendent factor by its definition since it represents the dry period prior to rainfall
occurrence. VR is an important hydraulic factor for most storm water treatment
devices. Therefore, considering the correlations and PROMETHEE and GAIA
results, RD, VR, RI and AD were eventually selected for further analysis.

Fig. 3.1 GAIA biplot for
factor selection
(Δ = 87.16 %)
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3.3 Relationship Between Water Quality Treatment
and Hydrologic/Hydraulic Factors

As discussed in Chap. 2, the bioretention basin was monitored for rainfall-runoff
characteristics and storm water samples were collected from each event for quality
analysis. The samples collected were tested for total nitrogen (TN), nitrate (NO3

−),
nitrite (NO2

−), ammonium (NH4
+), total phosphorus (TP), phosphate (PO4

3−) and
total suspended solids (TSS), which can be considered as the primary storm water
pollutants (Liu et al. 2013a; Miguntanna et al. 2013). Based on the outcomes of the
laboratory testing, pollutant event mean concentrations (EMC) at the inlet and
outlet were determined for each rainfall event. EMCs were obtained by dividing the
total inflow and outflow pollutant loads by the total inflow and outflow volumes.
Sample testing was undertaken according to test methods specified in Standard
Methods for the Examination of Water and Wastewater (APHA 2005). Sample
collection, transport and storage complied with Australia New Zealand Standards,
AS/NZS 5667.1:1998 (AS/NZS 1998).

Principal Component Analysis (PCA) was used to investigate the relationships
between the treatment performance and hydrologic and hydraulic factors. PCA is an
effective technique to explore correlations among variables and objects (Kokot et al.
1998). For performing PCA, objects were the 12 rainfall events while the variables
were the percentages of the TSS, TP, TN, NH4

+, NO3
−, NO2

− and PO4
3− EMC

reductions and RI, RD, VR and AD. Figure 3.2 shows the resulting PCA biplots.
A detailed discussion of the PCA method is provided in Appendix B.

As seen in Fig. 3.2, the pollutant EMC reduction vectors are divided into two
groups. TSS, TP, PO4

3−, NO2
− and NH4

+ EMC reduction vectors are projected on
the positive PC1 axis along with AD and VR vectors, while NO3

− and TN vectors
are projected on the negative PC1 axis. This implies that the influence exerted by
AD and VR are different on the two groups of pollutant EMC reduction vectors,
namely (TSS, TP, PO4

3−, NO2
− and NH4

+) and (NO3
− and TN). AD and VR are

relatively the more important factors influencing treatment performance,

Table 3.3 Pearson correlation matrix for hydrologic and hydraulic factors

RD RI AD VT OP CA VR

RD 1

RI 0.56 1

AD 0.125 -0.211 1

VT 0.887** 0.355 0.249 1

OP 0.931** 0.738** 0.017 0.720** 1

CA 0.739** 0.428 0.331 0.871** 0.659* 1

VR 0.495 -0.018 0.714** 0.723** 0.309 0.793** 1

*Correlation is significant at the 0.05 level (2-tailed)
**Correlation is significant at the 0.01 level (2-tailed)
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particularly for TSS, TP, PO4
3−, NO2

− EMC reductions. Additionally, these
observations show that the EMC removal characteristics of the different nitrogen
species are also different. This is evident due to the differences in orientation of the
vectors representing (NO2

− and NH4
+) and (NO3

− and TN). However, RD and RI
do not show a close relationship with any of the pollutant EMC reduction vectors.

The close correlation between AD and TSS, TP and PO4
3− EMC reduction

vectors means that solids and phosphorus reduces in the bioretention basin with the
increase in the antecedent dry period. Relatively long AD commonly leads to high
pollutant build-up loads, particularly for particulate pollutants such as phosphorus
(Vaze and Chiew 2002). Additionally, the average size of particulate pollutants
received by a bioretention basin can also be expected to increase with the increase
in AD (Egodawatta and Goonetilleke 2006). High particulate input load would
enhance solids and phosphorus removal as phosphorus is primarily present in
particulate form (Miguntanna et al. 2013). This can be supported by the fact that
relatively larger particle sizes are more easily removed by storm water treatment
systems (Hsieh and Davis 2005).

In the case of the differing removal characteristics of different nitrogen species,
Fig. 3.2 shows that there is a strong positive correlation of AD and VR with NO2

−

and NH4
+ EMC reduction percentages and negative correlation with NO3

− and TN.
This suggests that a longer dry period and the resulting higher volume retention

Fig. 3.2 PCA biplot of pollutant EMC reduction in bioretention basin. Note Events with blue
label (B2, B5 and B6) have high rainfall depth values and are ranked top in PROMETHEE results
(Table 3.2) while events with green labels are the rest
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capacity increases NO2
− and NH4

+ removal, but decreases NO3
− removal. The

possible reason is that a longer antecedent dry period allows NH4
+ and NO2

−

oxidation, thus reducing their concentrations, and increases NO3
− concentration. As

Davis et al. (2009) have noted, exposure of NH4
+ and NO2

− to the atmosphere
during the dry period can lead to nitrification due to relatively abundant oxygen
content, resulting in excess NO3

− washout during subsequent events. This implies
that nitrification occurs in the bioretention basin during the dry period.

The fact that particulate (TSS and phosphorus) and dissolved pollutants (nitro-
gen) show different removal characteristics in the bioretention basin can be
attributed to different treatment mechanisms. Particulate pollutants would be pri-
marily removed by filtration, while dissolved pollutants would be primarily
removed by biochemical processes such as denitrification.

Additionally, except for NO2
− and NH4

+ vectors, the other pollutant EMC
reduction vectors point towards medium and low rainfall depth events. This means
that the bioretention basin would have a relatively lower capacity for treating high
rainfall depth events. This highlights the fact that the treatment of events with high
rainfall depth may not be technically feasible in a bioretention basin. Treatment of
large events would also not be economically feasible due to relatively high land and
cost requirements.

3.4 Analysis of Water Quality Treatment Performance

As discussed above, antecedent dry period and resulting volume retained would
exert influence on the water quality treatment performance of bioretention basins.
Most of the pollutant EMC reduction percentages (TSS, TP, PO4

3−, NO2
− and

NH4
+) are related to antecedent dry period and resulting volume retained (see

Fig. 3.2). Therefore, a data matrix on water quality treatment performance (EMC
reduction percentages) was prepared, based on the antecedent dry period as shown
in Table 3.4.

It can be noted that the mean pollutant EMC reduction percentages for rainfall
events occurring after a relatively long dry period (>6 days) are generally higher
than the corresponding values for rainfall events after a relatively shorter dry period
(<6 days) except for TN EMC and NO3

− EMC reduction percentages. This con-
firms the important role played by the antecedent dry period, which results in drying
of the filter media and increased volume being retained, thereby influencing the
bioretention basin treatment performance. Additionally, the data presented in
Table 3.4 also support the fact that nitrification occurs in the bioretention basin.
A longer antecedent dry period allows NH4

+ oxidation, which increases the NO3
−

load and consequently reduces the overall NO3
− removal percentage.

