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Low impact development (LID) is a modern engineering design strategy that functions to 

mitigate the negative impacts of increased stormwater runoff and pollution by managing 

stormwater quality and quantity. It was hypothesized that the incorporation of LID may 

exacerbate hydrologic conditions and contribute to residential basement flood risk. The 

hydrologic model PCSWMM was used to assess the influence of LID on net infiltration 

depth and groundwater elevations using continuous simulation for a one-year period for 

three case-study sites located in the Greater Toronto Area. The inclusion of LID did 

influence site hydrologic parameters, though these results are inconclusive. However, it 

can be inferred that the increased risk of basement flooding due to exacerbation of 

hydrologic parameters would depend on the extensiveness of LID implementation. A 

novel methodology for the assessment of LID influence on residential basement flood risk 

was established using hydrologic modeling and probabilistic assessment techniques.  
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PREFACE 

The issue of residential basement flooding exists as a challenging task to be addressed 

by Canadian cities. An urbanized community, characterized by a high ratio of developed 

to undeveloped land surface coverage, is highly susceptible to water-derived perils 

stemming from severe weather events. Residential basement flooding occurs when 

environmental and geographical factors converge to form conditions which contribute to 

the generation of significant volumes of stormwater runoff. This runoff is generated in 

such volumes which cannot be controlled by traditional municipal infrastructure. As many 

traditional municipal infrastructure systems were designed decades prior to the 

consideration of the magnitude of present-day urbanization or severe weather events, the 

design capacity of these systems is less than what is required to capture and convey 

large volumes of stormwater runoff. Consequently, this leads to instances of pluvial 

flooding (i.e. surface flooding), a term that encompasses several flood mechanisms, 

including overland-derived, infiltration-derived, or sewer-backup-derived flooding, all of 

which can lead to a residential basement flood event. The development of modern 

stormwater management techniques has demonstrated considerable success in relieving 

traditional municipal infrastructure systems of overwhelming stormwater runoff volumes. 

Low impact development (LID) practices are one such technique, and function to mimic 

pre-existing hydrologic conditions while providing stormwater quantity and quality control.  

 
Despite their success, much remains to be understood regarding the long-term effects of 

modern stormwater infrastructure on the hydrologic regime; specifically, effects on sub-

surface hydrology and how this pertains to residential basement flood risk. It is the 

responsibility of government agencies and engineering professionals to maintain a 

comprehensive understanding of all implemented practices while considering their 

respective benefits and risks. Modern municipal infrastructure such as LID practices are 

being heavily implemented following design processes which most often only consider 

surface water interactions yet neglect to include a detailed assessment of groundwater 

interactions. Furthermore, modern municipal infrastructure design is also limited by the 

design considerations imposed by the city or municipality of construction, as well as the 

functionality of available hydrologic modeling software. Often, municipal infrastructure 
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design guidelines specify the use of event-based modeling techniques, in which a 

modeled municipal infrastructure system is assessed using several synthetically derived 

storm events which differ in occurrence frequency and intensity (e.g. 2-year through 100-

year design storms). However, given the current state of municipal infrastructure 

capabilities, questions have been raised regarding the inclusion of continuous modeling 

alongside the already established event-based modeling process.  This would in turn, be 

conducive to the creation of a holistic approach to modern municipal infrastructure design 

which could be applied in industry settings.  

 
This study recognizes the difficulties associated with time and budgetary constraints 

involved with the formulation of a holistic municipal infrastructure design process. 

Therefore, the product of this research has resulted in the execution of three individual 

research studies pertaining to the assessment of modern municipal infrastructure 

(specifically LID practices).  

 

Chapter 1 assesses the merits of event-based modeling techniques with an emphasis on 

statistical variations in the generation of synthetic design storms. Specifically, two 

common rainfall frequency analysis methods, the Annual Maxima Series (AMS) and 

Partial Duration Series-Exceedance, were evaluated to determine which method would 

be a more conservative estimate of rainfall intensities. AMS is commonly used in the 

synthesis of design storms due it its simplistic derivation, as only the highest rainfall 

values in any given year of record are utilized. PDS-E requires the establishment of a 

threshold rainfall value and will only consider all rainfall events within a period of record if 

they exceed said threshold. The key differentiation between AMS and PDS-E is revealed 

with the resulting synthetic design storms. For more frequent storm events (e.g. 2-year, 

5-year), the PDS-E-derived rainfall intensities will be greater than the AMS-derived rainfall 

intensities. This difference diminishes as the frequency as the storm events decreases 

(e.g. 50-year, 100-year).  
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In a period of persisting climatic volatility, storm events of increasing frequency and 

intensity are highlighting the need for resilient municipal infrastructure design. Therefore, 

the use of PDS-E may be more favourable over AMS for the design of municipal 

infrastructure to withstand frequent storm events. Acknowledging this, the objective of 

Chapter 1 is to develop AMS and PDS-E rainfall intensities in order to determine which is 

more suitable in the design of municipal infrastructure systems in a changing climate.  

