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ABSTRACT 
 
 
 

MODELING OF A BIORETENTION CELL SOIL MOISTURE REGIME IN 
SOUTHERN ONTARIO 

  
 
 
Samantha Paquette     Advisor: Karen Landman 
University of Guelph, 2012       
 
 
 
 Current stormwater management practices (SMP) are not sufficient for 

maintaining predevelopment runoff volumes. Low impact development (LID) uses 

site scale SMP to reduce runoff. Bioretention cells, one practice within LID, are 

small planting beds designed to filter and infiltrate runoff using amended soil and 

vegetation. The bioretention cell can create a harsh soil moisture regime for 

plants that has not been adequately characterized. Bioretention cell construction, 

meteorological, and soil science data were built into the Happy Plant Model to 

determine how often bioretention plants were saturated and experienced water 

stress over a thirty year period. The model takes into account eight design 

factors: soil media depth and texture, gravel storage, ponding depth, drainage 

area, in situ soil infiltration rate, the landscape coefficient, and root zone depth. 

The Happy Plant model will aid future studies and landscape architecture 

practitioners with bioretention plant selection.
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Chapter One: Introduction 

Urbanization creates large amounts of runoff. Urbanization transforms 

pervious soils into impervious surfaces. Impervious surfaces prevent rainwater 

from infiltrating into the ground. Runoff amount increases substantially after 

urbanization (Aquafor Beech Limited  2006). The runoff drains quickly through 

swales, curbs and gutters, catchbasins and storm sewers into nearby 

watercourses. Urban areas are designed to convey runoff quickly to avoid 

property damage. Areas designed for runoff decrease amounts of infiltration. Low 

amounts of infiltrated water do not sufficiently recharge streams with ground 

water.  

Urbanization reduces groundwater levels and base flow conditions and 

increase peak flows, which degrade stream structure and reduces suitable 

macro-invertebrate and fish habitat (Aquafor Beech Limited 2006). The stream 

channel widens and the stream bank steepens to accommodate the higher 

volumes and peak flows, increasing erosion and susceptibility to failure (Aquafor 

Beech Limited 2006). Stormwater erosion exposes tree roots and removes seeds 

and seedlings that stabilize the bank (Aquafor Beech Limited 2006). Macro-

invertebrates die from crushing, predation, and loss of habitable area. Fish 

populations decline because of the stream bank erosion and the decline of 

macro-invertebrates (Aquafor Beech Limited 2006). Increased impervious cover 

has been associated with decreased fish and benthic organism richness and 

abundance (Dietz and Clausen 2007). ‘Urban stream syndrome’ describes the 
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consistent ecological degradation associated with streams in urban watersheds 

(Walsh et al. 2005). 

 Runoff transports large amounts of pollutants to nearby watercourses. The 

water transports nutrients, heavy metals, oils, and sediments from roads, lawns, 

and agricultural fields. Pollutants in stormwater include hydrocarbons, pathogens, 

salts, metals and PCBs. Pathogens enter through illicit septic connections to 

storm sewers and animal feces. Salts enter through de-icing of roadways. 

Hydrocarbons and metals enter from vehicle lubricant, wear and tear and 

exhaust. Metals include cadmium, zinc, lead, copper, manganese, nickel, 

chromium, and iron (CVC and TRCA 2010). 

 End-of-pipe detention pond facilities are the primary component of 

stormwater management for urban areas (CVC and TRCA 2010). Detention 

ponds improve water quantity and water quality; however, they continue to alter 

the natural hydrological cycle. Water quantity is improved through flow rate 

control and water quality is improved through sedimentation. Refer to Figure 1 for 

changes to the flow rate after urbanization and stormwater management using 

detention ponds. The peak flow rate after urbanization is much higher than 

before urbanization. Detention ponds also fail to adequately treat other pollutants 

of concern, such as nutrients, pathogens and metals (CVC and TRCA 2010). 

Detention ponds improve water quality mainly through sedimentation. 

Conventional stormwater management only controls peak flow rate and the 

concentration of suspended solids (CVC and TRCA 2010). 
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 Detention ponds manage stormwater quantity using the duration standard. 

The duration standard is a critical flow, below which no sediment transport is 

thought to occur (Aquafor Beech Limited 2006). Faster flows transport larger 

sediments. The critical flow is the force required to entrain and transport the 

mean particle size fraction of the bed sediments. Research argues that the mean 

particle size is sufficient to prevent erosion (Aquafor Beech Limited 2006). Ponds 

release stormwater to nearby watercourses below the critical flow. However, 

below the critical flow, flows are not controlled (Aquafor Beech Limited 2006) 

 
Figure 1 Changes to the storm hydrograph due to urbanization and 

stormwater detention. (Adapted from Harbor 1994) 

 The Credit Valley and Toronto and Region Conservation Authorities 

(2010) conclude that conventional stormwater management fails to protect 

urbanized watersheds and that low impact development (LID) should be 

implemented. LID adopts a water balance approach that replicates the 

predevelopment hydrologic cycle (Aquafor Beech Limited 2006).  To offset 
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urbanization impacts, development should replicate the predevelopment 

hydrologic cycle (CVC and TRCA 2010). LID practices infiltrate or evaporate 

water at the source. These practices reduce pollutant loadings and maintain 

groundwater levels and natural flow (Aquafor Beech Limited 2006),  

 LID is comprised of site design strategies and small scale structural 

practices (CVC and TRCA 2010). Aquafor Beech Limited (2006) report requires 

that LID practices control approximately 15mm of rainfall depth through 

infiltration, evapotranspiration, harvesting, filtration and detention of stormwater. 

LID practices include green roofs, bioretention, permeable pavement, 

soakaways, perforated pipe systems, enhanced grass swales, dry swales and 

rainwater harvesting (CVC and TRCA 2010). 

 LID implementation requires an understanding of the hydrologic cycle. 

Developing stormwater management plans requires an understanding of the 

depth to water table, depth to bedrock, native soil infiltration rates, estimated 

annual groundwater recharge rates, locations of significant groundwater recharge 

and discharge, groundwater flow patterns and the characteristics of the aquifers 

and aquitards that underlay the area (CVC and TRCA 2010). The LID approach 

advocates for more careful site design in the planning phases (Dietz 2007). 

 The CVC and TRCA (2010) literature review found that LID practices have 

many positive environmental effects. LID practices protect downstream 

resources from pollution, flooding, and erosion and improve water quality and 
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habitat. LID practices also recharge groundwater, conserve water and energy, 

and improve river and stream aesthetics. 

 Dietz and Clausen (2007) compared imperviousness and polluted runoff 

volume of a traditional and a LID subdivision. The LID subdivision implemented 

clustered design, grassed swales, rain gardens, and pervious pavement. After 

completion, the LID subdivision’s total impervious surface was 21% compared to 

32% for the traditional subdivision. The polluted runoff from the traditional 

subdivision increased exponentially from predevelopment runoff. The flow of 

polluted runoff from the LID subdivision had not changed despite increases in 

impervious area. The LID stormwater management techniques mimicked the 

natural hydrologic cycle. 

 Bioretention cells  are a water quality and water quantity control LID 

practice that was pioneered in Maryland, United States, in the early 1990s, and is 

now used widely throughout the US, Europe, Australia and New Zealand 

(Malcolm and Lewis 2008). Bioretention cells are designed to capture all of the 

stormwater from small storms, and the first flush of stormwater flow from larger 

storms (Malcolm and Lewis 2008). Bioretention treats polluted stormwater using 

the chemical, biological, and physical properties of plants, microbes, and soils 

(PGCESD 2007). Davis et al. (2009) showed that bioretention systems can be 

effective at controlling peak discharge rates and providing channel protection. 

 Bioretention has many forms that include bioretention cells, rain gardens, 

bioswales, biofilters, and bioretention gardens. Bioretention swales provide both 
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stormwater treatment and conveyance functions by incorporating specific plants 

and soil media into a conventional swale design (Malcolm and Lewis 2008). 

Biofilters filter the water through specialized soil media into the conventional 

sewer system. Rain gardens are typically used for infiltrating residential rooftop 

runoff. Bioretention cells filter and infiltrate stormwater from impervious surfaces 

such as parking lots and roadways into surrounding soils. 

Bioretention cells are used in many contexts (PGCESD 2007).  They are 

used in new and redeveloped residential developments, and in new commercial, 

industrial and institutional developments. They are used in roadway, in 

revitalization, smart growth, stormwater management retrofit and streetscaping 

projects. They are used in private residential landscaping and parks and 

trailways (PGCESD 2007). 

Bioretention vegetation must tolerate a variety of conditions. Plants are 

exposed to alternating cycles of wet and dry conditions, ponding, loading of fine 

sediments and excess nutrients (Read et al. 2010). The bioretention cell soil 

moisture regime has not been adequately characterized from the perspective of 

plants. 

1.1  Research Goal and Objectives 

The goal of this research is to understand the soil moisture environment in 

a bioretention cell and to develop a tool for making informed bioretention plant 

selection. Other environmental factors present in a bioretention cell, such as salt 

and pollutants, are not the focus of this thesis. 
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There are three research objectives.  

 Develop and apply a model, which can be used for various locations and 

designs and that simulates a bioretention cell soil moisture regime based 

on bioretention cell construction and soil properties.  

 Assess which design inputs have the greatest effect. 

 Make recommendations for an approach to plant selection when using the 

model. 

1.2  Thesis Overview 

 Provided below are outlines for each chapter contained in this thesis. 

Chapter 2 presents bioretention cell literature focusing on bioretention cell 

design, performance, constraints and vegetation. Chapter 3 discusses the 

methods used: the focused literature review, key informant interviews, and model 

development and evaluation. Chapter 4 presents the results and analysis of each 

of the methods, the focused literature review, the key informant interviews, and 

the model development and evaluation and discusses how to use the model for 

plant selection. Chapter 5 presents the Happy Plant Model’s usefulness and 

limitations and the evaluation of the research process. Chapter 6 concludes the 

thesis with opportunities for further research, research limitations and advice to 

professionals. 
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Chapter Two: Literature Review  

 The literature review provides a review of the bioretention cell literature. 

The review is composed of sources from journal articles and government 

bioretention manuals. The review is organized by bioretention cell design, 

bioretention cell performance, bioretention cell constraints and bioretention cell 

vegetation.   

2.1  Bioretention Cell Design 

 Bioretention cells are planting beds that are designed to filter and infiltrate 

stormwater into the surrounding soil. Bioretention cells have many layers that the 

water travels through: mulch, soil media, gravel storage layer and in situ soil. 

Bioretention cells are often planted with vegetation to improve function and 

aesthetics. This section will describe the components of bioretention cell design: 

soil media depth and texture, drainage area, mulch, storm sewers, and 

pretreatment. Refer to Figure 2, Figure 3, and Figure 4 for detailed sections and 

plan view of a bioretention cell. 

Bioretention soil media infiltrates water and supports vegetation. The 

recommended filter bed depth is between 1 and 1.25 metres (CVC and TRCA 

2010). Sandy or sandy loam soil should compose the majority of the soil media 

(CVC and TRCA 2010; Hsieh and Davis 2005b). The infiltration rate of the 

bioretention soil media should be between 50mm – 300mm/hr to filter runoff and 

sustain vegetation (Malcolm and Lewis 2008).  
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Figure 2 Plan view of a typical bioretention cell. (Adapted from: CVC and 

TRCA 2010) 

 

 

 

Figure 3 Cross Section A-A (Adapted from: CVC and TRCA 2010) 
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Figure 4 Cross Section B-B (Adapted from: CVC and TRCA, 2010) 

Bioretention performance is maximised by using soils with high carbon 

content, low fertility and high phosphate retention (Malcolm and Lewis 2008). 

Prince George’s County Environmental Services Division (2007) recommends 

50% sand, 30% topsoil and 20% organic material. Hsieh and Davis (2005b) 

recommend a separate soil layer to support plants. Bratieres et al. (2008) found 

that phosphorus removal was consistently very high (typically around 85%), but 

soil media with added organic matter reduced the phosphorus treatment 

effectiveness. Soil textures acceptable for use with infiltration systems include 

those with infiltration rates between 0.52 inches per hour and 8.27 inches per 

hour, and include loam, sandy loam, and loamy sand (VDCR 1999).  

Bioretention drainage area guidelines vary depending on context. 

Drainage area size depends on external factors such as rainfall patterns, 

impervious surface coverage, land use, soil type and geology (Davis et al. 2009). 
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Drainage area size also depends on internal factors such as ponding storage 

volume, ponding plus media storage, and soil media (Davis et al. 2009).  

Drainage area size also depends on flood mitigation and pollutant removal 

goals (Davis et al. 2009). Prince George’s County Bioretention Manual (PGCESD 

2007) recommends that the drainage area be kept to 0.81 hectares and that the 

soil pore space empty within 72-96 hours for the design rainfall event. Bratieres 

et al. (2008) recommend that the bioretention cell be sized to at least 2% of its 

catchment area. 

Bioretention mulch filters heavy metals and suspended solids, pretreating 

and preventing the soil media from clogging (Davis et al. 2009; Hsieh & Davis 

2005b). Mulch can be composted leaves and grass clippings or shredded wood 

chips (Davis et al. 2009; PGCESD 2007; CVC and TRCA 2010). Laboratory 

studies have also shown that motor oil from incoming simulated storm-water 

flows can be readily adsorbed by a layer of composted leaf mulch and 

biodegraded by native bacteria (Davis et al. 2009). 

The mulch layer can easily be removed and replaced periodically to 

improve water quality performance (Davis et al. 2009). The mulch layer pretreats 

incoming TSS and prevents clogging of the media, maintains soil moisture and 

provides nutrients for vegetation (Hsieh and Davis 2005b). Hsieh and Davis 

(2005b) recommend that mulch filters TSS, has high permeability and is uniform. 

 Bioretention cells can contain a gravel layer for additional water storage. 