As the study outcomes confirm that longer dry periods and resulting lower filter
media moisture content can enhance the treatment capacity of bioretention systems
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by retaining a higher storm water volume, the presence of vegetation would further
contribute to enhancing the treatment performance (Davis et al. 2009). Vegetation
will reduce the filter media moisture during dry periods due to evapotranspiration,
as well as increase the filter media porosity. This means that appropriate planting,
particularly vegetation species with high evapotranspiration capacity, can enhance
the treatment capacity of bioretention basins.

It is noteworthy that Table 3.4 also shows negative values for pollutant reduction
percentages, particularly for nitrogen and phosphorus. This implies the possibility
of nutrient leaching from filter media. Nutrient leaching can be attributed to the
flushing of runoff retained in the filter media from the preceding rainfall events,
which could have contained elevated concentrations. Furthermore, nutrients present
in the bioretention filter media itself could also contribute to pollutant leaching
(Davis 2007; Dietz and Clausen 2005). This means that the increase in pollutant
retention in the filter media, in the long term can potentially cause pollutant export.
This highlights the importance of timely replacement of filter media in order to
reduce nutrient accumulation and for the selection of appropriate filter media to
enhance nutrient sorption.

Table 3.4 Pollutant EMC reduction data (%)

Dry period Rainfall
no.

TSS NH4
+ NO2

− NO3
− TN PO4

3− TP

Long dry
period
(>6 days)

B1 18.09 61.73 6.85 −87.50 −17.73 66.42 58.54

B3 43.91 92.56 38.99 −51.16 −48.69 67.97 32.72

B4 74.03 71.73 16.23 −112.57 −70.34 −38.74 1.73

B5 66.54 71.05 9.57 −145.10 −63.04 49.47 55.82

B6 36.39 61.47 −39.39 −98.14 −82.55 26.17 18.10

B7 3.87 −15.52 68.69 39.79 19.71 −38.49 27.63

B10 44.99 −41.25 −63.65 −69.99 −10.29 70.38 9.54

B12 21.36 −44.06 −123.02 50.49 −71.14 57.84 5.74

Mean 38.65 32.21 −10.72 −59.27 −43.01 32.63 26.23

Standard
deviation

22.46 52.36 57.51 65.72 33.87 43.20 20.40

Short dry
period
(<6 days)

B2 3.23 64.40 −36.36 −57.30 −31.04 −69.23 −58.09

B8 14.26 −69.38 −47.59 0.24 −49.83 −0.73 −31.30

B9 50.26 −37.78 −102.00 −36.06 −41.66 24.38 −13.88

B11 25.30 −74.94 −186.18 40.11 20.58 −101.63 −21.31

Mean 23.26 −29.42 −93.03 −13.25 −25.49 −36.80 −31.15

Standard
deviation

17.43 55.99 59.23 37.05 27.42 50.74 16.74
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3.5 Conclusions

This chapter discussed the treatment performance of a bioretention basin and its
relationship with hydrologic/hydraulic factors. It is noted that the antecedent dry
period plays an important role in influencing treatment performance of a biore-
tention basin. A long antecedent dry period will result in relatively low moisture
content in the filter media which can enhance the runoff retention capacity and
consequently improve treatment performance. In this context, planting of appro-
priate vegetation, particularly vegetation with a high evapotranspiration capacity
would enhance treatment efficiency. Additionally, it is concluded that the biore-
tention basin has a relatively lower ability for treating events with high rainfall
depth. This phenomenon should be taken into consideration in the design. This is
also supported by the possible land and cost savings.

Furthermore, the research outcomes show that nitrification occurs within a
bioretention basin, leading to high nitrite and ammonium nitrogen reduction, but
lower nitrate removal. Additionally, the outcomes also show that pollutant leaching
influences bioretention basin treatment performance, particularly reducing nutrient
removal. This highlights the importance of the selection of appropriate filter media
and its timely replacement.
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Chapter 4
Assessing Constructed Wetland Treatment
Performance

Abstract This chapter presents the assessment of the constructed wetland treat-
ment performance. The assessment was done by partitioning the inflow runoff
hydrograph into ten segments and then investigating the treatment performance of
each runoff segment within a constructed wetland. Accordingly, the hydrologic and
hydraulic factors generated by the conceptual model were also appropriately allo-
cated to the ten segments. The analysis outcomes showed that large and small
rainfall events are differently treated in a constructed wetland. The pollutant load
reductions for the initial sector of runoff from large rainfall events were relatively
low, due to the rapid mixing taking place within the system. This highlights the
need to establish an inlet pond prior to the flow entering the constructed wetland, so
that the inflow will initially stabilise. This is also supported by the fact that the
initial sector of runoff generally carries higher pollutant loads.

Keywords Constructed wetlands � Inflow runoff hydrograph � Storm water
quality � Treatment performance � Hydrologic and hydraulic factors

4.1 Background

A diverse range of processes are involved in storm water treatment in a constructed
wetland including gravity settling of particulates, filtration, adsorption, vegetation
uptake and biological decomposition. These processes are affected by a range of
hydraulic factors such as hydraulic loading, retention time, depth of water, and
quality and quantity characteristics of the inflows. The effective design of a con-
structed wetland closely relies on the in-depth understanding of the relationship
between hydrologic and hydraulic factors and treatment performance.

Unlike a bioretention basin, which is commonly dry between storm events and
its treatment efficiency primarily relies on the degree of dryness of the filter media
(as discussed in Chap. 3), a constructed wetland is a water body which commonly
pools to a certain depth all the time (refer to Sect. 1.2.6 in Chap. 1). When a rainfall
event occurs, the inflow continuously enters the wetland system and mixes with the
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previously retained water (Mangangka et al. 2014). Mixing can occur during the
whole period of the runoff event. This could result in differences in storm water
treatment performance during the different sectors of a runoff event. This potential
phenomena needs to be viewed in the context of the occurrence of first flush, which
refers to a relatively higher pollutant load at the initial part of a runoff event and
hence relatively more polluted storm water that will enter the system in the early
sectors of the runoff hydrograph (Liu et al. 2010; Alias et al. 2014a, b). In this
regard, first flush alone could lead to differences in treatment performance between
early and later parts of the runoff hydrograph. In-depth understanding of these
differences in treatment performance will contribute to the design of more efficient
constructed wetland systems.

This chapter presents an assessment of a constructed wetland treatment perfor-
mance with respect to a range of influential hydrologic and hydraulic factors. The
assessment adopted an innovative approach, by partitioning the inflow runoff
hydrograph and then investigating the treatment performance of each runoff seg-
ment within a constructed wetland. The hydrologic factors were obtained from a
field monitoring program (see Sect. 2.22.2 in Chap. 2) while the relevant hydraulic
factors in each segment of the hydrograph were generated by the conceptual model
as discussed in Chap. 2. The new knowledge created will contribute to enhancing
the design of constructed wetlands and thereby ensure more effective storm water
treatment systems.