 

Chapter 2 applies continuous modeling techniques to study the effect of LID on 

groundwater behaviour and residential basement flood risk at the catchment scale. 

Though LID provides several benefits related to the management of stormwater runoff 

quality and quantity, questions are now being raised regarding whether their increased 

infiltration capabilities may be contributing to increased residential basement flood risk. 

Research efforts pertaining to the study of LID performance have primarily focused on 

their positive benefits with respect to surface water and groundwater behaviour, yet little 

research has been conducted to explore if these benefits will be met with risks. There 

exists a significant gap in knowledge regarding the risks that LID may pose to subsurface 

infrastructure and basement flood risk. The objective of Chapter 2 is to study the effect of 

LID implementation on groundwater behaviour using continuous modeling techniques, for 

three case-study sites located in the Greater Toronto Area.  

 

Chapter 3 develops a detailed methodology for the calibration and validation of a 

PCSWMM groundwater component, to promote the consideration of groundwater 

behaviour when designing and implementing LID. A common requirement in the design 

and implementation of LID is the assessment of LID performance via a hydrologic 

modeling analysis; however, this assessment is often limited by a surface level analysis, 

as subsurface hydrologic conditions typically not considered beyond a preliminary 

assessment of LID infiltration capacity. Furthermore, available support from online 

professional communities (specifically, PCSWMM) towards calibration and validation 

efforts is at times subjective and is not conducive to the development of a comprehensive 

calibration and validation methodology. Therefore, the scope of Chapter 3 includes the 

development of a calibration and validation methodology for the groundwater component 
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of a PCSWMM hydrologic model. The objective of Chapter 3 is to develop a methodology 

such that it can be replicated for projects of varying site characteristics, and to promote 

the incorporation of groundwater assessment within LID design.  

 
It is the goal of this research to provide detailed information that can support a holistic 

approach to investigating modern municipal infrastructure design so as to reduce 

residential basement flood risk in the midst of severe weather events and foster the 

creation of resilient urban communities which can continue to protect future generations 

from the inevitable changes to environmental and anthropogenic processes which will 

continue to influence the modern world.  
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 Chapter 1 - Evaluation of Stormwater Infrastructure Design 

Storms Developed Using Partial Duration and Annual Maxima 

Series Models 

 
1.1 Introduction 

 
Urban water resource management relies upon the use of hydrologic data which can be 

mathematically transformed to represent the magnitude and probable frequency of flood 

recurrence (Dalrymple, 1960). Historical rainfall timeseries data are often used in this 

process and require the use of analyzation methods that transform the data into flood 

frequency estimates. These estimates are commonly utilized for the design of municipal 

infrastructure systems. Two common methods of rainfall frequency analysis are the 

Partial Duration Series-Exceedance (PDS-E) and the Annual Maxima Series (AMS); while 

the use of either method holds merit within water resources planning processes, 

distinctive differences between PDS-E and AMS require a detailed understanding and 

reasoning to support their implementation within municipal infrastructure design.  

 
PDS-E evaluates a historical rainfall timeseries by only utilizing flood events which exceed 

a pre-determined threshold value, is governed by the Poisson assumption, and results in 

a frequency distribution of peaks above threshold exceedance which is represented by 

the generalized Pareto (GP) distribution (Ben-Zvi, 1996; Pham et al., 2014). AMS differs 

from PDS-E as it is evaluates a historical rainfall timeseries by only utilizing the single 

largest flood event in a given year (Dalrymple, 1960).  