To facilitate groundwater recharge, a storage layer can be provided under the 
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perforated pipe (Malcolm and Lewis 2008). Facilities with internal storage zones 

may allow for a substantial amount of infiltration (Davis et al. 2009). The state of 

North Carolina adopted the requirement to use internal water storage in all 

locations with highly permeable underlying soils (Hunt et al. 2010). 

 Bioretention cells can contain an underdrain leading to the conventional 

sewer system depending on the infiltration rate of sub soils. Water is drained 

either through infiltration into the subsoil (infiltration design), or through an 

underdrain (filter design), or a combination of the two methods (PGCESD 2007).  

 Bioretention cells are designed with an overflow pipe to control ponding 

depth. The overflow must either be connected to an approved stormwater outlet 

or to an approved overland flow path (Malcolm and Lewis 2008). The height of 

the overflow pipe above the surface determines the ponding depth. The ponding 

depth depends on the amount of annual rainfall, the surface storage ponding 

volume, the infiltration rate of the soils/filter media, the void storage space in the 

soils/filter media and the infiltration rate of the subsoil (Davis et al. 2009). Prince 

George’s County Bioretention Manual (PGCESD 2007) recommends a 150-

300mm ponding depth. 

 Bioretention cells may be pretreated. Hsieh and Davis (2005b) found that 

total suspended solid (TSS) pretreatment can extend the infiltration capacity 

lifetime. Davis et al. (2009) found that some states, such as North Carolina, 

require 1–1.5 m wide sod filter strips, swales, or small forebays. Bioretention 

cells require less pretreatment for sheet flow into the bioretention cell than 
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concentrated inflow (Davis et al. 2009). The bioretention cell should also have a 

method of slowing water as it enters (Malcolm and Lewis 2008). 

2.2  Bioretention Cell Performance 

 The following section describes bioretention cell performance by 

discussing water quantity, water quality and long term performance. 

2.2.1 Water Quantity  

Bioretention cells have been shown to reduce runoff volume through 

evapotranspiration and infiltration. Davis et al. (2009) conducted a literature 

review and found that infiltration and evapotranspiration reduce inflow by 50–

90% depending on subsoil type, media depth and type, and drainage 

configuration. The ponding of water facilitates evaporation (PGCESD 2007).  

 Several studies show that bioretention cells reduce runoff volume. Hunt et 

al. (2006) studied bioretention cells in North Carolina and found that the ratio of 

volume of inflow to outflow varied from 0.07 in the summer to 0.54 in the winter. 

DeBusk et al. (2011) compared a pre-development watershed to one containing 

bioretention cells and found that bioretention outflow closely resembles 

predevelopment outflow into streams. Trowsdale and Simcock (2011) found that 

bioretention cells reduced the peak flows typical of an urban hydrograph. 

 Bioretention infiltration and evapotranspiration are dependent on many 

factors. Peak flow mitigation depends on the soil infiltration rate and capture 

volume (Davis et al. 2009). Bioretention areas where soil infiltration is too low 
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require an underdrain which limits infiltration. Infiltration rates are greatest in the 

regions of the Greater Toronto Area with hydrologic soil group A and B (CVC and 

TRCA 2010). Hydrologic soil groups (A,B,C, and D) are used in the United States 

and are based on measured rainfall, runoff, and infiltrometer data (NRCS 2007). 

Other affecting factors include rainfall patterns and sizing criteria (CVC and 

TRCA 2010). 

2.2.2 Water Quality  

Bioretention design can be customized to specifically treat expected runoff 

pollutants by increasing depth, adding anaerobic zones, changing the mulch 

layer, adding soil amendments, or adjusting phytoremediation components 

(PGCESD 2007). Micro-organisms intercept, metabolise and transform a range of 

pollutants (Malcolm and Lewis 2008). 

 Phosphorus load reduction varies. Phosphate is adsorbed in compounds 

containing iron, aluminum, and calcium and held in the soil (PGCESD 2007). 

Research into LID practices show that export of phosphorus is linked to high 

phosphorus levels in the soil media. Phosphorus content of the soil used in the 

bioretention media is critical to removing phosphorus (Davis et al. 2009). Hunt et 

al. (2006) found that cells using soil media with a lower phosphorus index had 

much higher phosphorus removal, with removal ranging from 65% to a 240% 

increase for a high phosphorus index soil media.  

 Chi-hsu et al. (2007) studied bioretention columns and found that 

phosphorus adsorption does not decrease with time and that the phosphorus in 
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the media is available for plant uptake. Bioretention has been shown to be 

effective in the treatment of phosphorus in field and laboratory experiments, with 

phosphorus being reduced by 60-80 percent (PGCESD 2007) 

 Effectiveness of nitrogen removal also varies. Bacteria oxidize ammonia 

and ammonium ions to form nitrate (NO3), a highly soluble form of nitrogen that 

is readily used by plants - a process called nitrification (PGCESD 2007). In 

anaerobic conditions, microorganisms transform nitrate (NO3) to volatile forms 

that return to the atmosphere - a process called denitrification (PGCESD 2007). 

Davis et al. (2006) found a reduction of nitrate less than 20% and even additional 

nitrate production. 

 Hsieh and Davis (2005a) found that all bioretention column media studied 

were ineffective at removing nitrate and ammonium efficiently. The field studies 

showed annual total nitrogen mass removal rates of 40% (Hunt et al. 2006). 

Biological nitrification and denitrification processes can take place in bioretention 

media, depending on conditions (Davis et al. 2009). An anaerobic zone in the 

bioretention facility can be created by raising the underdrain pipe invert above 

the base of the bioretention facility (PGCESD 2007). Peltier et al. (2009) found 

that a 24 hr drawdown time was sufficient for denitrifying bacteria establishment.  

 Decaying plant litter can leach nutrient loads into the soil (Davis et al. 

2009).  Regular removal of plant litter from a bioretention garden, including the 

coppicing, pruning or heading of plants can reduce leaching (Malcolm and Lewis 

2008). 
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 Davis et al. (2009) found that removal of suspended solids by 

sedimentation and filtration through the media is efficient (Davis et al. 2009). 

Bioretention systems remove suspended solids by filtration and sedimentation 

within the mulch layer and ponded surface (Malcolm and Lewis 2008). Peltier et 

al. (2009) found that the bioretention system successfully removes 70% or more 

of suspended solids. 

 Davis et al. (2009) conducted a literature review and found that both 

dissolved and particulate-bound metals appear to be very efficiently removed by 

bioretention. Bioretention cells filter and adsorb most of the metal in the upper 

surface layers of the media (Davis et al. 2009; Muthanna et al. 2007b). Hunt et 

al. (2006) calculated annual mass removal of zinc, copper, and lead to be 98, 99, 

and 81%, respectively.  

Muthanna et al. (2007b) found that metal retention was good for both 

seasons with 90% mass reduction of zinc, 82% mass reduction of lead and 72% 

mass reduction of copper in a wide range of precipitation events including snow 

with de-icing salt. Trowsdale and Simcock (2011) found that despite high removal 

efficiency, outflow concentrations of zinc exceeded ecosystem health guidelines. 

Problems associated with metal buildup are not anticipated for more than 15 

years because of the low metal concentrations expected in runoff (Davis et al. 

2003).  

 Bioretention should remove most species of bacteria because the cell 

collects and filters water, and then dries out, exposing bacteria to dry conditions 
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and sunlight; however, more studies and long-term performance data are needed 

(Davis et al. 2009). The state of North Carolina recommends a minimum depth of 

0.6m of soil media to sequester and kill pathogen indicator species (Hunt et al. 

2010). 

 Thermal attenuation is achieved by filtering runoff through the soil media 

of a bioretention facility. Hunt et al. (2006) found that the temperature of input 

runoff was reduced from 33 °C to about 22 °C. Bioretention facilities have an 

advantage over shallow marshes or ponds with respect to thermal attenuation. 

Thermal pollution of streams from urban runoff increases the likelihood of fish 

kills and degraded stream habitat. 

 During the summer months, effluent temperatures were generally coolest 

at the greatest soil depths, supporting evidence of an optimum drain depth 

between 90 and 120 cm (Jones and Hunt 2009). The ability of bioretention areas 

to reduce stormwater temperature and flows supports their application to reduce 

the thermal impacts of urban stormwater runoff (Jones and Hunt 2009). A 

reduction in maximum water temperatures suggests that the bioretention area 

was able to reduce the initial runoff temperature spike but unable to cool the 

runoff as the storms progressed (Jones and Hunt 2009). 

2.2.3 Long Term Performance 

Peltier et al. (2009) conducted a three-year study of bioretention 

performance and suggested that improvements to the mulch material and 

vegetative establishment could potentially increase system performance. 
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Through all 12 repetitions, the infiltration rate remained constant (0.35 cm/min). 

All 12 tests demonstrated excellent removal efficiency for total suspended solids, 

oil and grease, and lead (99%). For total phosphorus, the removal efficiency was 

about 47% for the first test, increasing to 68% by the twelfth test. For ammonium, 

the system removal efficiency ranged from 2.3% to 23%. Effluent nitrate 

concentration became higher than the influent concentration during the first 28 

days and removal efficiency ranged from 9% to 20% afterward (Hsieh and Davis 

2005a). Davis et al. (2009) also found that the rate of infiltration did not degrade, 

supporting the idea that bioretention cells can maintain infiltration rates for at 

least several years. 

2.3 Bioretention Cell Constraints 

 Cold climates create many problems for bioretention cells including 

increased flow, pollutant loading and frost upheaval. Muthanna et al. (2007b) 

conducted bioretention cell studies in Trondheim, Norway and found that both the 

peak flow and the total volume were significantly higher in April compared to 

August. The higher peak flow in April can be attributed to more channelization, 

often formed in partially frozen soils. The decreased volume in August is most 

likely due to increased plant water consumption and evaporation rates.  

 Snow accumulating in urban areas and alongside roads can accumulate 

high pollutant loads (Muthanna et al. 2007b). Snowmelt can produce high 

pollutant loads in receiving waters. In cold climates, performance can be 

improved by extending the filter bed, installing the underdrain pipe below the frost 
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line, and selecting salt-tolerant vegetation (CVC and TRCA 2010). Increasing 

evidence indicates year-round chloride leaching from bioretention facilities (Davis 

et al. 2009). 

 Mosquitoes constrain the allowable ponding depth for bioretention cells. 

Mosquitoes require at least 4 days of standing water to develop (Malcolm and 

Lewis 2008). The CVC and TRCA (2010) recommend a maximum allowable 

surface ponding time of 24 hours and a maximum ponding depth of 150 to 250 

millimetres after the storm event (CVC and TRCA 2010). Malcolm and Lewis 

(2008) recommend a detention depth of 400mm and ponding time of a few hours.  

 Slopes also constrain the installation of bioretention cells. Bioretention 

cells installed on slopes steeper than 5:1 can lead to saturation and slope failure 

and may require a detailed geotechnical engineering analysis (Malcolm and 

Lewis 2008). 

 The effectiveness of bioretention cells can also be limited by native soils. 

An underdrain is required where infiltration rates are less than 15 mm/hr 

(hydraulic conductivity less than 1x10-6 cm/s) (CVC and TRCA 2010). High 

infiltrating soils are best for achieving water balance goals; facilities should be 

located on portions of the site with the highest infiltration rates (CVC and TRCA 

2010).  

 The bioretention cell drainage area is also constrained. Bioretention cells 

work best for smaller drainage areas (CVC and TRCA 2010). Typical drainage 

areas are between 100 square meters to 0.5 hectares. Typical ratios of 
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impervious drainage area to bioretention cell area range from 5:1 to 15:1 (CVC 

and TRCA 2010). Other constraints include available space, groundwater 

contamination, soil contamination, pollution hot spot runoff, proximity to 

underground utilities, overhead wires and setbacks from buildings (CVC and 

TRCA 2010). 

 Studies have shown that bioretention cell performance is worse than 

anticipated (Malcolm and Lewis 2008). Possible explanations were that the 

bioretention filter media did not fulfil the specifications, compaction occurred at 

the time of construction, and/or the fines being added of over time (Malcolm and 

Lewis 2008). 

 The depth to the water table also constrains bioretention cells. Endreny 

and Collins (2009) modelled ground water recharge of watersheds containing 

bioretention cells and found that the water table had risen 1.1m, which could 

affect infrastructure in approximately 20% of the watershed, located in the 

floodplain. They advised that bioretention cells be sited evenly and adequately 

above local water tables (Endreny and Collins 2009). 

2.4  Bioretention Cell Vegetation 

 Bioretention cell vegetation enhances nutrient and heavy metal removal, 

infiltration, and biotic communities. Bioretention vegetation must also tolerate a 

variety of conditions. Plants are exposed to alternating cycles of wet and dry 

conditions, ponding, loading of fine sediments and excess nutrients (Read et al. 

2010).  
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 Bioretention cell vegetation has been shown to uptake nutrients (Le 

Coustumer et al. 2007; Hsieh and Davis 2005a). Bratieres et al. (2008) found that 

vegetated bioretention columns effectively removed both NOx and TN compared 

to non-vegetated columns. Henderson et al. (2007) also found that vegetated 

mesocosms were more effective in removing nitrogen (63–77% removal) and 

phosphorus (85–94% removal) from synthetic stormwater than the non-vegetated 

treatments. Plant roots can also absorb nutrients during the cold season 

(Muthanna et al. 2007a) 

 Bioretention cell vegetation is less effective at assimilating heavy metals 

than nutrients. Some metals are required by plants in only trace amounts, and 

concentrations are typically low in plant tissue aside from metal 

hyperaccumulators (Read et al. 2010). Muthanna et al. (2007b) found that plant 

uptake of metals was between 2 to 7% of influent metals.  

 Bioretention cell vegetation improves infiltration. Root growth and 

senescence create macropores promoting permeability and reducing clogging 

(Le Coustumer et al. 2007; Muthanna et al. 2007a; Read et al. 2010). Vegetation 

diverts and slows surface flow, therefore promoting infiltration and preventing 

erosion (Le Coustumer et al. 2007). 