4.2 Selection of Hydrologic/Hydraulic Factors
and Determination of Section Parameters

4.2.1 Selection of Hydrologic/Hydraulic Factors

Similar to the selection processes adopted for the bioretention basin, eleven rainfall
events selected for the constructed wetland analysis were also less than one year
ARI. Additionally, the eleven rainfall events accommodated the mid-range of the
rainfall depth (3.0–44.6 mm) typical to the study area (Liu et al. 2012) and an
appropriate number of storm water runoff samples were captured by the storm water
monitoring stations installed at the inlet and outlet. The overall hydrologic and
hydraulic characteristics of selected rainfall events are given in Table 4.1.

4.2.2 Determination of Section Parameters

In order to investigate the influence of hydraulic factors on wetland treatment as the
rainfall event progresses, the inflow runoff hydrograph for each event was parti-
tioned into 10 sectors, with each sector representing 10 % of the runoff volume.

50 4 Assessing Constructed Wetland Treatment Performance

http://dx.doi.org/10.1007/978-981-10-1660-8_2
http://dx.doi.org/10.1007/978-981-10-1660-8_2


Based on this, pollutant load reduction was individually determined for every 10 %
increment in runoff volume. The division of pollutant load reductions for the ten
sectors of runoff volume was undertaken in the following steps and also illustrated
in Fig. 4.1. Adopting a similar technique, the required hydraulic parameters were
also generated by the use of the conceptual model so that the values corresponding
to 10 % increment in runoff volume are available.

• Step I: The cumulative pollutant load (obtained from a number of monitored
pollutant load data for inlet and outlet) versus cumulative inflow runoff volume
was plotted as shown in Fig. 4.1.

• Step II: The cumulative pollutant load reduction for each sector of runoff vol-
ume was determined by the difference between cumulative pollutant loads at
inlet and outlet for each 10 % sector in the plot.

• Step III: The pollutant load reduction for each 10 % sector was obtained by the
difference between the cumulative pollutant load reductions of two consecutive
10 % sectors.

Accordingly, the resulting water quality section variables for each rainfall event
included ten load reduction values for each pollutant species and section hydraulic
parameters consisting of outflow average discharge (OQ), average water depth in
the wetland (AD), average retention time (RT) and outflow peak (OP). The reasons
for selecting the four hydraulic factors can be found in Sect. 2.4.3 of Chap. 2. Same
as for the bioretention basin analysis, pollutant types considered were total nitrogen
(TN), nitrate (NO3

−), nitrite (NO2
−), ammonium (NH4

+), total phosphorus (TP),
phosphate (PO4

3−) and total suspended solids (TSS). Based on this, a total of 70

Table 4.1 Selected rainfall events and hydrologic/hydraulic factors for constructed wetland
analysis

Rainfall
no.

Rainfall
depth
(mm)

Average
retention timea

(day)

Outflow
peaka

(L/s)

Average
outflow
dischargea (L/s)

Average
depth of
watera (m)

RD RT OP OQ AD

W1 6.4 2.98 1.163 0.642 0.350

W2 18.4 2.56 2.319 1.197 0.465

W3 44.6 2.37 2.696 1.564 0.539

W4 6.8 3.97 1.071 0.302 0.250

W5 3.0 4.31 0.753 0.282 0.270

W6 25.8 2.48 2.477 1.255 0.452

W7 19.4 3.15 1.768 0.883 0.403

W8 4.8 4.24 0.969 0.398 0.283

W9 9.6 2.97 1.513 0.637 0.327

W10 20.2 1.92 2.536 1.358 0.497

W11 12.6 2.22 2.242 1.101 0.443
agenerated from the wetland conceptual model
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section pollutant load reduction values were generated for each rainfall event. The
ten sectors of runoff volume for each event were represented as I, II, III, IV, V, VI,
VII, VIII, IX and X.

4.3 Preliminary Investigation

The investigation was initially undertaken in order to have an overall understanding
of the constructed wetland treatment performance. The PCA technique was used to
undertake this analysis. A detailed explanation of PCA is presented in Appendix B.
The data matrix used for PCA included 110 objects, which consisted of the 10
sectors for each rainfall event (10 sectors × 11 rainfall events), while variables
were the seven pollutants (TN, NO3

−, NO2
−, NH4

+, TP, PO4
3− and TSS) and four

hydraulic factors (RT, OP, AD and OQ). The resulting PCA biplot is shown in
Fig. 4.2.

From Fig. 4.2, it is noted that all pollutant load removal vectors correlate with
each other and are projected on the positive PC2. The four hydraulic factors are
divided into two groups. OP, AD and OQ vectors are projected on the positive PC1
where most large rainfall events such as W3 and W10 are located (see Table 4.1).
RT vector is projected in the negative PC1 direction, where most small rainfall
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events such as W4 and W5 are located. This is due to the high runoff volumes
generated during large rainfall events leading to elevated OP, OQ, and AD in
wetland cells. However, this also results in the reduction in the RT as the storm
water rapidly flows through the wetland system with a shorter retention time.

Since the pollutant species vectors are closely related to each other, the repre-
sentative pollutants were selected for the following analysis. This was to avoid too
many variables overshadowing the important relationships (Egodawatta et al.
2006). In this regard, TSS, TN and TP were selected for further analysis, since these
three pollutants are the most common storm water pollutants in the urban envi-
ronment (Goonetilleke et al. 2005).

4.4 Analysis of Different Rainfall Hydrograph Sectors

Factor analysis (FA) was initially performed for deriving a general understanding of
the treatment performance of the constructed wetland from the beginning and
towards the end of the runoff events. Factor analysis is a statistical method used to
describe the variability among observed, correlated variables in terms of a poten-
tially lower number of unobserved variables called factors. In factor analysis, the
factors can be rotated to new axes that better separate the data. The number of
factors is less than or equal to the number of original variables. Principal component
extraction method with orthogonal VARIMAX rotation was adopted for the factor
analysis. VARIMAX technique rotates the original factors such that the factors are

Fig. 4.2 PCA biplot for preliminary investigation of constructed wetland. The first digit is rainfall
no. while the second digit represents the sector of runoff volume. For example, 5-6 represents the
pollutant load reduction in the sixth 10 % sector of runoff volume in Rainfall No. 5;
RT = retention time in each sector of runoff volume, OP = outflow peak in each sector of runoff
volume, OQ = average outflow discharge in each sector of runoff volume and AD = average water
depth in each sector of runoff volume
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strongly correlated with a specific set of variables, while weakly correlated with the
others (Abdi 2003). Detailed information in relation to factor analysis is provided in
Appendix B. For this analysis, the variables included the load reduction values for
the ten sectors of the inflow runoff hydrograph, while the objects were the three
pollutant parameter values (TSS, TN and TP) for the eleven rainfall events.
Accordingly, the data matrix was 33 × 10. After careful investigation of the rotated
component matrix, two underlying factors were found sufficient. These factors were
extracted based on the initial eigenvalue criteria ≥1. Table 4.2 shows the factor
analysis results.