 
The application of PDS-E or AMS statistical methods results in marked variances 

between the resulting flood frequency estimates. Typically, PDS-E yields larger flood 

frequency values for when compared to AMS; this difference is significantly greater when 

higher frequency events are modeled (i.e. 2-year, 5-year, 10-year) and diminishes with 

events of lesser frequency are assessed (i.e. 25-year, 50-year, 100-year) (Munoz, 2017; 

Takeuchi, 1984). This is an important distinction to consider when assessing the 

applicability of PDS-E and AMS for municipal infrastructure design.  
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To assess the merits of using the PDS-E model over the AMS model for frequent events, 

derived rainfall intensities are used to model 2 and 5-year storm events of 6 and 12-hour 

duration for three case-study sites within the Greater Toronto Area (GTA). The simulation 

uses the Low Impact Development Treatment Train Tool (LID TTT), which has been 

developed by Conservation Authorities within the Province of Ontario including the Lower 

Simcoe Region Conservation Authority (LSRCA), the Credit Valley Conservation 

Authority, (CVC), and the Toronto Region Conservation Authority (TRCA). It utilizes 

annual or event-based runoff volumes to return a water budget analysis and pollutant load 

removal with the implementation of Best Management Practices (BMP) and Low Impact 

Development (LID) methods and is built upon the pre-existing EPA SWMM5 model  

(STEP, 2017). The case study sites vary in land use, size, and LID methods, which is 

useful when assessing how the PDS-E and AMS models will function in various site 

composition scenarios. Moreover, as modern municipal infrastructure such as LID 

practices are particularly sensitive to precipitation capacity limits, it is of great interest and 

benefit to explore how these structures perform with variances in design storms. This can 

provide further insight on infrastructure functionality when faced with repeated storms of 

increasing intensity and frequency as experienced in present day.   

 
1.2 Literature Review 

 
The implementation of LID practices has in recent years been pivotal to meeting 

government-mandated requirements for stormwater quality and quantity management. 

The development of these practices first began in the early 1990s in response to costly 

economic and environmental impacts associated with larger storm events, which 

exceeded the capacity of conventional stormwater infrastructure (Wang et al., 2016). LID 

practices have the capability to decrease peak runoff by as much as 40-90% while 

simultaneously removing and attenuating contaminants in storm water by employing 

treatment methods such as passive volatilization, photodecomposition, adsorption, 

microbial biotransformation, and dilution (Newcomer et al.,2014).  

 
While the effectiveness of LID practices is becoming well characterized, the impact of 

climate change on the effectiveness of LID is less understood. LID practices have 
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demonstrated decreasing effectiveness against storm events of increasing intensity and 

frequency, a phenomenon which has been repeatedly observed (Hoss et al., 2016). This 

indicates the need for LID practice design specifications to consider the effects of climatic 

volatility combined with the alteration of urban landscape patterns driven by 

socioeconomic and ecohydrological factors (Chang, 2010). Above all, concerns of 

stormwater infrastructure capabilities are high in heavily urbanized areas which 

incorporate both large development patterns with high population densities (Atieh et al., 

2017; Kirshen et al., 2015).  

 
In a study completed by Wang et al., (2018), it was found that urbanization and climate 

change have significant adverse effects on existing stormwater management systems, 

and it was recommended that design parameters should be included in LID design 

technologies to provide resiliency to potential surges in rainfall intensity and increases in 

site imperviousness. Forsee & Ahmad (2011) developed a method of stormwater 

infrastructure assessment against evolving precipitation events influenced by climate 

change. Using a regional frequency analysis, changes in the 6-hour, 100-year design 

storm depth were predicted and used within an existing HEC-HMS model. It was 

observed that select stormwater infrastructure within the system indicated the inability to 

meet existing design standards (Forsee & Ahmad, 2011). Traditionally, the design of 

stormwater infrastructure was reliant upon the use of historic climate data, which was 

assumed to be constant (Zahmatkesh et al., 2015). These data are not representative of 

precipitation-amplified storm events associated with climate change. Therefore, the 

design and development of LID practices when using outdated rainfall data may not 

provide LID practices with resiliency to more severe and frequent storm events.  

 
To provide future stormwater infrastructure with the means of providing both quality and 

quantity control for larger, more frequent storm events, many design approaches are 

available. Kirshen et al. (2015) suggested that the development of multicriteria scenario 

analysis can be used to effectively generate climate change adaptation strategies related 

to stormwater infrastructure design. Major attributes identified include a vulnerability 

assessment, proactive adaptation strategies, climate change scenario analysis, among 

others. It is, therefore, crucial to adequately understand the current state of stormwater 
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infrastructure to be able to develop a proper adaptation strategy. Pyke et al. (2011) 

evaluated the effectiveness of LID practices within an urban setting under changing 

precipitation patterns. LID practices were found to be most sensitive to site impervious 

cover, followed by changes in precipitation volume, and lastly, event intensity. The 

implementation of LID practices to provide quality and quantity control can also provide 

short-term, development-related, economic benefits in addition to long term damage-

related economic benefits when compared to traditional stormwater infrastructure. 