 Plants also influence microbial communities (Read et al. 2008). 

Henderson et al. (2007) credit the enhanced uptake of nutrients in vegetated 

mesocosms to the higher microbial activity and population in the rhizosphere. 
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 Plants differ in their capacity to remove pollutants. Plant species have 

significantly different effects on nutrient removal, possibly due to physiological, 

chemical and morphological variations among species (Bratieres et al. 2008). 

The choice of plant species may have significant effects on biofilter and 

bioretention effectiveness (Read et al. 2008).  

 Decaying vegetation can release the nutrients back into the bioretention 

cell. Plant harvesting, periodic cutting and removal of plant material and mulch, 

may be a viable option for the removal of captured nutrients (Davis et al. 2006). 

2.5 Summary 

 Bioretention cells can achieve water quality and quantity results through 

filtration and infiltration.  Bioretention cells have constraints such as cold 

climates, mosquitoes, slopes, and native soils. Vegetated bioretention cells 

perform better than non-vegetated cells. 
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Chapter Three: Methods 

3.1 Research Process 

The Happy Plant Model (HPM) was developed by adapting a water 

balance equation to bioretention cells using data collected from a focused 

literature review and key informant interviews. A focused literature review and 

key informants interviews were used to determine important variables (design 

inputs), necessary meteorological data and required calculations in order to 

adapt the water balance equation specifically to bioretention cells and to develop 

the HPM. Figure 5 provides an overview of the research process conducted.  

3.2 Methods 

The water balance equation chosen has been used to determine irrigation 

budgets for plants (Gillespie 2012) and the water balance of green roof systems 

(Martin 2008). The water balance equation is given by: 

                      (1) 

Where: 

   Depth of water in bioretention cell at the end of the day (mm) 

     Depth of water in bioretention cell from previous day (mm) 

   Depth of water entering the bioretention cell each day (mm) 

   Depth of water lost to infiltration into the native soil each day (mm) 

   Depth of water lost to evapotranspiration each day (mm) 

   Depth of water lost to runoff each day (mm) 
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Figure 5 Research process  
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3.2.1 Focused Literature Review 

A focused literature review was conducted to collect data to be 

implemented into the HPM. In order to adapt the water balance equation to 

bioretention cells, the water balance equation components were identified, which 

were precipitation, infiltration, evapotranspiration, and runoff. These components 

were then researched. Data were collected from bioretention cell construction, 

soil science, and meteorology literature. The literature provided specific data to 

build the HPM. Refer to Figure 6. 

  
Figure 6 Focused literature review data. 

3.2.2 Key Informant Interviews 

A key informant is an individual who provides expert information on a 

particular topic that can represent the views of a group or community (Given 
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2008). The Key Informant Method consists of semi-structured qualitative, in-

depth interviews that allow for an informal discussion of the topic between the 

interviewer and the informant (Babbie 1998).  

According to Kumar (1989) the Key Informant Method can be used in the 

following situations: when qualitative, descriptive information is sufficient for 

decision-making; when the main purpose is to generate recommendations; and 

when preliminary information is needed to design a study. For the purpose of this 

research, key informant interviews were used to provide insight into the topic, 

direction, recommendations for further areas of study and confirmation of the 

accuracy of the model. Key Informants were contacted at varying stages of the 

research in order to develop the model.   

According to Kumar (1993) key informants are chosen because they are a 

knowledgeable authority in, and willing to communicate about, the study area of 

interest. The key informants possessed education backgrounds related to soil 

science, model development, and meteorology, and were considered 

knowledgeable in their respective fields. These individuals consisted of 

professors in soil science and meteorology. The limited number of key informants 

was based on time restrictions and key informant availability.  

For each of the key informants, a semi-structured interview was conducted 

in person. A set of questions facilitated the interview and allowed for additional 

discussion and comments. Questions focused on the experience and field of 

research of each participant (Babbie 1998). The questions were developed to 
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assess whether assumptions made from the literature were correct and if the 

model was developed appropriately for its purpose.  

During each interview, notes were recorded by hand and/or laptop 

computer and responses were printed or typed immediately following each 

interview. Key informants provided additional research topics for the focused 

literature review. Key informants also recommended other significant people who 

could also provide information on the topic, which is referred to as Snowball 

Sampling (Babbie 2001).  

3.2.3 Model Development and Evaluation 

The water balance equation was adapted to bioretention cells using data 

from the focused literature review and key informant interviews, and the HPM 

was created using an Excel spreadsheet. The HPM was then evaluated by key 

informants and tested using the design inputs. The HPM was tested by varying 

soil media depth, drainage area, soil media texture, gravel storage, native soil 

infiltration rate, ponding depth, root zone depth and the landscape coefficient to 

determine if expected, logical results were achieved. 

3.2.4 Location Selection 

 To develop the HPM, meteorological data was gathered for Pearson 

International Airport, Toronto, Ontario, Canada. The HPM also considers other 

climate factors, bioretention cell requirements and soil properties specific to 

Southern Ontario. The HPM can be adapted to other locations by entering the 
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necessary meteorological data and latitude for that location. The reasons for 

choosing Pearson International Airport are: 

 Available high quality weather data 

 Governing bodies interested in expanding LID implementation 

 Highly populated and urbanized area 

 LID Manual for that area 

 Researcher familiar with area 

3.3 Summary  

 Data collected from a focused literature review and key informant 

interviews were used to develop the HPM by adapting a water balance equation 

to bioretention cells. The focused literature review and key informants interviews 

were used to determine important variables (design inputs), necessary 

meteorological data and required calculations.   
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Chapter Four: Results and Analysis 

4.1 Focused Literature Review 

A focused literature review was conducted to gather specific data to build 

the HPM. The data gathered fell into 3 specific categories: bioretention cell 

construction, soil science and meteorology.   

4.1.1 Bioretention Cell Construction 

Bioretention cell construction requirements were collected to determine 

which design inputs should be included in and used to test the HPM. Bioretention 

cell construction data was collected from four government manuals. The four 

manuals were Credit Valley and Toronto Region Conservation Authorities’ Low 

Impact Development Stormwater Management Planning and Design Guide (CVC 

and TRCA 2010) for Southern Ontario, Canada; Prince George’s County 

Bioretention Manual (PGCESD 2007) for Prince George’s County, Maryland, 

United States; The Minnesota Stormwater Manual (Minnesota Stormwater 

Steering Committee 2008), Minnesota, United States; and North Shore City 

Bioretention Guidelines (Malcolm and Lewis 2008), for North Shore City, New 

Zealand. These manuals were chosen because they were the most referenced in 

the literature. Prince George’s County is the leader in bioretention cells; it is 

where they were first invented (PGCESD 2007). Data collected were drainage 

area, soil media depth, soil media texture, gravel storage depth, ponding depth, 

and minimum native soil infiltration rate. The bioretention cell construction data 
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from each manual are presented in Table 1.The data were used to develop and 

test the HPM. 
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4.1.2 Soil Science 

Soil science data was collected to determine which soil properties could 

be implemented into and used to test the HPM. Soil data collected were porosity, 

field capacity, wilting point, saturated hydraulic conductivity, effect of soil water 

content on evapotranspiration rate, and the capillary fringe. The soil data help 

explain how soils behave in a bioretention cell.   

Information was gathered from the soil science literature to determine 

which soil properties should be incorporated into the model. Soil texture was 

found to be directly related to the water balance of the cell. Soil structure was not 

integrated into the model because the model assumes the soil is homogenous 

throughout and structure is absent in urban soil (Craul 1992).  

 Soil texture is classified by the proportion of each particle size class in a 

soil (Soil Classification Working Group 1998). Soil particle size is divided into 

three classes, sand, silt and clay. Refer to Table 2 for particle class sizes. In the 

field, a sieve is used to separate the soil into its component particle sizes to 

determine its texture. Soils with larger particles, sandy soils for example, are 

referred to as coarse soils and soils with smaller particles, clay soils for example, 

are referred to as fine soils. Refer to Figure 7 for the Canadian System of Soil 

Classification, which classifies soils by percent clay and sand.  
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Table 2 Diameter of soil particle classes. (Soil Classification Working 

Group 1998) 

Particle Class Sizes Diameter (mm) 

very coarse sand 1.0 - 2.0- 

coarse sand 0.5-1.0 

medium sand 0.25-0.5 

fine sand 0.10-0.25 

very fine sand 0.05-0.10 

silt 0.002-0.05 

clay ≤0.002 

fine clay ≤0.0002 

 
 
 

 
 

 

Figure 7. Canadian System of Soil Classification Triangle (Soil 
Classification Working Group 1998). 

 HC, heavy clay; C, clay; SiC, silty clay; SiCL, silty clay loam; CL, clay loam; SC, sandy clay; SiL, 
silt loam; L, loam; SCL, sandy clay loam; SL, sandy loam; SI, silt; LS, loamy sand; S, sand.  
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Soil particle size determines a soil’s ability to store and hold water. Larger 

particles create larger pores that can hold more water than smaller pores. 

Smaller particles create smaller pores that hold onto water more tightly than 

larger pores. A clay soil will hold onto water much more tightly than a sandy soil 

but a sandy soil can hold more water. Soil structure also influences pore size and 

water storage but it is assumed to be absent in urban soils (Craul 1992). Particle 

size affects the amount of water and strength at which that water is held in the 

soil.   

 The soil water in these pores is acted on by three forces: gravitational 

potential, matric potential and osmotic potential (SCS 1991). The gravitational 

potential is the force of gravity pulling the water downward. The matric potential 

is the force that attracts water to the soil particles. The osmotic potential is the 

force that pulls water into and up plant roots. Combined, these three forces 

determine the behavior of the water in the soil.  

The three forces are added together to determine the soil water potential 

(SCS 1991). It is a measure of tension or suction and is usually measured in bars 

and is negative. It reflects the amount of energy required by plants to extract the 

water. Water will move from an area of high soil water potential to low. Soil water 

potential decreases, becomes more negative and the absolute value becomes 

larger with decreasing water in the soil. This explains why it is harder for plants to 

extract water from the soil as the soil moisture decreases. The soil water 

potential is used to describe soil moisture conditions, such as field capacity and 

wilting point, which will be described shortly. 
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Pore size influences the effect of the forces. Pores can be divided into 

three categories: very large, medium and very small (Gardner 1988). In very 

large pores, gravity will pull the water held in these pores downward because the 

matric potential is weak. This water is called gravitational water. Gravitational 

water is lost to deep percolation. In medium-sized pores, plants will pull the water 

up by their roots. This water is called plant available water. In very small pores 

the soil particles will hold the water so tightly that it will be unavailable to plants. 

This water is called unavailable water. A sandy soil, with a larger proportion of 

very large pores will drain more water than a clay soil with more very small pores 

that will hold water more tightly. Refer to Figure 8 for a graphic representation of 

plant available water.  

 

Figure 8. Plant available water for different soil textures. (Adapted from: 

SCS 1991) 
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When it rains, the water infiltrates, or enters, into the soil. The rate at 

which the water enters depends on the soil texture. The infiltration rate is high at 

first but decreases rapidly once water begins to pond and then slowly decreases 

until it approaches a constant rate, the saturated hydraulic conductivity (SCS 

1991). Sandy soils have a higher saturated hydraulic conductivity than clay soils. 

The saturated hydraulic conductivity occurs when the soil is saturated; it is 

the rate of water movement in saturated conditions. The saturated hydraulic 

conductivity is also referred to as the steady state infiltration or intake rate 

(Scherer et al. 1996).  Refer to Figure 9 for a graphic representation of the 

change in infiltration rate with time for high, moderate and low-intake soils. Sand, 

which has a higher saturated hydraulic conductivity than clay, will infiltrate and 

drain water faster.   

 

Figure 9. Infiltration rates of a low, moderate and high permeability soil. 

(SCS 1991) 
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For a rainfall event with intensities less than or equal to the saturated 

hydraulic conductivity of the soil profile, all the rain infiltrates into the soil without 

generating runoff (SCS 1991). For higher rainfall intensities, all the rain infiltrates 

into the soil during early stages until the soil surface becomes saturated. After 

this point, the infiltration is less than the rain intensity and runoff begins.  

After a rainstorm, all pores will be full of water, even the very large pores; 

the soil is saturated. The maximum amount of water that can be held in the soil is 

equal to the volume occupied by the pores or the porosity (SCS 1991). Porosity 

is determined by the proportion of pore space volume to soil volume. In practice 

the porosity can be determined from the bulk and particle density. The porosity is 

multiplied by the depth of the soil to determine the maximum depth of water to 

the depth of soil. This is called the equivalent depth of water, which can also be 

calculated for field capacity and wilting point.  

When the soil is saturated, water not strongly held by the soil - water in the 

very large pores - will drain downward by the force of gravity. The rate depends 

on the saturated hydraulic conductivity, the ease at which water flows, and the 

soil water potential. Once all of this water has drained, the soil is at field capacity. 

Field capacity for most soils is -0.33 bars (Rawls et al. 1982). At field capacity, 

gravity can no longer pull any more water from the attractive forces of the soil 

particles; the soil is emptied of gravitational water. 

At field capacity, the soil loses water through plant uptake, plant 

transpiration and evaporation until wilting point is reached. Wilting point is when 
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the soil water potential is so small that plants wilt and die because they cannot 

uptake any more water (SCS 1991). A standard soil water potential for most soils 

at wilting point is -15 bars (Rawls et al. 1982). This pressure is equal to the 

maximum amount of energy a plant can produce to pull the water out and the 

water will remain in the soil (Scherer et al. 1996). As the soil moisture decreases 

it is harder for the plants to extract the water. Evapotranspiration rate will 

decrease with soil moisture until soil moisture is at wilting point at which the rate 

will be zero. Refer to Table 3 for hydrologic soil properties of different soil 

textures.  

When gravitational water draining from a fine-textured soil comes in 

contact with a coarse-textured soil, the water stops and a layer of near saturated 

conditions occurs. The attractive force of the fine-textured particles will be greater 

than the attractive force of the coarse-textured particles and gravity. Water will 

only begin to move downward again once the fine-textured layer reaches a 

certain height and the weight of the water from above and gravity will force the 

water downward.  