As shown in Table 4.2, the section parameters representing initial sectors of the
inflow runoff hydrograph (I, II, III,IV and V) tend to correspond to Factor 2, while
the later section parameters (VI, VII, VIII, IX and X) tend to relate to Factor 1. This
implies that the treatment behaviour of the constructed wetland is different for the
early and later sectors of the inflow runoff hydrograph. In other words, the treatment
characteristics vary along with the runoff flow process. This highlights the need to
understand the treatment characteristics of the constructed wetland based on dif-
ferent sectors of the inflow runoff hydrograph, rather than using lumped parameters.

4.5 Comparison of Treatment Characteristics
for Different Sectors of the Inflow Runoff Hydrograph

The treatment characteristics of the constructed wetland during the runoff process
are illustrated, using a boxplot as shown in Fig. 4.3. It is evident that although mean
values of load reductions are not notably different among the ten sectors of the
runoff hydrograph for the different pollutant species, the data ranges show differ-
ences in the early and later sectors. The first five sectors (the first 50 % of runoff
volume) generally have relatively wider data ranges than the later sectors, partic-
ularly in the case of TSS and TN. However, the data ranges for TP load reduction
are relatively similar throughout the whole runoff flow process.

Table 4.2 Factor analysis Sector of runoff volume Factor 1 Factor 2

I 0.266 −0.911
II 0.314 −0.927
III 0.475 −0.859
IV 0.566 −0.798
V 0.678 −0.708
VI 0.752 −0.640

VII 0.841 −0.536

VIII 0.900 −0.434

IX 0.932 −0.345

X 0.948 −0.260
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Since the data was collected from eleven events with different rainfall and
hydraulic characteristics, these observations imply that the performance of the
constructed wetland for TSS and TN removal are highly variable with hydrologic
and hydraulic characteristics in the initial sectors of the runoff hydrograph. TP load
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Fig. 4.3 Comparison of
pollutant load reductions in
different sectors of runoff
hydrograph a TSS load
removal b TN load removal
c TP load removal
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reduction varies all the way through the runoff flow process. This means that the
pollutant load reduction percentages (particularly for solids and nitrogen) for the
initial flow could vary highly, based on the characteristics of each rainfall event
such as ARI (rainfall frequency representing quantity) and antecedent dry days
(representing pollutant load availability prior to rainfall). However, the corre-
sponding percentages of the later flow would be relatively less variable although the
characteristics of rainfall events producing runoff might be different. The relatively
higher variability of TSS and TN load reductions in the initial sectors of the inflow
runoff hydrograph is attributed to the mixing of incoming runoff with the stored
water in the constructed wetland. Characteristics of the mixing that occur can be
different for large and small events. For example, relatively larger rainfall events
would lead to stronger disturbance when the runoff enters the wetland, while small
runoff events would result in a relatively weaker mixing with the stored water.

In the case of TP, it could be attributed to the occurrence of both removal and
release processes during the retention time. As noted by Lai and Lam (2009),
phosphorus can be removed by adsorption while it can also re-enter the water
column by desorption, depending on the physico-chemical properties of the soil and
water in a constructed wetland. Therefore, TP load reductions could be variable
within the runoff process.

Accordingly, it can be hypothesised that the hydraulic and hydrodynamic pro-
cesses occurring in the wetland influence the treatment by the mixing of the water
retained in the wetland with incoming storm water runoff. Additionally, the rela-
tively higher variability of pollutant load reductions at the initial sectors of the
runoff hydrograph (particularly for TSS and TN), caused by inflow mixing with the
stored water, means that controlling and stabilising the inflow prior to it entering the
constructed wetland would be a feasible approach to improve treatment perfor-
mance. This is due to the fact that lower variability in inflow characteristics com-
monly leads to an improvement in storm water treatment.

4.6 Relationships Between Hydrologic/Hydraulic Factors
and Treatment Performance

The treatment performance of the constructed wetland indicates different pollutant
load reduction characteristics in different sectors of the inflow runoff hydrograph. In
this context, it was important to further investigate how the treatment performance
varies with hydrologic and hydraulic factors. This investigation was conducted
using PROMETHEE and GAIA analysis due to its ability to identify relationships
between criteria and actions (Liu et al. 2015). For details regarding the
PROMETHEE method, refer to Sect. 3.2 in Chap. 3. The criteria used for this
analysis were TSS, TN and TP load reduction values, and OP, OQ, AD and RT for
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each sector of the runoff hydrograph, while the actions were the ten sectors of the
runoff hydrograph for the eleven rainfall events. Accordingly, a matrix (110 × 7)
was submitted to PROMETHEE analysis to form the GAIA biplot for all rainfall
events. The resulting GAIA biplot is given in Fig. 4.4.

In terms of Fig. 4.4, all the actions generally form two clusters primarily
influenced by the rainfall depth. Most of the rainfall events clustering on the pos-
itive PC1 axis are relatively larger rainfall events, where their rainfall depths are
larger than 15 mm, such as Event 3 and Event 10 (W3 and W10 in Table 4.1).
Additionally, OP, OQ and AD vectors are also projected on the positive PC1 axis.
However, most of the rainfall events positioning on the negative PC1 axis are
relatively small events such as Event 4 and Event 5, and their rainfall depths are less
than 15 mm (W4 and W5 in Table 4.1). Furthermore, these small rainfall events are
closely related to RT. This means that larger rainfall events lead to higher outflow
peak, outflow discharge and water depth in the wetland, thereby suggesting greater
displacement of the water stored in the wetland and higher outflow velocities, while
longer retention time tends to occur during small rainfall events.

PC1

PC2

OP

OQ

AD

RT

TSS
TN

TP Small events

Large events

Fig. 4.4 GAIA biplots for constructed wetland analysis (Δ = 75.36 %)
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(a)

(b)
PC2

PC2

Fig. 4.5 GAIA biplots for small and large events analysis a GAIA biplot for small event data
(Δ = 66.69 %) b GAIA biplot for large event data (Δ = 86.64 %)
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As evident in Fig. 4.4, the actions scattered in the direction of TSS, TN and TP
load reduction vectors primarily belong to the initial sectors of the runoff hydro-
graphs for small rainfall events such as load reductions in the first 10 % of the
runoff hydrograph in Event 1 (1-1) and load reductions in the third 10 % of the
runoff hydrograph in Event 4 (4-3) and the end sectors of large rainfall events such
as load reductions in the ninth and tenth 10 % of the runoff hydrograph in Event 3
(3-9 and 3-10). This is an indication of different treatment characteristics for large
and small events, which require separate analysis to understand. For this purpose,
two matrices for small (<15 mm, matrix 60 × 7) and large (>15 mm, matrix
50 × 7) rainfall events as identified above were created and the resulting GAIA
biplots are given in Fig. 4.5a, b. According to Fig. 4.5a (small rainfall events), it is
evident that actions located close to pollutant load reduction vectors are primarily
the initial sectors of the runoff hydrograph (such as load reductions in the first and
second 10 % of the runoff hydrograph in Event 5 (5-1 and 5-2). In terms of
Fig. 4.5b (large rainfall events), actions located close to pollutant load reduction
vectors are primarily the later sectors of the runoff hydrograph such as load
reductions in the seventh, eighth, ninth and tenth 10 % of the runoff hydrograph in
Event 2 (2-7, 2-8, 2-9 and 2-10).