Williams & Wise (2009) found that the development of LID practices provides modest cost 

savings when compared to traditional design methods such as the cluster development 

concept. The optimization of LID practices encompasses numerous aspects of design 

engineering and simulation. Karamouz & Nazif (2013) evaluated the impacts of climate 

change a combination of stormwater management modeling and optimization modeling 

that identified functions of maximum reliability, the minimum cost of flood damage, and 

minimum cost.   

 
For the above reasons, this study assesses two different methods of determining rainfall 

data using the AMS and PDS-E methods to determine which provides better strategies 

for stormwater infrastructure planning and management. To explore the use of PDS in 

design rainfall estimation, this study develops the following: 1) utilizes the design rainfall 

estimates from models using both PDS-E and AMS obtained from Vrban et al., (2018); 

and, 2) compares the design rainfall estimates from the LID TTT using both AMS and 

PDS-E, in relation to model precision, accuracy, and water balance.  
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1.3 Methodology 

 
Precipitation Data 

 
This analysis uses PDS-E- and AMS-derived IDF curves which utilize historical rainfall 

records at 21 stations in Ontario, Canada, all with 40 years of more of historical records.  

 
The PDS-E data series is extracted from a historical rainfall record by selecting rainfall 

events that exceed a specified occurrence ("#) with a corresponding time of occurrence. 

A PDS-E is extracted by threshold "# from % years of rainfall record as {"', "), … , "+}, 
which has an empirical CDF of -.(") and is usually modeled either by an Exponential 

distribution (EP) or Generalized Pareto distribution (GPA). The design rainfall intensity 

("/#0) for 12-year return period can be represented by Equation 1  

"/#0 = -.4' 51 −
1
8 ln	(

12
12 − 1

)< Equation 1 

 
where the arrival rate (8) is defined as the number of exceedances in each year (Vrban 

et al., 2018). The exceedance threshold for the PDS-E was selected to be all independent 

events more intensive than the minimum of the AMS record.   

 

An AMS is a data series of maximal value in each year, regardless of the magnitude of 

the value. Therefore, the number of values in AMS always equals the number of years of 

record. An AMS model is a probability distribution model fitted to AMS with the aim of 

characterizing relationships between recurrence intervals and design rainfall intensities. 

An AMS is extracted from % years of rainfall records as {"', "), … , "+}, which has an 

empirical CDF of -2(") (Vrban et al., 2018). The design rainfall intensity for a for 12-year 

return period can be represented by Equation 2. 

"/#0 = 	-24'(1 −
1
12
) Equation 2 
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Case Study Sites 

 
The study applies the AMS and PDS-E derived rainfall data to three pre-constructed case 

study models developed in the LID TTT to observe differences in total site rainfall, site 

infiltration, and site external outflow. Each location incorporates a combination of LID and 

BMP technologies to provide both stormwater quantity and quality control.  

 
The first case-study site is Elm Drive located in the City of Mississauga. The site is 0.64 

ha in size with a total site imperviousness of 49.8% and is classified as a mixed-use street 

containing residential homes and an adult education center (CVC, 2016). A treatment 

train of LID practices is implemented on site including a permeable layby, permeable 

sidewalk, and bioretention cells (CVC, 2016). Prior to the LID retrofit, Elm Street Drive 

drained into the Cooksville Creek with little treatment, and runoff ultimately flowed to Lake 

Ontario (CVC, 2016). In previous studies the LID TTT was found to perform reasonably 

well at estimating stormwater quality and quantity values, and therefore supports the use 

of the LID TTT for studying the effect of AMD and PDS-E derived rainfall data (CVC, 

2016). 

 
The second case-study site is the Honda Campus commercial building located in the City 

of Markham. The site is 17.98 ha in size with a total site imperviousness of 60.0%, with 

an industrial land use classification. This site is a Honda head office location (STEP, 

2018). This site was constructed to incorporate various LID practices for addressing 

stormwater management, water quality enhancement, water conservation, and energy 

conservation objectives. LID practices implemented on this site include rainwater 

harvesting and recycling, permeable pavement, and biofiltration systems (STEP, 2018).  

The third case-study site is the Mosaik Subdivision located in the Town of Newmarket. 