A permanent near-saturation layer called the capillary fringe will form and 

the height of this layer depends on the attractive forces of the particles. A finer 

soil will have a thicker capillary fringe than a coarser soil. If the fringe is too thick 

it can reduce the effective or aerobic rooting volume for the plant. If lower than 

the root zone, the capillary fringe will constantly replenish the soil above and 

plants will experience less stress.  Refer to Figure 10 for a demonstration of 

water movement between a fine soil and coarse soil, forming a capillary fringe.  
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Table 3 Hydrologic soil properties by soil texture (Adapted from Rawls et 

al. 1982; Rawls et al. 1993) 

Texture  Total 
Porosity 

(cm3/cm3) 

Wetting front 
soil suction 
head (cm)  

Field 
Capacity (-
0.33 bars) 

(cm3/cm3) 

Wilting 
Point  (-15 

bars) 

(cm3/cm3) 

Saturated 
Hydraulic 

Conductivity 

(cm/h) 

Sand 0.437 4.95 0.091 0.033 21.00 

Loamy 
sand 

0.437 6.13 0.125 0.055 6.11 

Sandy 
Loam 

0.453 11.01 0.207 0.095 2.59 

Loam 0.463 8.89 0.270 0.117 1.32 

Silt Loam 0.501 16.68 0.330 0.133 0.68 

Sandy 
clay loam 

0.398 21.85 0.255 0.148 0.43 

Clay loam 0.464 20.88 0.318 0.197 0.23 

Silty clay 
loam 

0.471 27.30 0.366 0.208 0.15 

Sandy 
clay 

0.430 23.90 0.339 0.239 0.12 

Silty clay 0.479 29.22 0.387 0.250 0.09 

Clay 0.475 31.63 0.396 0.272 0.06 

      

      

Golf course design incorporates the capillary fringe. Designers create a 

layered soil to take advantage of the capillary fringe (Gockel 1986). The turf’s 

roots are shallow enough so that they are not within the capillary fringe and do 

not suffer from effects of flooding. The turf benefits from the extra water storage 

below. They place sand on top of a gravel layer to prevent water from leaving the 

sand. It is sometimes referred to as a “perched” water table. However, it is not a 

true perched water table if the gravel or underlying soil is exposed to air. Refer to 

Table 4 for capillary fringe heights of different soil textures.  
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Figure 10. A soil profile of a fine soil overlying a coarse sand or gravel 

subsoil. (Gardner 1988) 

Table 4 Capillary rise of different soil textures. (Adapted from: Lohman 

1972) 

Material Capillary Rise (cm) 

Fine Gravel 2.5 

Very coarse sand 6.5 

Coarse sand. 13.5 

Medium sand 24.6 

Fine sand. 42.8 

Silt 105.5 

  

After reviewing the soil science literature, soil properties found that were 

implemented in the HPM are: 

 Porosity  
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 Field capacity  

 Wilting point  

 Saturated hydraulic conductivity 

 Effect of soil water content on evapotranspiration rate  

 The capillary fringe 

Porosity is the maximum amount of water a soil can hold. Field capacity (-

0.33 bars) is when gravitational draining stops. Wilting point (-15 bars) is when 

evapotranspiration stops. As soil moisture decreases, and soil water potential 

becomes more negative, it becomes more difficult for the plants to extract the 

water and the evapotranspiration rate decreases until it reaches zero when the 

soil is at wilting point. These properties will be implemented into the HPM and 

described in detail in the model development section.  

4.1.3 Meteorological data  

A focused literature review was conducted to collect specific data to 

implement into the HPM. The meteorological data collected were daily rainfall, 

daily minimum and maximum temperatures and daily snow-on-ground from 1981 

to 2010 from the National Climate Data and Information Archive (2012) for 

Pearson International Airport, Toronto, Ontario. A thirty-year period of data 

represents the climate normal, a standard measure of climate that is long enough 

to account for variability and show an overall trend (Climate Normals 2012). The 

climate normal is used to make informed design decisions.  

Daily rainfall and snow on ground were used to determine the amount of 

water entering the cell each day. The standard snow water equivalent was also 
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found, which is 1cm of snow equals 1mm of water (Snow Report: Ontario 2012). 

Maximum and minimum temperatures were used to calculate evapotranspiration 

using the adjusted Hargreaves method. Minimum temperature was also used to 

determine the length of the growing season. The growing season can be defined 

by the period between the last frost of spring and the first frost of the fall (Watson 

and MacIver 1995).  

Data that was unavailable, which could have improved the model, were 

relative humidity, daily solar radiation, wind speed and rainfall intensity. Data for 

the first three could have been used to calculate evapotranspiration. Rainfall 

intensity could have been used to better calculate the amount of runoff given the 

duration of the storm if ponding and overflow occurred before infiltration.   

4.1.3.1 Evapotranspiration calculation 

Evapotranspiration is the loss of water from the soil through evaporation 

and transpiration of plants. A reference evapotranspiration rate was calculated 

using the adjusted Hargreaves method. The evapotranspiration rate of landscape 

plants depends on soil water content, species planted, planting density, and 

microclimate. 

The adjusted Hargreaves method was chosen to calculate evapo-

transpiration in the HPM. The Penman-Monteith method is widely used but the 

required data – relative humidity, radiation, wind speed - was not available for the 

period and resolution used by the HPM (Allen et al. 1998). Sentelhas et al. 

(2010) conducted a study to determine the most accurate evapotranspiration 
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equations for Southern Ontario. They found that the adjusted Hargreaves method 

was more accurate than the Thornthwaite and Penman-Monteith methods at 

estimating evapotranspiration values when there are missing data; it had smaller 

differences between measured evaporation rates using a lysiometer. This study 

was suggested by a key informant. The adjusted Hargreaves method calculates 

the grass reference evapotranspiration.  

 The adjusted Hargreaves method required maximum and minimum 

temperatures and an estimation of extraterrestrial solar radiation using day of the 

year, latitude and a local conversion parameter. The local conversion parameter 

was provided in the Sentelhas et al. (2010) paper. The calculation for solar 

radiation was found in the Allen et al. (1998) paper for estimating 

evapotranspiration rates; it had equivalent evapotranspiration which can be 

related back to extraterrestrial solar radiation.  

The adjusted Hargreaves method is given by: 

        
               

            (2) 

Where: 

    Grass reference evapotranspiration (mm/day)  

   Locally calibrated evapotranspiration conversion parameter  

0.00180 for Rockwood Ontario 

    Equivalent evaporation (mm/day) 

      Daily maximum temperature (°C) 

       Daily minimum temperature (°C) 
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  Average daily temperature (°C) 

                   

(3) 

 

Equivalent evaporation is given by: 

               (4) 

Extraterrestrial radiation is given by:  

   
      

 
                                              

(5) 

Where: 

   Extraterrestrial radiation (MJ m-2 day-1)  

    Solar constant = 0.0820 MJ m-2 min-1 

   Inverse relative distance Earth-Sun  

   Sunset hour angle (rad) 

  Latitude [rad] 

  Solar declination (rad) 

The inverse relative distance is given by: 

              
  

   
   

(6) 

The sunset hour angle is given by:  

                         (7) 

The solar declination is given by:  

            
  

   
        

(8) 

 

Where: 

J Number of the day in the year between 1 (1 January) and 365 or 366 
(31 December). 

IF (M < 3) THEN J = J + 
2 

             
 

 
             (9) 
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IF (leap year and (M > 
2)) THEN J = J + 1 

Where: 

M month 

D Day 

  

 The adjusted Hargreaves method calculates the grass reference 

evapotranspiration from which evapotranspiration for landscape plantings can be 

calculated using a coefficient. The grass reference evapotranspiration is used to 

calculate irrigation needs for agricultural crops. Landscape plants are different in 

that they usually have multiple species, different densities and different 

microclimates and have lower production demands than agricultural species 

(UCCE and CDWR 2000), therefore a coefficient must be multiplied to the grass 

reference evapotranspiration rate. The Landscape Coefficient Method devised by 

the University of California Cooperative Extension the California Department of 

Water Resources (2000) was chosen because it provided the most 

comprehensive list of landscape plants assigned a coefficient. Allen et al. (1998) 

only provided a list of agricultural plants assigned a coefficient. 

 The Landscape Coefficient Method (LCM) is a method of estimating the 

irrigation needs of landscape plantings in California based on research and field 

experiments (UCCE and CDWR 2000). The landscape coefficient is equal to the 

product of the species, density and microclimate factors. The list of landscape 

plants that accompanies the LCM provides the water needs for over 1800 

landscape plants that are being grown in California, which are assigned different 
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water needs depending on the region in California. This list could be used for 

Southern Ontario by choosing a region in California that is most similar. Refer to 

Table 5 for high moderate and low values of the three different factors.   

The landscape coefficient is given by: 

               (10) 

  

Table 5 The Landscape Coefficient Method. (Adapted from: UCCE and 

CDWR 2000) 

Factor High Moderate Low Very Low 

Species Factor (   ) 0.7-0.9 0.4-0.6 0.1-0.3 <0.1 

Density Factor (  ) 1.1-1.3 1.0 0.5-0.9 N/A 

Microclimate Factor (   ) 1.1-1.4 1.0 0.5-0.9 N/A 

     

One factor in the Landscape Coefficient Method is species factor (UCCE 

and CDWR 2000). There are three different planting scenarios: single species, 

multiple species with similar water needs and multiple species with different 

water needs. For the first situation, the reference number can be directly used for 

that species. For the second situation, a number can be chosen from the 

category to which all plants belong. For the third situation, the coefficient should 

correspond to the species with the highest water needs.  

The second factor in the Landscape Coefficient Method is the density 

factor. Density factor is directly related to leaf area. Canopy cover and vegetation 

tiers are used as measurements. A one hundred percent canopy cover and 
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plantings with all vegetation tiers - trees, shrubs and groundcovers - would be 

placed in the high category. Plantings with a mixture of trees, shrubs and 

groundcovers would lose more water and are placed in the high category. 

Immature and sparsely planted landscapes would be assigned a value in the low 

category because they lose less water. Plantings that are predominantly one 

vegetation type are placed in the average category. 

 The third factor in the Landscape Coefficient Method is the microclimate 

factor. A moderate factor would be closest to reference evapotranspiration 

conditions which are an open-field setting. They are not affected by buildings, 

structures, pavement, slopes or reflective surfaces. A high value for microclimate 

would be surrounded by heat absorbing surfaces, reflective surfaces, and 

exposure to high winds. Low conditions would be shaded areas and protected 

from winds.  

The types of meteorological data collected and implemented into the HPM are: 

 Daily Rainfall 

 Daily Maximum Temperature 

 Daily Minimum Temperature 

 Daily Snow on Ground 

 Local Conversion Parameter 

 Landscape Coefficient 
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4.1.4 Summary.  

A focused literature review was conducted to gather data to be 

implemented in the HPM. Data were gathered from bioretention cell construction 

manuals, soil science literature, and meteorological literature, which were 

incorporated into the HPM; refer to the following list. 

Bioretention Cell Construction: 

 Drainage Area 

 Media Depth 

 Media Texture 

 Gravel Storage 

 Ponding Depth 

 Native Soil Infiltration 

Soil Science: 

 Porosity  

 Field capacity  

 Wilting point  

 Saturated hydraulic conductivity 

 Seepage velocity 

 Effect of soil water content on evapotranspiration rate  

 Capillary fringe 
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Meteorological Data: 

 Daily Rainfall 

 Daily Maximum Temperature 

 Daily Minimum Temperature 

 Daily Snow on Ground 

 Local Conversion Parameter 

 Landscape Coefficient 

4.2 Key Informant Interviews 

 The key informant interviews involved scientists from soil science and 

meteorology at the University of Guelph. The interview questions were based on 

the components of the water balance equation: precipitation, infiltration, 

evapotranspiration, and runoff. 

 First, the key informants were asked if the water balance equation and 

data range chosen were appropriate to model the environment of a bioretention 

cell. Meteorologists use this equation for their soil water balance models 

(Gillespie 2012). This equation is used to calculate water budgets for golf 

courses and sports fields (Gillespie 2012).  The HPM should be as simple as 

possible; a more elaborate approach may not always yield better results in 

practice (Warland 2012). The data set range mimics the climate normal and is 

used as a standard meteorological measurement (Gillespie 2012).  
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 Second, the key informants were asked if the plant statuses were 

appropriate. Plants will not experience stress in the same way as they have 

different tolerances. Gillespie (2012) advised that the area between field capacity 

and wilting point be divided into different stress levels. At the first division, from 

the field capacity to the halfway point – 50% PAW - plants will not experience 

stress. After that plants will begin to experience moderate stress until PAW is 

25%. These divisions are recommended to golf course superintendents when 

preparing irrigation budgets (Gillespie 2012). Plants will then experience high 

stress. Once the soil approaches the wilting point plants will be experiencing 

extreme stress and may not recover. 

 Third, the key informants were asked if the water entering the cell was 

calculated correctly. The snow melt was appropriately calculated. It can vary 

greatly but the standard is to use 1cm=1mm (Gillespie 2012). There is no need to 

account for sublimation of the snow as it can vary widely from site to site 

(Warland 2012).   

 Fourth, the key informants were asked if infiltration was calculated 

correctly. The rate of infiltration will be the fastest at the beginning of the rainfall 

event and then rapidly drop to the rate of saturated hydraulic conductivity where 

it will remain. A saturated layer will form, called the capillary fringe, in the soil 

media because the gravel below will not have the suction to compete with the 

suction of the soil media (Parkin 2012). A sufficient depth will have to accumulate 

before the water will begin to drain by gravity (Parkin 2012). The capillary fringe 

will affect the amount of water infiltrating into the native soil because it will be 
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held in the soil media. A capillary fringe can also harm plants if present in the root 

zone (Voroney 2012). 