These results can be also supported by the original data. Figure 4.6 shows the
mean values of pollutant load reductions in each sector of the runoff hydrograph for
small and large events. As evident in Fig. 4.6, in the initial sectors of the runoff
hydrograph, small rainfall events generally have relatively higher pollutant load
reductions compared to large rainfall events, while the opposite holds true for the
later sectors of the runoff hydrograph.

These outcomes suggest that the treatment performance of a constructed wetland
for small rainfall events and large rainfall events differs. In the case of small rainfall
events, the relatively cleaner, treated storm water, which was already stored in
wetland cells, flows out in the early stage of a runoff event. Later runoff from small
rainfall events would mix with water already stored in the wetland, leading to the
gradual increase in pollutant concentrations in the outflow. However, for large
rainfall events, the trends in pollutant load reductions are generally lower at the
beginning and gradually increase towards the end of a rainfall event. This is
attributed to the rapid mixing of inflow runoff with the stored water in the wetland
at the beginning, which typically carries high loads of pollutants termed as first
flush (Li et al. 2007, 2010). However, with gradual decrease in velocity and the
supply of particulate pollutants, treatment performance increases during the latter
part of runoff events. This is attributed to the increased settling of particulate
pollutants in the wetland cells. These analysis outcomes highlight the importance of
ensuring that the inflow into a constructed wetland is not turbulent in order to
achieve consistent treatment performance for both small and large rainfall events.
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4.7 Conclusions

This chapter discussed the treatment performance of a constructed wetland and its
relationship with hydrologic/hydraulic factors. It is noted that large and small
rainfall events are differently treated in a constructed wetland. The pollutant load
reductions for the initial sector of runoff from large rainfall events are relatively low,
due to the rapid mixing. This means that it is critical to control the inflow to reduce
turbulence before runoff enters a constructed wetland, particularly for the large
events. Accordingly, it may be necessary to establish an inlet pond prior to the flow
entering the constructed wetland so that the inflow will initially stabilise. This is
further supported by the occurrence of the first flush phenomenon where the initial
sector of runoff generally carries higher pollutant loads. Therefore, enhancing the
treatment of the initial sector of runoff could significantly contribute to the
improvement of the overall treatment efficiency of a wetland. Additionally, the
provision of a bypass system is recommended to control the runoff to the con-
structed wetland. This will protect the constructed wetland from erosion damage
resulting from high runoff rates.

References

Abdi H (2003) Factor rotations. SAGE, Thousand Oaks
Alias N, Liu A, Egodawatta P, Goonetilleke A (2014a) Sectional analysis of the pollutant wash-off

process based on runoff hydrograph. J Environ Manage 134:63–69
Alias N, Liu A, Goonetilleke A, Egodawatta P (2014b) Time as the critical factor in the

investigation of the relationship between pollutant wash-off and rainfall characteristics. Ecol
Eng 64:301–305

Egodawatta P, Goonetilleke A, Ayoko GA, Thomas EC (2006) Understanding the interrelation-
ships between stormwater quality and rainfall and runoff factors in residential catchments. In:
7th international conference on urban drainage modelling and the 4th international conference
on water sensitive urban design, Melbourne, Australia

Goonetilleke A, Thomas E, Ginn S, Gilbert D (2005) Understanding the role of land use in urban
stormwater quality management. J Environ Manage 74:31–42

Lai DYF, Lam KC (2009) Phosphorus sorption by sediments in a subtropical constructed wetland
receiving stormwater runoff. Ecol Eng 35(5):735–743

Li LQ, Yin CQ, He QC, Kong LL (2007) First flush of storm runoff pollution from an urban
catchment in China. J Environ Sci 19:295–299

Liu WC, Huang WZ, Yang AY (2010) Characterization of suspended solids and heavy metal
distributions during first flush in highway runoff. J Environ Sci Eng 4(9):44–50

Liu A, Goonetilleke A, Egodawatta P (2012) Taxonomy for rainfall events based on pollutant
wash-off potential in urban areas. Ecol Eng 47:110–114

Liu A, Egodawatta P, Goonetilleke A (2015) Role of rainfall and catchment characteristics on
urban stormwater quality. Springer

Mangangka IR, Liu A, Egodawatta P, Goonetilleke A (2014) Sectional analysis of stormwater
treatment performance of a constructed wetland. Ecol Eng 77:172–179

4.7 Conclusions 61



Chapter 5
Implications for Engineering Practice

Abstract This chapter provides a consolidated summary of outcomes from the
research study undertaken on the influence of hydrologic and hydraulic factors on
bioretention basin and constructed wetland treatment performance, using the two
conceptual models developed. The knowledge created is expected to provide
practical guidance and recommendations for storm water treatment designers and
hydrologic/hydraulic model developers. This chapter also briefly discusses key
areas where currently there are significant knowledge gaps and areas for further
investigation. These include, investigating other typical storm water treatment
systems and pollutant behaviour in addition to what has been investigated in the
research study. Additionally, the use of laboratory scale models to investigate the
relationship between hydraulic factors and water quality treatment is recommended
in order to validate the outcomes obtained by using the conceptual models.

Keywords Bioretention basins � Constructed wetlands � Treatment performance �
Hydrologic and hydraulic factors � Conceptual models � Storm water quality

5.1 Background

Urbanisation transforms natural land cover into impervious surfaces such as roads,
roofs and parking lots. The high fraction of impervious surfaces leads to an increase
in runoff volume and peak flows. Furthermore, anthropogenic activities common to
urban areas generate a range of pollutants, such as nutrients, solids and organic
matter. These pollutants accumulate on catchment surfaces and are washed off
during storm events, leading to adverse ecological impacts on the receiving water
environment. Consequently, urban storm water runoff is of significant environ-
mental concern.

Due to an increasing understanding of the detrimental impacts of urban storm
water pollution on aquatic ecosystems, the implementation of storm water treatment
strategies is becoming common. In this context, constructed wetlands and biore-
tention basins are commonly used storm water treatment systems. These two types
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of systems are typically designed and installed based purely on stereotypical
guidelines. This is due to reasons such as the lack of fundamental knowledge on
performance characteristics of these systems and the variation in treatment per-
formance due to hydrologic and hydraulic factors. This, in turn, has led to inef-
fective treatment performance resulting in resources wastage and increasing
vulnerability of urban water environments.

This book identifies the key hydrologic and hydraulic factors that influence the
performance of constructed wetlands and bioretention basins. The knowledge
gained primarily explains the behaviour of bioretention basins and constructed
wetlands in terms of hydraulic characteristics during rainfall events. The relation-
ships derived, incorporating this knowledge with the treatment performance, enable
the understanding of the characteristics of treatment processes within these systems
during runoff events. The study outcomes provide practical guidance and recom-
mendations for effective storm water treatment design.