The site is 12.07 ha in size with a total site imperviousness of 52.8%. This site consists 

of semidetached/detached residential and incorporates LID of underground 

infiltration/exfiltration system and bioretention cells (i.e. rain gardens, vegetated biofilters) 

(STEP, 2016). A summary of the site-specific characteristics of each case study model is 

shown in Table 1.1. 
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Table 1.1 Summary of Site-Specific Characteristics for LID TTT Case Study Sites 

Case Study Elm Drive Honda Campus Mosaik Subdivision 

Classification Residential Industrial Residential 

Area (ha) 0.64 17.98 12.07 

Impervious (%) 48.9% 64.0% 52.8% 

LID Practices 
permeable pavement; 

bioretention cells 

rainwater cistern; 

permeable pavement; 

drainage swales; 

bioretention cells 

bioretention cells; 

underground infiltration/ 

exfiltration system 

 
1.4 Results 

 
1.4.1 Comparison of PDS and AMS Derived Rainfalls using the LID TTT 

 
The rainfall data derived from both the PDS-E and AMS methods were applied to existing 

LID TTT case study site simulations located in metropolitan cities within Ontario, Canada. 

These sites utilize a combination of LID and BMP techniques to provide the stormwater 

quantity and quality control. Two and 5-year simulations were modeled for 6 and 12-hour 

storm durations. A comparison of key water balance outputs obtained from the PDS-E 

and AMS methods for 2 and 5-year, 6 and 12-hour durations can be seen in Table 1.2. It 

was observed that the implementation of the PDS-E-derived rainfall data resulted in 

significantly larger values of site rainfall, site infiltration, and site external outflow when 

compared to simulations run with the AMS-derived rainfall data.  
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Table 1.2 Summary of LID TTT Water Balance Outputs for 6-hr and 12-hr Duration Models for Three Case Study Sites (AMS versus PDS-E) 

 

 

 

 

 

 

Site 

Site 

Area 

(ha) 

Storm 

Length 

(hr) 

Return 

Period 

(yr) 

AMS Derived Rainfall PDS-E Derived Rainfall 
Site Rainfall 

Difference 

(%) 

Site Infiltration 

Difference (%) 

External 

Outflow 

Difference 

(%) 

Site 

Rainfall 

(mm) 

Site 

Infiltration 

(m3) 

External 

Outflow 

(m3) 

Site 

Rainfall 

(mm) 

Site 

Infiltration 

(m3) 

External 

Outflow 

(m3) 

Elm 
Drive 

0.64 

6 
2 33.85 143.62 55.30 38.77 151.14 79.70 13.55 5.10 36.15 

5 46.79 160.72 122.00 49.60 163.63 137.00 5.83 11.58 11.58 

12 
2 39.82 158.66 77.90 44.99 166.03 104.00 12.19 4.54 28.70 

5 53.87 176.93 151.00 57.07 180.54 168.00 5.77 10.66 10.66 

Honda 

Campus 
17.98 

6 
2 33.85 2071.66 1752.20 38.77 2226.55 2219.30 13.55 7.21 23.52 

5 46.79 2416.82 3158.00 49.60 2480.09 3562.00 5.83 12.02 12.02 

12 
2 39.82 2184.28 2338.00 44.99 2302.97 2907.00 12.19 5.29 21.70 

5 53.87 2488.60 4148.00 57.07 2551.90 4628.00 5.77 10.94 10.94 

Mosaik 

Subdivision  
12.07 

6 
2 33.85 1940.06 1591.50 38.77 2051.42 1874.70 13.55 5.58 16.34 

5 46.79 2204.70 2377.60 49.60 2240.92 2565.80 5.83 1.63 7.61 

12 
2 39.82 2073.97 2007.90 44.99 2175.69 2342.30 12.19 4.79 15.37 

5 53.87 2309.66 2978.00 57.07 2357.81 3208.00 5.77 2.06 7.44 
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1.5 Discussion 
 
The implementation of the AMS and PDS-E derived rainfall intensities within the LID TTT 

for case study analysis yielded results which coincide with the behavior expected with 

each series. As shown in Table 1.2 the PDS-E model resulted in considerably larger 

differences in site rainfall, site infiltration, and external outflow. Two and 5-year storm 

events of 6-hour duration saw 13.6% and 5.8% more rainfall, respectively, for all case 

study sites. Two and 5-year storm events of 12-hour duration saw 12.2% and 5.8% more 

rainfall, respectively, for all case study sites. This increase in site rainfall resulted in a 

larger volume of runoff being infiltrated by the study site and all associated BMPs and 

LIDs, as well as external site outflow. Two and 5-year storm events of 6-hour duration for 

all case study sites indicate an increase in infiltration ranging from 5.1-7.2% and 1.6-

12.0%, respectively, and increase in external outflow of ranging from 16.3-36.2% and 7.6-

12.0%, respectively, with the with the PDS-E rainfall data. Two and 5-yr storm events of 

12-hour duration for all case study sites saw an increase in site infiltration ranging from 

4.5-5.3% and 2.2-10.9%, respectively, and increase in external outflow of ranging from 

15.4-28.7% and 7.4-11.0%, respectively, with the with the PDS rainfall data.  