 There are two infiltration events. First, water will infiltrate into the soil 

media and then percolate down towards the in situ soil. Then water will infiltrate 

into the in situ soil. The time for the water to percolate downward is given by the 

Green-Ampt approach (Parkin 2012): 

  
       

     
            

   

   
   

(11) 

Where: 

t Time for surface water to reach capillary fringe each day (hr) 

   Volume of water per volume of soil at saturation; porosity (cm3/cm3) 

   Initial moisture content 

      Saturated hydraulic conductivity of soil media (mm/hr) 

    Depth of soil media above capillary fringe each day (mm) 

   Wetting front soil suction head (mm) 

  

 The Green-Ampt approach assumes a sharp and distinct wetting front 

between a saturated soil above and dry soil below. The Green-Ampt approach 

incorporates Darcy’s Law for saturated flow (Parkin 2012). 

 Fifth, the key informants were asked if evapotranspiration was calculated 

correctly. Warland (2012) advised that the HPM use a simple evapotranspiration 

equation that only requires maximum or minimum temperatures and suggested 

the Thornthwaite method. However, Gillespie (2012) suggested the Sentelhas et 
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al. (2010) paper. Evapotranspiration will not occur at a constant rate (Gillespie 

2012). The HTM should calculate the evapotranspiration rate using maximum 

rate until it reaches 50% PAW (Gillespie 2012). Then the evapotranspiration rate 

should be calculated to decrease linearly with decreasing soil water content 

(Gillespie 2012). Impervious surfaces will also affect the evapotranspiration rate, 

known as the Oasis Effect (Warland 2012). The Oasis Effect is created by 

impervious, heat absorbing surfaces that heat the surrounding air, increasing 

evapotranspiration. The Oasis Effect should be incorporated in the model 

(Warland 2012).  

Sixth, the key informants were asked if runoff was calculated correctly. It is 

standard practice to calculate runoff as any excess water that does not infiltrate 

or evaporate (Gillespie 2012). Rain intensity could affect the amount of water that 

would accumulate and runoff. Rain intensity data is not always available and but 

it is always important; the research is still valid if it is not available (Gillespie 

2012).  

Overall, the HPM is appropriate for measuring qualitative data to show 

year-to-year variation (Warland 2012). The key informants provided invaluable 

insight that added more accuracy to the model. The key informants provided 

additional variables that were implemented into the model. These variables 

included: 

 Plant water stress levels 

 Capillary fringe 
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 Green-Ampt approach 

 Saturated Hydraulic Conductivity 

 Adjusted Hargreaves method 

 Changing evapotranspiration rates with soil water content 

 Oasis Effect 

4.3 HPM Development 

The HPM was adapted from a water balance equation. In the HPM, each 

component of the water balance equation – water entering and water leaving 

through infiltration, evapotranspiration and runoff - was adapted and calculated to 

better model bioretention cells using the data gathered from the focused 

literature review and the key informant interviews. Refer to Figure 11 for graphic 

representation of the water balance equation. The water balance equation is 

given by: 

                      (1) 

Where: 

   Depth of water in bioretention cell at the end of the day (mm) 

     Depth of water in bioretention cell from previous day (mm) 

   Depth of water entering the bioretention cell each day (mm) 

   Depth of water lost to infiltration into the native soil each day (mm) 

   Depth of water lost to evapotranspiration each day (mm) 

   Depth of water lost to runoff each day (mm) 
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Figure 11 Graphic representation of water balance equation processes 

The data was synthesized into a spreadsheet - the HPM - that calculates 

the depth of water in the bioretention cell for each day for the thirty-year period. 

Then each day was assigned a plant status: saturated, no stress, moderate 

stress, high stress or extreme stress. This section describes how the HPM was 

developed. First, the design inputs used in the HPM - the variables that the user 

can modify - are described. Second, the meteorological data used are presented. 

Third, the plant statuses are described. Fourth, each component of the water 

balance equation is outlined in detail.  
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4.3.1 Design Inputs 

This section outlines the design inputs that the user can manipulate. Refer to 

Figure 12 for a graphic representation of a bioretention cell and the HPM design 

inputs. This section outlines how each design input will affect the HPM.  

 

Figure 12 Graphic representation of bioretention cell and design inputs 

The design specifications include: 

 Soil Media Depth  

 Soil Media Texture 

 Gravel Storage 

 Ponding Depth 

 Rooting Depth 

 Landscape Coefficient 

 Drainage Area   
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 Native Soil Infiltration 

The first design input is the soil media depth. The soil media depth is the 

depth of the planting media. The depth is used to calculate the depth of water in 

the soil for porosity, field capacity, and wilting point. This will determine the depth 

of water for each of the statuses. The depth will affect the calculation of 

infiltration, evapotranspiration, and runoff.   

The second design input is the soil media texture. The texture determines 

the porosity, field capacity and wilting point of the soil. It will also determine the 

depth of the capillary fringe. It will determine how fast the water will percolate 

down through the cell, and affects the calculation for infiltration, evapo-

transpiration, and runoff. These inputs will need to be determined by soil testing. 

Without sufficient soil tests this model may not produce accurate results. Soil 

tests should determine porosity, field capacity (matric potential of -0.33 bars), 

wilting point (matric potential of -15 bars), suction head at wetting front and depth 

of capillary fringe. The designer can also choose a specified soil texture in the 

model that will automatically fill in those values. 

The third design input is the gravel storage and pea gravel layer. The layer 

is optional and its depth can be changed. The change in depth will affect the 

amount of extra storage. The size of gravel dictates the void space and how 

much water can be stored.  If this layer is present it will create a capillary fringe, 

which generates further water storage but limits the rooting zone of the plants. 
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The gravel storage layer will directly affect the calculation of infiltration, 

evapotranspiration and runoff.   

 The fourth design input is the ponding depth, which is the maximum depth 

of ponding on the surface allowable before water will enter the sewer system. 

This value is used to calculate the maximum storage of the bioretention cell. This 

will affect the calculation for runoff.     

The fifth design input is the rooting depth, which is the depth at which the 

soil media is occupied by plant roots. This input will affect the number of days 

that are saturated. The water may pond below the rooting depth and not impact 

the plants. It is only once all pores are saturated that plants are stressed from 

lack of oxygen. The rooting depth will only affect the calculation of the number of 

days at saturation.  

 The sixth design input is the landscape coefficient. The landscape 

coefficient is determined by the species planted, the density at which they are 

planted and the microclimate. The landscape coefficient will incorporate site 

conditions and plant choices. The landscape coefficient directly affects the 

calculation of evapotranspiration.   

 The seventh design input is the size of the drainage area. The model 

calculated drainage area using a drainage area to treatment area ratio. However 

many times bigger the drainage area is compared to the treatment area is how 

much more water will enter from the drainage area. This assumes that the 

drainage area is 100% impervious and that all the water that falls on the area will 
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enter the cell and will not infiltrate elsewhere. Drainage area directly affects the 

calculation for the water entering the cell. 

 The eighth design input is native soil infiltration, which can include 

engineered drainage systems and will have a rate associated with it. The native 

soil infiltration is the steady state infiltration or saturated hydraulic conductivity of 

the in situ soils. Native soil infiltration directly affects the calculation of infiltration.  

 The designer can manipulate eight different design inputs in the HPM. The 

designer can also input the latitude of the site. Although not a design input, 

latitude will affect the amount of daily evapotranspiration. The design inputs are 

soil media depth, soil media texture, gravel storage, ponding depth, rooting 

depth, landscape coefficient, drainage area and native soil infiltration.  

4.3.2 Meteorological data 

Meteorological data from 1981-2010 were collected from Environment 

Canada (2012) for Pearson International Airport, Toronto, Ontario. The 

meteorological data used in the HPM were daily rainfall, daily maximum and 

minimum temperatures, and daily snow-on-the ground. Daily rainfall and daily 

snow-on-the ground data were used to calculate the amount of water entering 

the bioretention cell. Maximum and minimum temperatures data were used to 

calculate daily evapotranspiration using the adjusted Hargreaves method. 

Minimum temperature data were also used to determine the length of the 

growing season. 
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4.3.3 Plant status 

 Based on the amount of water in the cell, each day in the thirty-year 

period was assigned a status. The plants in the cell experienced saturation or no, 

moderate, high or extreme water stress. Each day was only assigned a status if it 

was included in the growing season. However, the amount of water in cell is still 

calculated for days not in the growing season. Refer to Table 6 for the calculation 

of each status. Refer to Figure 13 which depicts the soil moisture for saturated, 

no stress, moderate stress, high stress and extreme stress conditions. Refer to 

Figure 14 for water depth of each of the statuses. 

Table 6 Calculation of depth of water in bioretention cell for each status 

If: Amount of Water in Cell Then: Status 

    +     +      <    <      Saturated 

    <     <     +     +     No Stress 

    <     <      Moderate Stress 

      <     <     High Water Stress 

   <    <       Extreme Water Stress 

Where:  

    Maximum depth of water in gravel storage and pea gravel layer 
(mm) 

          

(12) 

    Depth of water in soil media below rooting zone at saturation 
(mm) 

           

(13) 
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    Depth of water in rooting zone at field capacity (mm) 

      

(14) 

 

     Depth of water of maximum storage in bioretention cell (mm) 

             

(15) 

 

   Depth of water in soil media at saturation (mm)  

       

(16) 

    Depth of water halfway between field capacity and wilting point; 
50% PAW 

            

(17) 

 

    Depth of water halfway between F50 and wilting point; 25% PAW 

             

(18) 

 

      Depth of water halfway between F25 and wilting point; 12.5% 
PAW 

             

(19) 

 

   Depth of water at wilting point (mm) 

       

(20) 

 

PAW Plant available water  

        

(21) 
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Figure 13 Graphic representation depicting soil moisture conditions of 

each status. 

 

Figure 14 Graphic representation of water depth for each status. 
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The day was labeled as saturated if the soil in the rooting zone was 

saturated. For this to occur there had to be enough water to completely saturate 

the gravel water storage layer and the soil media layer below the rooting zone. It 

also considers that the soil in the rooting zone is at field capacity. If the amount of 

water is above this then the rooting zone would become saturated. The day was 

labeled ‘no stress’ if the plants were not experiencing saturated or water stress 

conditions. When the soil water content was 50% PAW the day was labeled 

‘moderate stress’.  When the soil water content was 25% PAW the day was 

labeled ‘high stress’. When the soil water content was 12.5% PAW the day was 

labeled as ‘extreme stress’.  

4.3.4 Water entering the cell 

The amount of water entering the cell is the depth of rainfall and snow 

melt for the drainage and treatment area combined for that day. The depth of 

water entering the cell was calculated for each day of the thirty-year period. The 

ratio of the drainage area to the treatment area determines the depth of water 

that enters the cell from the drainage area and how many times larger the 

drainage area is compared to the cell. The drainage area ratio is given by: 

    
  

  
                     (22) 

Where: 

   Drainage area to treatment area ratio 

   Drainage area 

   Bioretention cell area 
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The treatment area represents 1   and the drainage area represents    X 

  . The amount of rainfall is given by:  

                                           (23) 

Where: 

   Depth of water entering the bioretention cell each day (mm) 

   Daily depth of rainfall (mm) 

       Depth of equivalent snow water for each day (mm) 

  

Depth of snow melt for each day was calculated from the depth (cm) of 

snow-on-ground data. The difference between the previous day snow-on-ground 

and the current day was calculated. If it was positive, then that amount of snow 

melt occurred. The snow water equivalent was calculated assuming that 1cm of 

snow equals 1mm of water. Snow data was taken from the last day of 1980 so 

that the snow melt could be calculated for the first day of 1981. The equivalent 

snow water melt for each day is given by: 

                         (24) 

Where: 

       Depth of equivalent snow water for each day (mm) 

     Depth of snow on ground for the previous day (cm) 

   Daily depth of snow-on-ground (cm) 
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4.3.5 Infiltration 

Water must infiltrate first into the soil media and then into the in situ soil. 

The depth of water infiltrating into the native soil was calculated for each day for 

the thirty-year period. Infiltration was calculated in three steps. First, the time for 

the surface water to reach the capillary fringe or the bottom of the soil media was 

calculated using the Green-Ampt approach. Second, the water left to infiltrate 

from the previous day and the time it took to infiltrate was calculated. Third, the 

amount of infiltration based on water available for infiltration was calculated.  

The time it takes for the surface water to reach the capillary fringe was 

calculated. The height of the capillary fringe was calculated for each day. The 

time it takes the surface water to reach saturated conditions - the capillary fringe 

-depends on the height of the capillary fringe. Once the surface water reaches 

the capillary fringe, water will begin to drain from the bottom of the fringe and 

infiltrate into the native soil. The height of the capillary fringe was calculated by 

determining the depth at which the soil above is at field capacity and the soil 

below is at saturation in relation to the total depth of the soil media.  The depth of 

the total media was defined by: 

            

     
        

 
 

      
    

 
 

 

(25) 
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Where: 

   Depth of soil media (mm) 

    Depth of soil media above capillary fringe for each day (mm) 

    Height of capillary fringe for each day (mm) 

    Depth of water in the soil media for each day (mm) 

     Depth of water in capillary fringe for each day 

F Volume of water per volume of soil at field capacity 

S Volume of water per volume of soil at saturation 

  

The equation assumes that the soil media above the capillary fringe is at 

field capacity and that the capillary fringe is at saturation. After isolating Dcw from 

the previous equation, the depth of water in the capillary fringe is given by: 

     
           

    
 

(26) 

  

The depth of water in the soil media was calculated differently depending 

on the water in the cell from the previous day. The water in the cell for the 

previous day also includes water in the gravel storage. The calculation of the 

depth of water in the soil media requires the depth of water only in the soil media. 

The height of the fringe was implemented into the model using IF statements. 

Refer to Table 7.   
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Table 7 Calculation of the depth of water in the capillary fringe. 