5.2 Application to Engineering Practice

5.2.1 Bioretention Basins

Bioretention basins remove pollutants primarily by filtration. According to research
outcomes, an antecedent dry period is the factor which mostly influences their
treatment performance, compared to other hydrologic and hydraulic factors. This is
because a long antecedent dry period will result in relatively low moisture content
in the filter media, which can enhance the runoff retention capacity and conse-
quently, improve treatment performance. The mean EMC reduction percentages of
TSS, TN and TP for rainfall events occurring after a relatively longer dry period
(>6 days) are 38.65, −43.01 and 26.23 % individually, while the corresponding
values are 23.26, −25.49 and −31.15 % for rainfall events after a relatively shorter
dry period (<6 days). These outcomes generally demonstrate higher EMC reduction
percentages for longer dry days than the corresponding values for rainfall events
after a relatively shorter dry period except for TN EMC reduction percentages. This
confirms the important role played by the antecedent dry period. In this context,
selecting appropriate vegetation, particularly vegetation with a high evapotranspi-
ration capacity, would be the preferred option for enhancing the treatment efficiency
of a bioretention basin.

Other than the differences in treatment performance for long and short dry
periods, treatment performance in relation to nitrogen species particularly shows
significant sensitivity towards antecedent dry days. A longer dry period and the
resulting higher volume retention capacity increases NO2

− and NH4
+ removal, but

decreases NO3
− removal. This is attributed to the fact that a longer antecedent dry

period allows NH4
+ and NO2

− oxidation, thus reducing their concentrations, and
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increasing NO3
− concentration. This outcome implies that nitrification occurs in

the bioretention basin during the dry period.
The research results also show negative values for pollutant reduction percent-

ages, particularly nitrogen and phosphorus, as discussed above. This suggests the
occurrence of nutrient leaching within a bioretention basin. Nutrient leaching can be
attributed to the flushing of runoff retained in the filter media from the preceding
rainfall events, which could have contained elevated concentrations. Furthermore,
nutrients present in the bioretention filter media itself could also contribute to
pollutant leaching. This means that the increase in pollutant retention in the filter
media in the long term can potentially cause pollutant export. This highlights the
importance of regular maintenance, particularly timely replacement of filter media
in order to reduce nutrient accumulation. Additionally, it is also important to select
appropriate filter media to enhance nutrient sorption.

5.2.2 Constructed Wetlands

As a water body, constructed wetlands regularly receive inflows, which mix with
the water originally retained. This could result in differences in treatment perfor-
mance at different time periods (sectors) of a runoff event. In this context, the
treatment performance of constructed wetlands was investigated by partitioning the
inflow runoff hydrograph and then analysing the treatment performance of each
segment.

The research outcomes show that the treatment behaviour of the constructed
wetland is different for the early and later sectors of the inflow runoff hydrograph,
which implies that the treatment characteristics vary along with the runoff flow
process. Additionally, this variability is strongly related to pollutant species and
rainfall characteristics. In terms of rainfall characteristics, the pollutant load
reductions for the initial sector of the runoff hydrograph from larger rainfall events
(rainfall depth >15 mm) are relatively low due to the rapid mixing, while small
rainfall events (rainfall depth <15 mm) generally result in relatively higher pollu-
tant load reductions for the initial runoff volume.

In terms of removal of different pollutant species in constructed wetlands, TSS
and TN removal is highly variable, with hydrologic and hydraulic characteristics in
the initial sectors of the runoff hydrograph. TP load reduction is relatively
unchanged through the runoff flow process. The relatively higher variability of TSS
and TN load reductions in the initial sectors of the inflow runoff hydrograph is
attributed to the mixing of incoming runoff with the stored water in the constructed
wetland. Commonly, the relatively larger rainfall events would lead to stronger
disturbance when the runoff enters the wetland, while small runoff events would
result in a relatively weaker mixing with the stored water. In the case of TP, it could
be attributed to the occurrence of both removal and release processes during the
retention time. While phosphorus can be removed by adsorption, it can also re-enter
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the water column by desorption depending on the physico-chemical properties of
soil and water in a constructed wetland.

In summary, due to the relatively high variability in pollutant removal in the
initial sector of the runoff volume, it is important to establish an inlet pond prior to
the flow entering the constructed wetland, so that the inflow will initially stabilise.
This is further supported by the occurrence of the first flush phenomenon, where the
initial sector of runoff generally carries higher pollutant loads. Therefore, enhancing
the treatment of the initial sector of runoff could significantly contribute to the
improvement in the overall treatment efficiency of a wetland. Additionally, the
provision of a bypass system is recommended to control the runoff to the con-
structed wetland. This will protect the system from erosion damage resulting from
high runoff rates.

5.3 Knowledge Gaps for Future Research

This monograph presents the outcomes of a research study undertaken and the
knowledge created relating to the treatment performance of two typical storm water
treatment systems, namely, bioretention basins and constructed wetlands. By using
conceptual models, it was found that a range of hydrologic and hydraulic factors
play a critical role in influencing their pollutant removal efficiencies. However, as
urban storm water runoff quality is complex in terms of various pollutant sources,
species and concentrations, a diversity of treatment systems is commonly required
rather than a sole dependency on bioretention basins and constructed wetlands.
Additionally, although conceptual models can generate hydrologic/hydraulic fac-
tors, models are typically approximations of reality and hence only capable of
replicating reality to the extent where scientific knowledge prevails. These facts
highlight the need to extend the current knowledge in a number of areas, as dis-
cussed below.

5.3.1 Investigation of the Removal of Other Common
Storm Water Pollutants

The degree of deterioration of storm water quality in urban areas is dependent on the
pollutant species and load. Other than suspended solids and nutrients, urban storm
water commonly includes a wide range of pollutants, such as heavy metals,
hydrocarbons and micropollutants. As these pollutants can be toxic, their effective
removal from storm water runoff is important. Due to the different characteristics of
these pollutants, their removal mechanisms could be different within a treatment
system. Consequently, these pollutants could be influenced differently by hydro-
logic/hydraulic factors. For example, heavy metals are found to exist in storm water
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runoff by adsorption with solids (Gunawardana et al. 2014). Therefore, their removal
is more dependent on the adsorption mechanisms. This would involve the investi-
gation on the influence of hydrologic/hydraulic factors on adsorption/desorption
capacity of media used in treatment systems. Additionally, hydrocarbon removal
primarily relies on biodegradation (Haritash and Kaushik 2009). Therefore, the
understanding of the relationship between hydrologic/hydraulic factors and
biodegradation within the treatment systems is also required. In this context, relating
different removal mechanisms (such as adsorption and biodegradation) to
hydrologic/hydraulic factors needs to be focused on, in future research. This will
help in more specific treatment design, which targets particular pollutant types.

5.3.2 Investigating Other Typical Storm Water Treatment
Systems

There are a range of storm water treatment systems in urban areas, as discussed in
Chap. 1. These treatment systems differ in terms of their design, pollutant removal
mechanisms and ability. In this context, the influence of hydrologic and hydraulic
factors on their treatment performance might differ among these treatment systems.
For example, a grass swale is commonly located along roads as a primary treatment
process. The runoff velocity over the swale could play an important role in treat-
ment performance. A high rainfall intensity resulting in high runoff velocity could
reduce the pollutant removal efficiency since the retention time is reduced. In the
case of a sedimentation basin, stabilising the inflow and not disturbing the water
already retained is important since the system removes pollutants by sedimentation.
This means that hydraulic factors such as inflow stability would exert an essential
influence on treatment performance of a sedimentation basin. These facts underline
the need to analyse relationships between other typical storm water treatment
systems and hydrologic/hydraulic factors.