 
By implementing each model within the LID TTT, it is evident that all three case study 

sites experienced a larger overall water balance with the PDS-E model. Increases in site 

rainfall, site infiltration, and external outflow are important to identify as these factors 

determine not only how the capacity of future stormwater systems should be designed, it 

also influences downstream existing stormwater infrastructure that can have the potential 

to receive the captured runoff. As outdated historic rainfall events continue to become 

less accurate representations of current and future rainfall events, it is important to 

anticipate what changes may come, and defensively design stormwater infrastructure 

around these changes. The PDS-E model provides a means of overestimation of capacity 

requirements for more frequent return period events (2 and 5-year), which is beneficial 

when the influences of climate variance on precipitation events is considered.  
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The resiliency of urban areas against severe storms and flood risk is dependent upon the 

robustness and adaptability of municipal infrastructure systems. As LID continues to gain 

popularity as an alternative to traditional municipal infrastructure, it is important to be 

cognizant of how LID can and must be adapted to account for changing environmental 

conditions. Typically, the design of LID requires that the first 25 mm of rainfall (i.e. first 

flush) to be infiltrated, as this runoff often contains the highest concentration of pollutants 

(MECP, 2017). Furthermore, LID is often viewed as a stormwater quality treatment tool 

first, and a stormwater quantity management tool second. However, given the current 

state of climatic volatility and intensification of the hydrologic cycle, new and innovative 

methods of stormwater management are being sought out. The use of LID to control not 

only the 25 mm event, but more frequent events such as the 2-year and 5-year event, are 

now being explored. It is therefore pertinent to utilize design methods which consider both 

present day conditions and anticipate changes to those conditions (such as further 

intensification of the hydrologic cycle) in the future. It is for this reason that the PDS-E 

model is favored over the AMS model for the development of higher frequency return 

period events, as it will allow for the overdesign of said infrastructure, which is more 

favorable than an under design which can result in infrastructure failure and costly repairs.  

 
1.6 Conclusion 
 
There is an important debate amongst practitioners whether to use the PDS-E or the AMS 

methods for developing the design storm for urban infrastructure. This study shows 

conclusive evidence that for more frequent events, the PDS-E method can result in 4 to 

10% larger rainfall intensities than in the AMS method, on average, indicating the merits 

of using the more conservative PDS-E method for exceedance-based modeling of 

frequent storm events. The PDS-E, focusing on the average recurrence interval between 

exceedances of design rainfall intensity, is more appropriate from a conceptual point of 

view for stormwater infrastructure design objectives. Besides, the PDS-E generally 

provides estimates greater than the AMS model for more frequent events (2 and 5-year).  

 
In engineering design, infrastructure is designed with the capacity to carry a heavy storm, 

for example, once in five years return period on average. This design principle is, in fact, 
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expected for one exceedance in every five years. However, the AMS model predicts event 

magnitudes which are exceeded in one year, despite the number of exceedances in any 

individual year. Therefore, for frequent events, using AMS model predictions in 

stormwater infrastructure design is misleading. Use of the PDS-E exceedance-based 

model to estimate the design rainfall for stormwater system design is more appropriate 

from a conceptual/philosophical standpoint.  

 
This is further supported by the comparison of the case-study site water balance analysis 

when using the AMS, and PDS-E derived rainfall data. Results demonstrate that for the 

2 and 5-year storms of 6 and 12-hour duration, the PDS-E model resulted in greater site 

rainfall, infiltration, and external outflow when compared to the AMS model. When 

accounting for the increase in intensity and frequency of storm events, combined with 

rising occurrences of urban flood events, it is important to select methods of infrastructure 

design that account for expected fluctuations in received runoff, to minimize the risk of 

system failure. Therefore, the PDS-E method is recommended over the AMS method for 

developing the design storms for higher frequency return period events for stormwater 

infrastructure. 
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 Chapter 2 - Influence of Low Impact Development Practices 
on the Hydrologic Regime and Residential Basement Flood 
Risk 
 
Abstract 
 
Low impact development (LID) is a municipal infrastructure design strategy that attempts 

to mimic pre-development hydrologic conditions through enhanced infiltration, 

evapotranspiration, storage, and filtration of stormwater runoff as close to the source as 

possible. LID is growing in popularity as an alternative method to traditional stormwater 

management techniques such as gray infrastructure (e.g. sewer systems, detention 

ponds, catchbasins). However, questions are now being raised regarding whether the 

enhanced infiltration capabilities of LID can contribute to basement flood risk. To address 

this gap in knowledge, this study proposes a novel hydrologic modeling methodology to 

assess the impact of LID on groundwater hydrology and residential basement flood risk. 