Scenario If Statement Depth of water in 
capillary fringe 

1                       

2                (26);     =      -     

3                      (26);     =    

4                    (26);     =      

5      <     Capillary Height = 0 

   

Where: 

   Depth of water in the soil media after emptied of gravitational 
water (mm) 

               

(27) 

    Depth of the water in capillary fringe when emptied of 
gravitational water (mm) 

       

(28) 

 

   Depth of water in soil media at field capacity (mm)  
       

(29) 

From there the height of the capillary fringe is given by:  

    
    

 
 

(30) 

The depth to the fringe is given by:   

           (31) 

If there was no fringe present then     =    . 

 

The time for the surface water to reach the capillary fringe was calculated 

using the Green-Ampt approach given by:  
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(11) 

Where: 

t Time for surface water to reach capillary fringe each day (hr) 

   Volume of water per volume of soil at saturation; porosity (cm3/cm3) 

   Initial moisture content 

      Saturated hydraulic conductivity of soil media (mm/hr) 

    Depth of soil media above capillary fringe each day (mm) 

   Wetting front soil suction head (mm) 

  

The soil moisture content first was calculated in the HPM using IF 

statements shown in Table 8. 

Table 8 Calculation of initial soil moisture content 

Scenario If Statement Then 

1      <         

2    <                 

   

Second, the amount left to infiltrate from the previous day was calculated. 

If there was water left to infiltrate from the previous day it was calculated by 

subtracting the depth of water from the previous day by the depth of water of a 

cell emptied of gravitational water, which is given by: 

                
(32) 

Where:  

     Depth of gravitational water left to infiltrate from previous day (mm)  
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 Next, the time taken to empty the cell of gravitational water was 

calculated, which is given by: 

                    
(33) 

Where:  

     Time to infiltrate gravitational water from previous day (hr) 
 

      Saturated hydraulic conductivity of in situ soil (mm/hr)  

   

The amount of total infiltration possible was calculated using IF statements (refer 

to Table 9). 

Table 9 Calculation of the amount of maximum infiltration 

Scenario  If Time to Infiltrate Leftovers (Ti-1): Amount of maximum 

infiltration      

1     = 0 = (24 –t)*       

2   <      = 24 *       

3 0<    <   =     *       + (24-  )*       

   

Where: 

     Maximum depth of water that will infiltrate each day (mm) 

  

Third, actual infiltration depending on amount of water in the cell after rain 

was calculated using IF statements (Refer to Table 10). The depth of water 

infiltrating each day depended on the time for the surface water to reach the 

capillary fringe or bottom of the soil media, if there was water left to infiltrate from 

the previous day and if there was water to infiltrate from that day.  
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Table 10 Calculation of the amount of infiltration for each day (  ) 

Scenario  If Depth of Water in Cell after 
Rain (        ): 

Then Amount of 
infiltration (  ) 

1 >    +      =      

2 >      =             

3 <      = 0  

   

Where: 

   Depth of water lost to infiltration into the native soil each day (mm) 

  

4.3.6 Evapotranspiration  

Evapotranspiration is the water lost through evaporation and transpiration 

of plants. Evapotranspiration was calculated for each day in the thirty-year 

period. Evapotranspiration was calculated in three steps. First, the grass 

reference evapotranspiration was calculated using the adjusted Hargreaves 

method. Second, the landscape coefficient was applied, which relates to the 

plant species, density and microclimate. Third, actual evapotranspiration was 

calculated based on the amount of water in the bioretention cell. 

 The grass references evapotranspiration was calculated using the 

adjusted Hargreaves method (Sentelhas et al. 2010). The local conversion 

parameter for Rockwood, Ontario was used since it was the closest location 

studied in the Sentelhas et al. (2010) paper to Toronto Pearson International 

Airport. The equation required minimum and maximum temperature data.  
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The adjusted Hargreaves method is given by:  

        
               

            (2) 

Where: 

    Grass reference evapotranspiration (mm/day)  

   Locally calibrated evapotranspiration conversion parameter  

0.00180 for Rockwood Ontario 

    Equivalent evaporation (mm/day) 

      Daily maximum temperature (°C) 

       Daily minimum temperature (°C) 

  Average daily temperature (°C) 

                   

(3) 

Equivalent evaporation is given by: 

               (4) 

Extraterrestrial radiation is given by:  

   
      

 
                                              

(5) 

Where: 

   Extraterrestrial radiation (MJ m-2 day-1)  

    Solar constant = 0.0820 MJ m-2 min-1 

   Inverse relative distance Earth-Sun  

   Sunset hour angle (rad) 

  Latitude [rad] 

  Solar declination (rad) 

The inverse relative distance is given by: 
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(6) 

The sunset hour angle is given by:  

                         (7) 

The solar declination is given by:  

            
  

   
        

(8) 

Where: 

J Number of the day in the year between 1 (1 January) and 365 or 366 
(31 December). 

IF (M < 3) THEN J = J + 
2 

             
 

 
             (9) 

IF (leap year and (M > 
2)) THEN J = J + 1 

Where: 

M month 

D Day 

  

 Second, the landscape coefficient was multiplied to the reference 

evapotranspiration. The landscape coefficient accounts for density, microclimate 

and species and can be changed by the designer. This amount is the maximum 

evapotranspiration rate that will be used to calculate actual evapotranspiration, 

which is given by: 

             
(34) 

Where:  

     Maximum evapotranspiration rate each day (mm/hr)  
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   Landscape Coefficient 
             

(10) 

   

Third, evapotranspiration rate was calculated based on soil moisture 

content. Evapotranspiration occurs at the maximum rate, until 50% PAW. Below 

50% PAW, the rate begins to decrease linearly with decreasing soil moisture 

content. Evapotranspiration will cease once the soil moisture content reaches 

wilting point. The HPM calculated the amount of evapotranspiration using IF 

statements, shown in Table 11.  

Table 11 Calculation of evapotranspiration 

Scenario If Statement (   ) Type Amount (  ) 

1       <     <      Constant = 24 *      

2    <     <       Constant  

Linear 

   =     –     

   =   - Table Lookup for 
   remaining  

   =   /     = z 

=    +    

3    <     <     Linear       = z 

=     - Table Lookup for 24 
hour 

4     <    None = 0 

Where:  

   Depth of water lost to evapotranspiration each day (mm)  

       Maximum constant evapotranspiration each day (mm) 

=     + 24*     

(35) 

     Depth of water in the bioretention cell after precipitation and 
infiltration for each day (mm) 

(36) 
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=     +   –    

   Depth of water that evapotranspirated at a constant rate each 
day (mm) 

 

   Depth of water that evapotranspirated at a linear rate each 
day (mm)  

 

   Time left for linear evapotranspiration (hr)  

   

 Scenario 1 occurred when the water in the cell was above 50% PAW plus 

the maximum amount of constant infiltration in 24 hours. Evapotranspiration will 

only occur at a constant rate. Evapotranspiration was calculated by multiplying 

the maximum rate by 24 hours.  

Scenario 2 occurred when the water in the cell after precipitation and 

infiltration was below Scenario 1 but above 50% PAW. Evapotranspiration will 

occur at a constant and a linear rate. Constant evapotranspiration was calculated 

by subtracting the water in the cell minus the point at which constant 

evapotranspiration stops. The linear evapotranspiration was calculated in many 

steps. First, the number of hours it took for constant evapotranspiration was 

calculated by taking the amount of constant evapotranspiration divided by the 

rate. Then the remaining time after constant evapotranspiration was calculated. 

A Table was constructed to calculate the amount of evapotranspiration for 

each hour of each day since the rate changed each day. Hours were used as the 

time resolution because evapotranspiration is a small amount and any 

differences with resolution would be negligible, i.e. if seconds were used instead. 

Refer to Table 12.   
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Table 12 Evapotranspiration lookup value 

Time (hr) ( ) Water in Cell (mm) ( ) Evapotranspiration (mm) ( ) 

0                    

1   (0) -   (0)                

2   (1) -   (1)                

3   (2) -   (2)                

   

Where:  

  Number of hours of evapotranspiration (lookup value)  

  Amount of water in the cell with time ( )  

  Amount of evapotranspiration with time ( ) and amount of water in 

cell ( ) 

           

(37) 

  
 

Equation for a line is given by:  

        

Equation for the slope of a line is given by:  

  
      

      
 

 

Point     

1          

2    0 

The slope using point 1 and 2 is given by:  

  
       

       
      

    

       
 

(38) 

The equation for the y-intercept is given by:  
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    –      

The y-intercept using point 2 is given by:  

                      (39) 

  

The Table calculated the amount of evapotranspiration for each hour (z) 

based on the equations in the table.  The water in the cell for each hour was 

calculated by subtracting the amount of previous evapotranspiration from the 

previous amount of water in the cell. This Table went from 0 hours to 24 hours. 

After the number of hours left was calculated that value was found using the 

Excel lookup function and the amount of water in the cell for that hour was 

reported. The amount of linear evapotranspiration was calculated by subtracting 

the lookup value from 50% PAW, the amount when linear evapotranspiration 

began. The total evapotranspiration was calculated by adding the amount of 

constant and linear evapotranspiration. At 50% PAW the evapotranspiration rate 

will be at the maximum but once it reaches wilting point the rate will be 0. 

Scenario 3 occurred when the water in the cell was below 50% PAW but 

above wilting point. Evapotranspiration would only occur at a linear rate. Linear 

evapotranspiration was calculated by using the table outlined in scenario 2. For 

Scenario 3, Excel looked up the corresponding amount of water in the cell for 24 

hours. The amount of evapotranspiration was calculated by subtracting that 

amount from the amount of water in the cell at the start. Scenario 4 occurred 

when the water in the cell was below wilting point.  Evapotranspiration would not 

occur. 
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4.3.7 Runoff  

Runoff was calculated as any water in excess, after precipitation, of the 

maximum cell storage plus infiltration and evapotranspiration. As a result, runoff 

is calculated last. It was calculated by adding the previous day’s water depth 

balance and water entering the cell and from that, subtracting infiltration, 

evapotranspiration. The maximum storage of the cell was subtracted from that 

amount to determine the excess water that would runoff. Runoff is given by: 

   = (    +    -    -    ) -         where 0 <                                    (40) 

Where: 

   Depth of water lost to runoff each day (mm) 

     Depth of water in bioretention cell from previous day (mm) 

   Depth of water entering the bioretention cell each day (mm) 

   Depth of water lost to infiltration into the native soil each day (mm) 

   Depth of water lost to evapotranspiration each day (mm) 

     Depth of water of maximum storage in bioretention cell (mm) 

  

4.3.8 Summary 

The HPM was adapted from a generic water balance equation. In the 

HPM, each component of the generic water balance equation – water entering 

and water leaving through infiltration, evapotranspiration and runoff - was 

adapted to better model bioretention cells using the data gathered from the 

focused literature review and the key informant interviews. For each day, the 
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HPM calculated the water in the cell assigned a plant status. For summary of the 

design inputs and meteorological data involved in the calculation of each 

component, refer to Table 13. 

Table 13 Design inputs and meteorological data used to calculate each 

component of the water balance equation. 

 Precipitation Infiltration Evapo-
transpiration 

Runoff 

Design 
Inputs 

Drainage Area Soil Media 
Texture 

Soil Media 
Depth 

Gravel Layer 

Native Soil 
Infiltration 

Soil Media 
Texture 

Soil Media 
Depth  

Landscape 
Coefficient 

 

Gravel Layer 

Soil Media Texture 

Soil Media Depth 

Ponding Depth 

Meteoro-
logical 
Data 

Rainfall 

Snow-on-ground 

 Minimum and 
Maximum 
Temperatures  

 

4.4 Model Evaluation  

After all the calculations were implemented into the HPM, it was tested to 

determine if the calculations produced expected logical results. First, values were 

selected from the focused literature review of bioretention cell construction, soil 

science and meteorology. A baseline was created using low end values of each 

design input. A higher end value for each design input was used as the test. 

Refer to Table 14 for baseline and test values used to test the HPM. 

Second, all the baseline values were entered into the HPM. Then each 

variable was tested one at a time for a total of eight tests. The numbers of 

saturated, moderate, high and extreme stress days were counted for each year 
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and the total number of days for each status was calculated. Refer to Table 15 

for tabulated results of the baseline.  

Table 14 Baseline and test values for each design input used to test model. 

Design Inputs Baseline Test Values 

Drainage Area 10 15 

Media Depth (mm) 500 1320 

Gravel Storage (capillary fringe) 0 400 

Ponding Depth (mm) 150 450 

Native Soil Infiltration (mm/hr) 15 25 

Soil Media Texture  

Porosity  

Field Capacity 

Wilting Point 

Capillary Fringe (mm) 

Ksat (mm/hr) 

Suction head (mm) 

Sand 

0.437 

0.091 

0.033 

135 

210 

-49.5 

Sandy Loam 

0.453 

0.207 

0.095 

246 

25.9 

-110.1 

Landscape Coefficient 0.9 (moderate) 1.638 

Rooting Depth (mm) 250 500 
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Table 15 Number of saturated, moderate, high and extreme stress days for 

each year and the total for the thirty-year period. 

Year Saturated Moderate 
Stress 

High Stress Extreme Stress 

1981 0 23 10 5 

1982 2 16 11 12 

1983 0 16 13 20 

1984 0 19 8 7 

1985 0 22 13 4 

1986 5 21 7 6 

1987 0 16 7 10 

1988 0 24 16 13 

1989 0 22 8 13 

1990 0 28 10 0 

1991 1 26 14 13 

1992 1 13 3 2 

1993 0 16 7 0 

1994 0 23 13 5 

1995 2 12 7 11 

1996 1 17 9 0 

1997 0 24 11 7 

1998 0 38 15 0 

1999 2 25 17 1 

2000 2 26 4 2 

2001 0 24 11 10 

2002 0 16 12 24 

2003 0 19 9 1 

2004 0 32 15 7 

2005 1 25 18 27 

2006 0 22 11 5 

2007 0 30 19 15 

2008 1 22 8 0 

2009 0 31 12 9 

2010 1 18 22 7 

Total 19 666 340 236 
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Variables tested were drainage area, media depth, gravel storage, 

ponding depth, native soil infiltration, media texture, landscape coefficient and 

rooting depth. The magnitude of the changes can be used to determine which 

variables have the greatest effect. If the expected result based on calculations 

occurs and no error occurs, it is assumed that the variable is behaving as it 

should. Refer to Table 16 for the total number of days for each status for the 

baseline and each design input test  

The first variable tested was drainage area. Increasing the drainage area 

greatly increased the number of saturated days. This is expected, as drainage 

area directly affects the amount of water entering the bioretention cell. An 

increase in the amount of water would increase the number of times the 

bioretention cell would be too full to drain in one day. The number of water 

stressed days decreased slightly. A slight decrease is expected since more water 

available for evapotranspiration enters the cell but it is not directly used to 

calculate water lost through evapotranspiration. This variable produced expected 

results.  