5.3.3 Laboratory Scale Models to Investigate Relationship
Between Hydraulic Factors and Water Quality
Treatment Performance

The research study was undertaken to investigate the performance of storm water
treatment systems using a model based on fundamental theory, conceptual
approaches and multivariate analysis. The conceptual models developed included a
range of mathematical equations and are an approximation of reality. In this regard,
it is recommended that detailed investigations should be undertaken using labora-
tory scale models to further investigate the relationships between hydraulic factors
and water quality treatment processes in order to validate the outcomes obtained
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from this research study. This will provide data from both mathematical models and
laboratory scale models and hence further confirm the conclusions derived,
regarding the influence of hydraulic factors on the performance of storm water
treatment systems.
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Appendix A
Generating Wetland Volume Versus Depth
Correlation Model

CurveExpert software Version 1.40 was used to derive the regression formulae for
each wetland component. Volume versus depth relationship for all wetland com-
ponents were developed using the Morgan-Mercer-Flodin (MMF) regression
model. The model is widely known as a non-linear growth model. This model was
selected primarily due to its best-fit. The MMF regression model is expressed by the
following equation:

y ¼ abþ cxd

bþ xd

where:
y—Water depth (m)
x—Water volume (m3)
a, b and c—Model coefficients.

The MMF regression models for all wetland components provided satisfactory
accuracy with high coefficients of determination (R2) and low standard error (S).
The curves developed are shown in Fig. A.1, while the model coefficients, R2 and
S values, are presented in Table A.1.
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Fig. A.1 Volume versus depth curves for a Pond, b Cell 1, and c Cell 2
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Table A.1 Model coefficient, R2 and S values for the predicted model

Wetland
component

Model coefficient Coefficient of determination
(R2)

Standard error
(S)

Pond a = −8.55055 × 10−4

b = 222.310
c = 15.7368
d = 0.565020

0.999901 0.00345

Cell 1 a = −1.59261 × 10−2

b = 38.8680
c = 8.91392
d = 0.394738

0.999146 0.01801

Cell 2 a = 3.35185 × 10−3

b = 386.642
c = 32.2859
d = 0.454851

0.999945 0.00294
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Appendix B
Data Analysis Techniques

PROMETHEE and GAIA

PROMETHEE (Preference Ranking Organisation METHod for Enrichment
Evaluations) aided by the GAIA (Graphical Analysis for Interactive Aid) method is
widely used in various environmental research studies to evaluate different alter-
natives against a set of criteria (for example Liu et al. 2013; Mangangka et al.
2015). PROMETHEE is a non-parametric method used to rank the actions on the
basis of a set of pre-determined criteria while GAIA is a principal component
analysis biplot that provides visual complement to the PROMETHEE ranking.

In PROMETHEE, the ranking order for actions is developed according to the net
outranking flow, the φ values, for a number of available actions on the basis of a
range of criteria. To calculate the φ values, each criterion must be provided with
three conditions: a preference function, a preference order (maximise/minimise) and
a weighting. In the GAIA biplot, an acute angle between two vectors indicates
positive correlation and the smaller the acute angle, the stronger the correlation. On
the other hand, an obtuse angle suggests that the vectors are inversely correlated,
while a right angle indicates that they are not correlated (Espinasse et al. 1997). The
following steps show how to calculate the φ values between two actions ‘a’ and ‘b’
(Keller et al. 1991):

• Step 1: Creation of a difference matrix (dj) between ‘a’ and ‘b’ from the raw data
matrix:

dj ¼ yj að Þ � yjðbÞ

where yj (a) and yj (b) are the data points of actions ‘a’ and ‘b’ for criteria yj.
• Step 2: Definition of the preference for ‘a’ over ‘b’:

A preference function P (a, b) is used to define the preference for ‘a’ over ‘b’ for
each criterion. The following preference functions (Table B.1) are available for
the user to select, depending on the criterion:
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Table B.1 Preference functions
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• Step 3: Calculation of global preference index, π:

p a; bð Þ ¼
Xk
j¼1

Wj � Pjða; bÞ

where Wj is the weight, which is set to 1 by default. However, it can be changed
subjectively in case one criterion needs to be emphasised in the selection of
actions.

• Step 4: Calculation of outranking flows:

Positive outranking flow uþ að Þ ¼ 1
ðn� 1Þ

X
x2A

pða; xÞ

Negative outranking flow u� að Þ ¼ 1
ðn� 1Þ

X
x2A

pðx; aÞ

Positive outranking flow corresponds to how much action ‘a’ is preferred over
other actions, while negative outranking flow shows how much other actions are
preferred relative to ‘a’.

• Step 5: Production of partial ranking (Table B.2)
• Step 6: Production of complete ranking:

Complete ranking is produced based on the net outranking flow, φ(a), calculated
from the following equation:

u að Þ ¼ uþ að Þ � u�ðaÞ

Complete ranking eliminates the constraint in comparing ‘a’ and ‘b’, even if they
are directly not comparable (Case 3 in Step 5). However, the compromise may
also reduce the reliability of the outcome. In addition, the φ values can be used to
understand how far two actions are discriminated in PROMETHEE ranking. In
the case where the difference between the φ values of two actions is over 10 %
of the whole range, which is the difference between the maximum and the

Table B.2 Partial ranking rules

Case Conditions Results

Case 1 If φ+(a) > φ+(b) and φ−(a) < φ−(b)
or
φ+(a) > φ+(b) and φ−(a) = φ−(b)
or
φ+(a) = φ+(b) and φ−(a) < φ−(b)

‘a’ is preferred over ‘b’

Case 2 If φ+(a) = φ+(b) and φ−(a) = φ−(b) ‘a’ and ‘b’ are equally preferred

Case 3 In all other cases ‘a’ and ‘b’ are not comparable
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minimum values in the data matrix for that particular criterion, they may be
considered well-discriminated (Ni et al. 2009). This is because an error over
10 % in the measurement is generally not acceptable.

Pearson Correlation

The Pearson correlation is a parametric measure and produces a sample correlation
coefficient, which measures the strength and direction of linear relationships
between pairs of continuous variables. The sample correlation coefficient between
two variables ‘x’ and ‘y’ is denoted by ‘r’ and can be calculated using the following
equation:

r ¼ covðx; yÞffiffiffiffiffiffiffiffiffiffiffiffiffi
varðxÞp � ffiffiffiffiffiffiffiffiffiffiffiffiffi

varðyÞp

where:
r—correlation coefficient
cov(x, y)—sample covariance of x and y
var(x)—sample variance of x
var(y)—sample variance of y.

Correlation can take on any value in the range [−1, 1]. The negative or positive
of the correlation coefficient indicates the direction of the relationship, while the
magnitude of the correlation (how close it is to −1 or +1), indicates the strength of
the relationship.