The hydrologic model PCSWMM was used to assess the influence of LID on net 

infiltration depth and groundwater elevations using continuous simulation for a one-year 

period for three case-study sites located in the Greater Toronto Area. A probabilistic 

approach was applied to determine the probability of groundwater elevations exceeding 

a high water table elevation. Results indicate that LID did not have a significant impact on 

infiltration depth or groundwater elevation exceedance probability. The interpretation of 

results suggests that the inclusion of LID did not result in increased basement flood risk 

for the three case-study sites modeled. However, due to simplifications in the modeling 

methodology, the results of this study are not conclusive. Further study is required to 

assess the long-term impact of LID on basement flood risk. Though the results of this 

study are not conclusive, a novel methodology for the assessment of LID influence on 

residential basement flood risk was established through the coupled use of hydrologic 

modeling and probabilistic assessment techniques, further contributing knowledge 

towards the field of water resource management. 
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2.1 Introduction 
 
Incidents of residential basement flooding are escalating at an alarming rate in Canadian 

cities (Abebe et al., 2018; Nastev & Todorov, 2013; Thistlethwaite & Henstra, 2017a). 

This growth has been observed concurrent to the development of severe weather events, 

which have most notably affected densely-populated city centers characterized by heavy 

urbanization (Chang et al., 2018; Lemmen et al., 2008; Whiteley, 2014; Yin et al., 2016). 

With the threatening presence of environmental and anthropogenic factors, this observed 

rise in residential basement flood events has left many doubting the performance 

capabilities of existing municipal infrastructure systems. New and emerging technologies 

in stormwater management (SWM) have been developed and as standalone practices, 

have demonstrated the ability to assist in urban stormwater runoff quality and quantity 

control. However, the effect of these technologies on the structural integrity of surrounding 

building developments is not yet understood. This lack of understanding is prevalent in 

existing guidelines and building codes, as questions have been raised regarding the 

limited integration between municipal infrastructure and housing design documents. 

Advances in municipal infrastructure are beneficial to the resiliency of urban 

developments, but it is important to optimize and amplify these benefits through the 

proper assimilation within other engineering systems and building infrastructure. 

 
Major efforts have been undertaken to create and promote effective SWM design 

guidelines, green infrastructure, and flood mitigation strategies, to encourage and support 

urban area flood resiliency. The Canadian government plans to invest approximately $22 

billion CAD over the next 11 years in green infrastructure, disaster mitigation, and the 

development and implementation of building codes, among others (Feder, 2017). This 

development is welcomed at a time where residential pluvial flooding persists as a 

problematic and multi-faceted issue in the fields of water resources engineering and 

actuarial sciences. The number of water-related damage claims has surpassed those of 

fire and theft-related damage claims combined (KPMG, 2014), and despite best efforts to 

adapt to changing environmental and anthropogenic conditions, incidents of residential 

basement flooding are increasing in frequency and severity. Questions have been raised 
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regarding the efficacy of traditional and modern SWM infrastructure and has prompted 

intensive research efforts from public and private sector industries to determine the 

primary contributors to residential basement flooding, and at what point do the benefits 

provided by SWM design transform into risks. Ultimately, this knowledge can be used to 

further advance flood mitigation strategies to build, and maintain, resilient urban centers 

and reduce future residential basement flood risk. A fundamental understanding of the 

mechanisms contributing to residential basement flood events (i.e. pluvial flooding) is 

crucial in these mitigation efforts.    

 
Pluvial flooding, also referred to as surface water flooding, occurs when a heavy rainfall 

event overwhelms SWM infrastructure and remains on impermeable surfaces, often 

creating temporary overland flow routes and ponding in areas not designed to cope with 

excessive runoff volumes (Palla et al., 2018). Pluvial flooding is not a new occurrence; for 

decades, development projects have utilized municipal infrastructure that was designed 

and constructed with the inherent intent that some level of risk associated with system 

failure due to flooding is present. However, this risk was traditionally associated with 

coastal and fluvial (i.e. riverine) flood classifications because historically they inflicted a 

greater extent of damage on developed areas (Zhou et al., 2012).  