The second variable tested was the soil media depth. Increasing the 

media depth decreased the number of saturation days. This is expected as a 

deep cell would allow for more storage below the root zone where the plants 

would not be affected. Increasing media depth also greatly decreased water 

stress days. This is expected because the deeper soil media would allow for 

extra water storage at field capacity and provide more water for 
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evapotranspiration. This will act as a buffer for the root zone between days 

without rainfall. This variable produced expected results.  

Table 16 Total number of saturated, moderate, high and extreme stress 

days for the baseline and each design input test for thirty-year period. 

Design Input Saturated Moderate 
Stress 

High 
Stress 

Extreme 
Stress 

Baseline  19 666 340 236 

Drainage Area 75 633 315 204 

Soil Media Depth 2 181 26 2 

Gravel Storage  13 18 14 7 

Ponding Depth 19 666 340 236 

Native Soil Infiltration Rate 4 672 343 237 

Soil Media Texture 

Porosity  

Field Capacity 

Wilting Point 

Capillary Fringe 

Saturated Hydraulic 
Conductivity 

Suction Head 

41 298 94 21 

Landscape Coefficient 18 721 692 950 

Root Zone Depth 46 666 340 236 

     

The third variable tested was gravel storage layer. The gravel storage 

layer provides extra water storage and creates the capillary fringe.  It increased 

the number of saturation days. This is expected because the capillary fringe 

occupies media soil storage and decreases the space available for incoming 
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water. The same amount of water enters the cell but has fewer places to go 

except for higher in the cell. The capillary fringe also greatly reduced the number 

of water stress days. This is expected because the water is held in the soil after 

infiltration and it is drawn up into the root zone as water is lost to 

evapotranspiration. The capillary fringe had a big impact because it remains in 

the cell even after infiltration. This variable produced expected results. 

 The fourth variable tested was the ponding depth. The ponding depth did 

not affect the number of saturation days or water stress days. This is expected 

since ponding depth was only used to calculate runoff. There were four runoff 

events for the baseline and zero for increased ponding depth.  If the water in the 

cell was at maximum storage on any given day, both the baseline and the 

increased ponding depth would result in a saturated day. The extra ponding 

would only reduce the available infiltration for the next day.  The increased 

ponding had no effect on water stress levels because the excess water would 

drain and not be available for evapotranspiration. This variable produced 

expected results.  

The fifth variable tested was the native soil infiltration rate. Increasing the 

native soil infiltration rate reduced the number of saturation days. This is 

expected because more water drains out of the cell, drawing down the level of 

water at the end of the day away from the root zone. The native soil infiltration 

rate did not affect the water stress days because infiltration happens within a day 

or two and does not affect the water available for evapotranspiration. This 

variable produced expected results. 
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 The sixth variable tested was soil media texture. Soil media texture 

included six properties: porosity, field capacity, wilting point, capillary fringe, 

saturated hydraulic conductivity, and suction head. The baseline soil texture was 

sand and the test soil texture was a sandy loam. The soil properties were taken 

from Rawls et al. (1982). All these factors were tested together to determine if the 

effect of changing the soil texture as a whole produced expected results.  

Using a sandy loam increased the level of saturation. This is expected 

because the saturated hydraulic conductivity of the sandy loam is an order of 

magnitude slower than the sand and this would increase the time to percolate to 

the native soil and total infiltration would be less. Using a sandy loam also 

decreased the number of water stressed days; this is expected because the 

sandy loam can store more plant available water. Changing the soil texture 

produced expected results. 

 The seventh variable tested was the landscape coefficient. Increasing the 

landscape coefficient did not have a large effect on the number of saturation 

days. It does slightly decrease the number of saturation days because it reduces 

the water in the cell through evapotranspiration but does not directly affect the 

water entering the cell. It greatly increases the number of water stress days 

because more evapotranspiration is occurring. This variable produced expected 

results. 

 The eighth variable tested is the rooting zone depth. Increasing the root 

zone depth increased the number of saturation days. This is expected because 
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the root zone determines whether the cell is considered saturated. Increasing the 

root zone will lower the depth of water it takes for the root zone to be saturated.  

 The test produced expected results for all design inputs. The design inputs 

that caused the greatest increase in the number of saturation days were drainage 

area, soil texture and root zone depth. The design inputs that caused the 

greatest decrease in the number of saturation days were media depth and native 

soil infiltration rate. The design input that caused the greatest increase in the 

number of water stress days was the landscape coefficient. The design inputs 

that caused the greatest decrease in the number of water stress days were 

gravel storage and soil media texture. The design input with the least effect on 

either saturation or water stress days was ponding depth.  

4.5 Plant Selection 

 Plants experience stress differently depending on species. Saturation and 

water stress are also experienced differently. During flooding, roots and 

mycorrhizae die and stomata may close because of lack of oxygen in the root 

zone (Shaw and Schmidt 2003). However, plants that have adapted to these 

conditions have physiological processes that limit the negative effects (Shaw and 

Schmidt 2003). If flooding duration is too long, plants will die (Shaw and Schmidt 

2003). When plants experience water stress, their stomata close and they 

eventually wilt. Plants will experience stress before reaching the wilting point 

because it becomes more difficult for the plant to extract water (Allen et al. 1998). 
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The design inputs will affect plant choices. Each design input will have a 

different impact on saturation and water stress, to different degrees. There are 

eight design inputs: drainage area, soil media depth, gravel storage, ponding 

depth, native soil infiltration rate, soil texture, the landscape coefficient, and the 

root zone depth.  From testing the model, the relative effect of each variable on 

the number of saturation and water stress days was determined. Refer to Table 

17. Each variable was assigned as having a large, moderate, or minimal effect 

based on the relative effect of each variable and as increasing or decreasing the 

number of saturation and water stress days.  

The data can be represented to the designer more meaningfully by 

displaying the frequency of years that fall within certain intervals of saturation and 

water stress days. For an example, refer to Table 18. The data is then graphed to 

produce histograms to provide a distribution of the conditions that occurred in the 

bioretention cell over the thirty year period. Refer to Figure 15, Figure 16, Figure 

17, and Figure 18 for a graphical representation of the distribution of the number 

of saturation, moderate, high and extreme stress days respectively.  
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Table 17 Relationship type between design input and the number of 

saturated and water stress days. 

Design Input Number of Saturated 
Days 

Number of Water 
Stress 

Drainage Area Large Increase  Minimal Decrease  

Media Depth Large Decrease  Moderate Decrease 

Gravel Storage (capillary 
fringe) 

Moderate Increase  Large Decrease 

Ponding Depth No Relationship  No Relationship 

Native Soil Infiltration Rate Large Decrease  Minimal Increase 

Soil Texture 

Porosity  

Field Capacity 

Wilting Point 

Capillary Fringe 

Saturated Hydraulic Conductivity 

Suction Head 

Large Increase  Moderate Decrease 

Landscape coefficient Minimal Decrease  Large Increase 

Root Zone Depth Large Increase No Relationship 
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Table 18 Frequency of years that fall within certain interval of days 

 

Frequency ( Number of Years) 

Number of 
Days 

Saturated Moderate 
Stress 

High Stress Extreme 
Stress 

0 19 0 0 5 

5 11 0 2 8 

10 0 0 11 8 

15 0 2 12 6 

20 0 9 4 1 

25 0 12 1 1 

30 0 4 0 1 

35 0 2 0 0 

40 0 1 0 0 

45 0 0 0 0 

     

 

Figure 15 Distribution of saturation days per year  
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Figure 16 Distribution of moderate stress days per year 

 

 

 

 

Figure 17 Distribution of high stress days per year 
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Figure 18 Distribution of extreme stress days per year 

With expert knowledge of plants, the designer can use these charts to 

select appropriate plants based on the design of the bioretention cell to 

determine which plants can tolerate a certain number of saturation or water 

stress days. Plant resources classify plant tolerances differently but they can be 

adapted to the model output. Three different plant resources useful for selecting 

plants are: the wetness coefficient (Herman et al. 2001); Native Trees, Shrubs 

and Vines for Urban and Rural America (Hightshoe 1988); and Plants for 

Stormwater Design (Shaw and Schmidt 2003). 

First, plants can be classified by their wetness coefficient, which is 

measured by the probability of that plant occurring in an ecosystem (Herman et 

al. 2001). Refer to Table 19 for coefficient of wetness classification. A drier cell 

should be planted with plants that have a higher wetness coefficient and a wetter 
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cell with plants that have a lower wetness coefficient. However, wetland plants 

should not be used.  

Table 19 Wetland category definitions and coefficient of wetness (W). 

(Adapted from: Herman et al. 2001) 

Wetland Category Symbol W Definition 

Upland UPL 5 Occurs almost never in wetlands under 
natural conditions (estimated < 1% 
probability). 

Facultative Upland FACU 3 Occasionally occurs in wetlands, but 
usually occur in nonwetlands (estimated 1% 
- 33% probability). 

Facultative FAC 0 Equally likely to occur in wetlands or non-
wetlands (estimated 34% - 66% 
probability). 

Facultative 
Wetland 

FACW -3 Usually occurs in wetlands, but occasionally 
found in nonwetlands (estimated 67% - 
99% probability). 

Obligate Wetland OBL -5 Occurs almost always in wetlands under 
natural conditions (estimated > 99% 
probability). 

    

Another classification used is Native Trees, Shrubs and Vines for Urban 

and Rural America (Hightshoe 1988). Hightshoe (1988) provides classification of 

plants into different flooding tolerance categories. The range outputted by the 

model is representative of the number of days experiencing that condition for any 

given year. The percentage of the growing season can be calculated by dividing 

the number of condition days by the number of days in the growing season. 

Refer to Table 20 for flooding tolerance categories by percent of growing season.   
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Table 20 Flooding tolerance categories by % growing season. (Adapted 

from: Hightshoe 1988) 

Flooding Tolerance Habitat % of Growing Season 

Very Tolerant Lowland wet > 40 

Tolerant Lowland wet 30-40 

Intermediate Lowland wet-mesic 20-30 

Intolerant Upland mesic and mesic 
dry 

5-20 

Very Intolerant Upland dry 0-5 

   

A third resource is Plants for Stormwater Design by Shaw and Schmidt 

(2003). Plants are classified by flooding frequency, depth and duration. The 

frequency is classified as high, low and moderate. The frequency is of the most 

interest to the designers using this model. Depth will only be as high as the 

ponding depth. Most of the flooding in the bioretention cell will only last for one 

day. Refer to Figure 19 graphic representation from Shaw and Schmidt (2003) 

that shows the depth and duration of flooding tolerance.  

 Designers can use the three resources mentioned as well as their 

experiential knowledge of plants to combine with the model in order to make 

informed planting decisions. 
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Figure 19 Graphic representation of the depth and duration of flooding 

tolerance. (Shaw and Schmidt 2003)  
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Chapter Five: Discussion 

5.1 HPM Usefulness 

 The HPM is useful for aiding designers in making informed planting 

decisions. The model is easy to use and incorporates design inputs important for 

bioretention cell construction. The designer will enter the size of the drainage 

area and bioretention cell area; the depth of the soil media; the depth of the 

gravel layers; the ponding depth; the textures of the existing in situ soil and the 

proposed soil media; the proposed planting type and site microclimate; the 

expected depth of roots; and the location of the site. The designer will then be 

provided with a range of expected number of saturation and water stress days 

with the probability that any given year will fall into that range. 

The model informs the designer how each design decision can affect plant 

selection. This is useful for determining which design inputs have the most 

impact on the bioretention cell environment. Bioretention cell environments can 

have a wide range of conditions and choosing a plant list is not always a one-

size-fits all situation. By using this model, however, designers can visualize what 

kind of environment can be created. For example, design decisions can create a 

bioretention cell that is wetter but does not experience as many water stress 

days. Therefore designers will not be restricted to plants that can tolerate a very 

wide range of conditions.  
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5.2 HPM Limitations 

 The model has limitations. Some limitations include possession of expert 

knowledge, climate change, and bioretention sizing. First, the designer must 

possess expert plant knowledge. The model must be used in conjunction with 

plant knowledge so that designers can make the right plant selection. To 

overcome this limitation the next step would be to create a plant list that has 

been reviewed by plant experts as well as landscape architects, which can be 

used in conjunction with the model. The output of the model provides the 

distribution of the number of days saturated or experiencing water stress for any 

given year.  However, not all landscape plants will have this kind of data. The 

plant list created for this model should be coordinated with other measurements 

of flooding and water stress tolerance. The model does not take into account 

consecutive number of days experiencing saturation and water stress, which 

should be implemented. 

 Second, the model does not take into account climate change. The model 

is based on the last 30 years of data. While 30 years is a useful measurement in 

climatology, it may not be representative of the next 30 years. The designer can 

then use his or her judgement based on climate predictions. For example if the 

next 30 years are predicted to be wetter then the designer can choose plants 

slightly more tolerant to wetter conditions.  

 Third, this model is not intended to be used for engineering purposes. It 

cannot be used to determine sizing of the bioretention cell. Each municipality will 
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have different recommendations based on the design storm. For example CVC 

and TRCA (2010) provide calculations to determine the depth and area of the 

bioretention cell. It is important that designers follow the engineering standards 

put forth by the region’s governing body.  