• −1: perfectly negative linear relationship
• 0: no relationship
• 1: perfectly positive linear relationship

The strength can be assessed as follows (Cohen 1988):

• 0.1<|r|<0.3: weak correlation
• 0.3<|r|<0.5: moderate correlation
• 0.5<|r|: strong correlation

Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is performed on transformed data by
reducing a set of raw data to a number of principal components (PCs). PC1
describes the largest data variance and PC2 the next largest data variance and so on.
There are as many PCs as the number of variables, but most of the variance is
accounted for in the first few PCs (Adams 1995). Each object is identified by a
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score, and each variable by a loading value or weighting. The data displayed may
be obtained by plotting (i) PCi versus PCj scores (scores plot, i, j = PC number),
(ii) loadings for a given PC (loadings plot) and (iii) scores and loading vectors on
the one plot (biplot). The various display plots indicate relationships between
objects, the significance of variables on each PC, and correlations between objects
and variables. This analytical method can provide useful guidance regarding the
relationships between objects and variables in a data matrix.

In the PCA biplot, the variables are considered as correlated when the angles
between the vectors are small. An obtuse angle indicates a weak correlation. An
angle of 90° is considered as uncorrelated parameters and 180° as inversely cor-
related. Objects with similar characteristics make clusters and are strongly corre-
lated to the variables when their vectors point in the same direction as the variables.

Factor Analysis

Factor analysis is a statistical method used to describe the variability among
observed, correlated variables in terms of a potentially lower number of unobserved
variables called factors. In factor analysis, the factors can be rotated to new axes
that better separate the data. The number of factors is less than or equal to the
number of original variables. The total number of factors was ten in the case of the
research study, since there are ten 10 % sectors of runoff volume for each rainfall
event. However, most of the variance is in the first few factors. The number of
significant factors may be selected by referring to the variation of the eigenvalues in
descending order with corresponding factors (Kim and Mueller 1978). In the
research study, the number of factors was selected based on the initial eigenvalue
criteria ≥1 (namely the first two factors, Factor 1 and Factor 2) since it corresponds
to 96.594 % of the total variance being explained, which includes almost all of the
information in the original dataset (see Table B.3). Therefore, only Factor 1 and
Factor 2 were selected in the study as shown in Table 4.2 of Chap. 4.

Table B.3 Eigenvalues for factor analysis in the research study

Factor Eigenvalue Cumulative percentage of the total variance explained %

Factor 1 8.598 85.98
Factor 2 1.061 96.594
Factor 3 0.253 99.124

Factor 4 0.065 99.776

Factor 5 0.013 99.902

Factor 6 0.007 99.97

Factor 7 0.002 99.992

Factor 8 0 99.996

Factor 9 0 99.999

Factor 10 0 100
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Index

A
Ammonium, 43, 47, 51
Antecedent dry period, 39, 40, 44, 45, 47, 64
Automatic sampler, 40
Average recurrence interval, 40
Average retention time, 16, 36, 37, 51
Average water depth in the wetland, 36, 51

B
Best management practices (BMPs), 2
Bioretention basins, 3, 8–10, 13, 15, 27, 37, 39,

40, 45, 63, 64, 66
Bioretention swale, 3

C
Catchment characteristics, 3
Coefficient of determination, 25, 26, 36
Conceptual models, 16, 37, 63, 66, 67
Constructed wetlands, 1, 3, 10, 12, 13, 15, 37,

50, 63–66
Contributed wetted area, 16, 26, 40

D
Decision axis, 41
Denitrification, 45
Detention/retention ponds, 3, 6
Drainage layer, 8, 18, 20–23

E
Evapotranspiration, 21, 28, 35, 39, 46, 47, 64
Event mean concentrations, 43

F
Factor analysis, 53
Filter media, 8–10, 13, 15, 16, 18, 21–24, 27,

39, 45, 46, 64, 65
First flush, 50, 59, 61, 66

G
GAIA biplots, 59
Gross pollutant traps, 3, 12

H
Heavy metals, 6, 66
Hydraulic factors, 15, 16, 26, 27, 36,

37, 39, 40, 42, 43, 47, 49–52, 56, 63,
64, 66, 67

Hydrological factors, 15, 16, 39, 40, 42, 43, 49,
50, 56, 61, 63, 64, 66, 67

I
Infiltration capacity urbanization, 19, 22
Infiltration systems, 3, 6, 12
Inflow characteristics, 9, 12, 56

L
Laboratory scale models, 63, 67
Land cover, 63
Low impact development (LID), 2

M
Manning’s roughness coefficient, 25
Mathematical models, 68
Micropollutants, 66
Model calibration, 15, 21, 25, 35, 36
Moisture content, 9, 21, 22, 24, 39, 45,

47, 64
Multi criteria decision making

method, 40
Multivariate analysis, 67

N
Nitrate, 43, 47, 51
Nitrification, 45, 47, 65
Nitrite, 43, 47, 51
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O
Objects, 41, 43, 52, 54
Outflow average discharge, 36, 51
Outflow peak, 26, 36, 37, 40, 42, 51, 57
Outflow velocities, 57
Outflow volume, 36, 37, 43

P
Particle sizes, 44
Percolation, 8, 18, 20, 21, 23, 28, 35
Phosphate, 43, 51
Pollutants build-up, 40, 44
Porosity, 8, 21–24, 46
Precipitation, 20, 21, 28, 35
Principal component analysis (PCA), 43
PROMETHEE, 40, 42, 44, 56
PVC riser, 28, 32

R
Rainfall characteristics, 3, 12, 16, 37, 39, 65
Rainfall depth, 10, 13, 21, 40–42, 44, 45, 50,

57, 65
Rainfall frequency, 56
Rainfall intensity, 13, 40, 67
Retention time, 12, 32, 49, 53, 56, 57, 67
Runoff coefficient, 21
Runoff hydrograph, 49, 50, 54–56, 59, 65
Runoff peak, 1, 9, 12

S
Sedimentation basin, 6, 67
Soil hydraulic conductivity, 10, 21, 23
Soil moisture content, 9, 21, 24, 45, 64

Soil surface condition, 21
Storage volume, 12, 22, 30
Storm water management, 2
Storm water quality, 6, 12, 66
Storm water quality improvement devices

(SQIDs), 2
Storm water quantity, 6, 12, 26, 39
Storm water runoff, 2, 6, 8, 12, 16, 40, 50, 56,

63, 66
Storm water treatment, 2, 3, 12, 18, 26, 39, 44,

49, 50, 63, 66, 67
Sustainable urban drainage system (SUDs), 2

T
Total nitrogen, 10, 43, 51
Total phosphorus, 10, 43, 51
Total suspended solids, 43, 51
Treatment performance, 10, 13, 15, 16, 26, 36,

37, 39, 40, 43, 45, 47, 49, 50, 52, 56, 59,
63–65, 67

V
Variables, 21, 43, 51–53
VARIMAX rotation, 53
Vegetated swale, 3
Vegetation cover, 3, 21
Volume retained, 16, 26, 37, 40, 42, 45
Volume treated, 26, 37, 40

W
Water bypass, 32
Water sensitive urban design (WSUD), 2
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