 Fourth, the model may over-estimate infiltration and underestimate runoff. 

Rainfall intensity data could have been used to determine if runoff events would 

have occurred before infiltration. This will affect the number of runoff events and 

the water in the cell could be over-estimated.  

 Fifth, the model is only theoretical. The model was constructed with data 

from the literature. It may not be representative of actual conditions. The only 

way to test if it is accurate is to construct a bioretention cell and conduct 

experimental trials that would measure the soil moisture in the cell each day or 

take measurements of existing bioretention cells. Climate data for the length of 

the trial period would be inserted into the model and the two would be compared 

with statistical analysis tools. 

 Sixth, the model only considers soil moisture conditions. Other 

environmental factors present in a bioretention cell such as salt, metal and 

nutrient concentrations were not considered. These are important considerations 

for plant selection and were not accounted for in the model. 



95 
 

5.3 Evaluation of the research process 

 The research process worked well for this type of study. It was exploratory 

research to determine the environment of a bioretention cell and what factors will 

affect that environment. The combined literature - bioretention cell construction 

and soil science - provided the necessary background for understanding the 

research problem. Key informants provided additional insight and direction that 

expanded the area of literature to use. Further evaluation by landscape architects 

would be useful to determine how the model can be expanded or improved 

based on how it will be used. The next step would also be to construct a 

bioretention cell and calibrate the model. 
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Chapter Six: Conclusion 

There were limitations to this study. Constructing bioretention cells and 

implementing experimental trials would have solidified the validity of the model. 

This study is also limited by the researcher’s understanding of soil science, 

meteorology and bioretention cell construction. However, key informants 

provided valuable insight and the results of the model produced expected, logical 

results.  The next step would be to enhance the usefulness of the model by 

incorporating a plant list. More research should also be conducted to determine 

the effect of flooding and water stress frequency on plants. Plants should be 

quantitatively classified by the frequency of days they can tolerate flooding and 

water stress. The next stage in research would be to calibrate this model to 

constructed cells and determine if additional factors that affect plant growth need 

to be implemented into the HPM. Environmental conditions other than soil 

moisture should also be implemented, such as salt, metal and nutrient 

concentrations in the bioretention cell. 

 This research provides a quantitative approach to plant selection. It 

provides the designer with an easy to understand output of the soil moisture 

regime in a bioretention cell. Plants can be chosen based on this output. This 

model can also be used as a tool for teaching the effect of design decisions on 

soil moisture to students. 

 It is important to choose the right plants for the design to minimize 

maintenance, and improve the success of the plant species. Plants are greatly 

impacted by soil moisture conditions. The model allows the designer to visualize 
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soil moisture conditions which can be translated into plant selection, which 

previously had not been adequately done.  The natural environment of plants 

should also be considered in order to determine which soil moisture regime it is 

best adapted to. 

When designing bioretention cells, the soil media texture has a big impact 

on the outcome of this stormwater best management practice. It is important to 

have soils accurately tested before constructing bioretention cell.  It is also 

important to understand how soils behave in bioretention cells and the effect of 

layering soils.  

The rooting depth of the plants is also important because bioretention cells 

are often saturated below the top layers of the soil. However rooting depth is not 

always common knowledge and should be incorporated into the plant list to be 

used in conjunction with the HPM. If plants need a large soil volume their deep 

roots might be impacted. The capillary fringe is important for maintaining soil 

moisture conditions in times of drought but can limit the rooting zone.  

 This research is important for advancing the understanding of the soil 

moisture environment in a bioretention cell. It will also aid in designing more 

sustainable landscapes that conserve water. The mathematical model developed 

will aid future studies and landscape architecture practitioners with bioretention 

plant selection.  
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Appendix – Calculated Missing Values 

There were 60 missing values from the 1992-1993 data sets that were 

calculated using nearby weather stations. Each section -  rainfall, temperature 

and snow on the ground -  addresses how those values were calculated. The 

nearby stations used for each variable was determined by the strength of the 

relationship, r2.  Data from Buttonville and Hamilton Airports were collected from 

the National Climate Data and Information Archive (2012). 

 Missing data was addressed by following the FAO method for the 

statistical analysis of weather data sets process for determining missing data 

(Allen, 1998). First the means (   and   ) and standard deviations (  and   ) were 

calculated for the nearby station (x) and the station of interest (y) in Excel from a 

period where data from both sets were present. The periods of time were 

different for rainfall, temperature and snow on the ground.  

 A regression analysis was performed in Excel to calculate the missing 

values and to determine if a suitable relationship (r2) exists between the two 

stations. Xi represents the value from the nearby station and    represents the 

estimated values. The regression is given by:  

         (41) 

          (42) 

  
     

  
  (43) 
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Where: 

   Estimated y values 

   Values from nearby station 

   Mean of nearby station data set 

   Mean of station of interest data set 

      Covariance of x and y data 

  
  Variance of nearby station data set 

  

The correlation coefficient (r) was calculated. R2 was used to determine if 

the nearby station was suitable to use to calculate the missing data values. A 

high r2 value (r2< 0.7) and b value (0.7 < b < 1.3) indicate that the nearby station 

is suitable to use as a comparison (Allen et al. 1998). The correlation coefficient 

is given by: 

  
     

    
 (44) 

Where: 

      Covariance of x and y data 

   Standard deviation of x 

   Standard deviation of y 

  

Refer to Table 21 for the mean, standard deviation and regression 

equation values for the nearby stations, Buttonville and Hamilton, and Pearson 

International Airport for each variable and Table 22 the calculated missing 

values. 
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Table 21 Mean, standard deviation and regression equation values for 

Buttonville, Hamilton and Pearson Airport. 

 Buttonville Airport Hamilton Pearson International Airport 

 Total 
Rain 
(mm) 

Max 
Temp 
(°C) 

Min 
Temp 
(°C) 

Snow-on-
ground 
(cm) 

Total 
Rain 
(mm) 

Max 
Temp 
(°C) 

Min 
Temp 
(°C) 

Snow-
on-
ground 
(cm) 

Mean 1.9 14.3 5.1 1.3 1.9 13.9 3.7 1.0 

Std Dev 5.0 11.0 9.2 3 5.1 11.2 9.3 2.6 

b     0.86 1.02 0.79 0.81 

a     0.23 0.12 2.17 0.46 

R     0.86 0.99 0.99 0.93 

r2     0.73 0.99 0.97 0.86 

         

To calculate the missing rainfall data, Buttonville Airport, Markham, 

Ontario was used as the nearby station, which is approximately 40 km north east 

of Pearson International Airport. Ten years, 2001-2010, of complete data from 

both locations were used to calculate the regression equation. The r2 value was 

0.73 and the b value was 0.86 indicating that Buttonville Airport was suitable for 

use as a comparison station. The regression equation is given by: 

    = 0.23 + 0.86*x (45) 

  

 The equation produced a positive estimated value for Pearson (  ) when it 

did not rain at Buttonville Airport (     ). The HTM assumed that if it did not rain 

at Buttonville Airport that it did not rain at Pearson International Airport (    ) 
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which might not always occur but it would be more likely than always raining at 

Pearson Airport when it did not rain in Buttonville Airport for those missing 

values.   

To calculate the missing maximum and minimum temperatures, a 

regression equation was used that compared Buttonville Airport to the Pearson 

International Airport. Data from both locations for 2001 were used to determine 

the regression equation. The maximum and minimum temperature relationship 

between each station was very high with an r2 value of 0.99 and 0.97 and b value 

of 1.02 and 0.79 respectively.  

Maximum temperatures are given by:  

                 (46) 

Minimum temperatures are given by:  

                 (47) 

  

For one day the estimated minimum temperature was calculated to be 

higher than the maximum temperature. For that day the minimum temperature 

was calculated using the maximum regression to find the missing value.  

The snow-on-ground missing values were calculated using this regression 

equation determined by using data for Hamilton Airport from 1991 given by: 

                (48) 
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Table 22 Missing data values for the years 1992 and 1993 for total rain and 

maximum and minimum temperature 

 Buttonville Airport (x) Hamil-
ton 

Toronto Pearson Airport (   ) 

Date Total 
Rain 

(mm) 

Max 
Temp 

(°C) 

Min 
Temp 

(°C) 

Snow-
on-
ground 

(cm) 

Total 
Rain 

(mm) 

Max 
Temp 

(°C) 

Min 
Temp 

(°C) 

Snow-
on-

ground 

12/11/1992 0.0 0.0 -2.4 23 0.0 0.1 -2.3 19.2 

12/21/1992 0.0 -1.0 -8.6 2 0.0 -0.9 -4.6 2.1 

12/23/1992 0.0 4.0 -6.8 2 0.0 4.2 -3.2 2.1 

12/29/1992 4.0 3.3 0.5 1 3.7 3.5 2.6 1.3 

12/31/1992 0.0 5.5 -5.2 0 0.0 5.7 -1.9 0 

1/10/1993 0.0 -0.9 -13.5 12 0.0 -0.8 -8.5 10.2 

1/24/1993 4.6 2.4 -3.9 5 4.2 2.6 -0.9 4.5 

2/8/1993 0.0 -1.0 -13.0 5 0.0 -0.9 -8.1 4.5 

2/21/1993 0.0 -7.0 -12.5 27 0.0 -7.0 -7.7 22.4 

3/10/1993 0.0 -2.5 -14.0 19 0.0 -2.4 -8.9 15.9 

3/13/1993 0.0 -6.5 -14.8 20 0.0 -6.5 -9.5 16.7 

3/20/1993 0.6 1.2 -3.1 16 0.7 1.3 -0.3 13.5 

3/22/1993 0.0 2.6 -7.2 0 0.0 2.8 -3.5 0 

4/9/1993 6.5 18.0 6.0 0 5.8 18.4 6.9 0 

4/10/1993 6.2 9.4 1.9 0 5.6 9.7 3.7 0 

4/12/1993 0.0 11.4 -1.0 0 0.0 11.7 1.4 0 

4/14/1993 0.0 12.4 -1.6 0 0.0 12.7 0.9 0 

4/15/1993 0.8 17.8 6.4 0 0.9 18.2 7.2 0 

4/20/1993 24.6 14.5 2.0 0 21.4 14.9 3.7 0 

4/30/1993 4.0 20.3 8.1 0 3.7 20.8 8.6 0 

5/3/1993 0.0 21.9 8.4 0 0.0 22.4 8.8 0 

5/5/1993 5.4 20.6 13.0 0 4.9 21.1 12.4 0 

6/6/1993 0.0 23.3 9.6 0 0.0 23.8 9.8 0 

6/25/1993 14.0 29.1 13.8 0 12.3 29.7 13.1 0 

7/11/1993 3.2 30.4 15.0 0 3.0 31.0 14.0 0 

8/1/1993 1.4 29.6 11.4 0 1.4 30.2 11.2 0 

9/16/1993 0.0 15.0 4.0 0 0.0 15.4 5.3 0 

9/17/1993 0.0 19.5 10.4 0 0.0 20.0 10.4 0 
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9/18/1993 0.0 19.4 10.0 0 0.0 19.9 10.1 0 

9/20/1993 0.0 14.0 -0.2 0 0.0 14.4 2.0 0 

9/21/1993 0.0 16.1 5.1 0 0.0 16.5 6.2 0 

9/22/1993 0.0 18.8 3.0 0 0.0 19.2 4.5 0 

9/23/1993 1.4 21.2 6.5 0 1.4 21.7 7.3 0 

9/25/1993 1.4 20.5 2.8 0 1.4 21.0 4.4 0 

9/26/1993 7.4 18.8 10.8 0 6.6 19.2 10.7 0 

9/30/1993 0.0 10.5 -1.0 0 0.0 10.8 1.4 0 

10/1/1993 8.3 16.5 -0.7 0 7.4 16.9 1.6 0 

10/10/1993 0.0 8.5 -2.7 0 0.0 8.8 0.0 0 

10/11/1993 0.0 10.5 -4.5 0 0.0 10.8 -1.4 0 

10/15/1993 0.0 14.8 -1.2 0 0.0 15.2 1.2 0 

10/17/1993 19.2 15.1 9.9 0 16.7 15.5 10.0 0 

10/19/1993 0.0 12.2 1.0 0 0.0 12.5 3.0 0 

10/23/1993 0.0 11.0 -0.3 0 0.0 11.3 1.9 0 

10/27/1993 0.4 11.2 4.4 0 0.6 11.5 5.6 0 

10/30/1993 2.0 7.1 -2.5 0 2.0 7.3 0.2 0 

10/31/1993 0.2 2.9 0.4 0 0.4 3.1 2.5 0 

11/5/1993 8.9 15.0 2.6 0 7.9 15.4 4.2 0 

11/6/1993 0.0 3.2 -4.2 0 0.0 3.4 -1.2 0 

11/7/1993 0.0 2.8 -3.0 0 0.0 3.0 -0.2 0 

11/13/1993 1.7 15.2 -1.8 0 1.7 15.6 0.7 0 

11/15/1993 2.8 9.4 1.3 0 2.6 9.7 3.2 0 

11/17/1993 0.6 5.8 1.2 0 0.7 6.0 3.1 0 

11/25/1993 0.0 -4.4 -12.3 0 0.0 -4.4 -7.6 0 

11/27/1993 43.7 6.1 2.9 0 37.8 6.3 4.5 0 

11/30/1993 0.0 1.0 -5.7 0 0.0 1.1 -2.3 0 

12/11/1993 0.0 -5.8 -12.4 0 0.0 -5.8 -7.6 0 

12/22/1993 0.0 -0.8 -13.3 0 0.0 -0.7 -8.4 0 

12/24/1993 0.0 -3.2 -15.2 3 0.0 -3.1 -9.9 2.9 

12/27/1993 0.0 -8.9 -23.0 4 0.0 -8.9 -16.0 3.7 

12/28/1993 0.0 -8.5 -17.8 4 0.0 -8.5 -11.9 3.7 

 