 
Although coastal and fluvial floods continue to prove detrimental, severe weather events 

have revealed the ill-preparedness of urbanized areas against pluvial flooding. 

Determining contributing factors to pluvial flooding is complex because it is difficult to 

identify individual factors and their magnitude of impact; however, persisting climatic 

volatility and anthropogenic influence are generally accepted as the primary causes of 

pluvial flooding and its continued intensification in recent years (Gaur et al., 2018; 

Schilling et al., 2014; Zhou et al., 2012). In densely populated urban areas, these events 

have demonstrated the challenges for both mature and newly constructed municipal 

infrastructure systems to capture and convey significant quantities of stormwater runoff; 

inevitably, system failure is often the greatest consequence, and is a major contributor to 

pluvial flooding. Residential properties possess a sensitive threshold to water damage, 

as even the smallest volumes of pluvial flood waters can require costly and time-

consuming repairs. Specifically, the below-grade (i.e. basement) component of a 
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residential home is particularly susceptible to pluvial flood mechanisms as it is the closest 

in elevation to all three forms of pluvial flooding (i.e. sewer backup, overland, and 

infiltration).  Given the complexity and severity of residential basement flooding, this study 

will focus research methods on infiltration-derived basement flooding.  

 
In Canada specifically, severe weather coupled with rapid urbanization that have been 

increasing over the last decades has created favourable conditions for pluvial flooding 

that have been growing in frequency over the last decades. In June 2013, the southern 

region of the Province of Alberta underwent a period of severe snowmelt within the 

Canadian Rocky Mountains region followed by a heavy rainfall event, resulting in 

widespread flooding, mass evacuation of approximately 120,000 residents, and 

estimated damages exceeding $1.74 billion CAD (Abebe et al., 2018; Zizzo et al., 2014). 

Shortly following this event, a heavy rain event resulted in 126 mm of precipitation over a 

two-hour time period in the southern region of the Province of Ontario (Thistlethwaite & 

Henstra, 2017a), leaving 50,000 residents without power, over 1,000 reported complaints 

of basement flooding within the City of Toronto (Nastev & Todorov, 2013), and ultimately, 

$940 million CAD in damages.  

 
Overall, 2013 brought with it an onslaught of natural disasters contributing to 

$3.2 billion CAD being paid out to policy holders for water damage-related claims (IBC, 

2014). This is a staggering quantity of financial compensation to be provided in such a 

short time span; however, the reality for many Canadian homeowners is that the current 

state of flood protection is difficult to navigate, with most insurance agencies offering 

partial coverage that does not include all three pluvial flood entry methods, all of which 

have the capability to inflict severe damage to a residential basement. Most commonly, 

coverage is only offered for claims made due to sewer backup-derived water damage, 

with limited coverage being offered for overland flooding, and no coverage being offered 

for infiltration flooding (Sandink, 2011). Nevertheless, the prospect of obtaining some form 

of coverage has, in many cases, done little to assist homeowners in their time of need. 

Often, the total cost of damage to a residential basement far exceeds the amount that 

can be covered in an insurance policy, creating a significant financial burden.  
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The average cost to repair a flooded residential basement is $40,000 CAD (Feltmate et 

al., 2017). Although this appears to be an erroneous estimation, the modern-day practices 

in residential basements give justification to the extreme repair cost. Residential 

basements are no longer left as unfinished units utilized solely for storage. It is common 

to now see basements as an entertainment or home fitness center; in some cases, it may 

even be converted to a secondary residence to be utilized as an income property. 

Homeowners invest a significant amount of capital to optimize this space in their home. 

As most insurance packages offer limited coverage for residential basement flood 

damage, or simply exclude this coverage from their insurance plans, more effort needs 

to be made to understand the mechanism of urban SWM design and to mitigate flood risk 

prior to the next severe storm event. Misconceptions experienced by homeowners with 

regards to the Canadian Insurance Industry and flood damage coverage, coupled with 

the need to remain adaptable as urban communities, indicate the urgent need to further 

knowledge in SWM design and flood mitigation.  

 
For many residential homeowners, concern regarding the costly property damage from 

failing SWM systems has been amplified by the increasing trend in severe storm events 

in recent years. In fact, Canadian homeowners who have previously experienced pluvial 

flooding are developing a conditioned fear of rain in response to the socio-economic 

damages associated with these events. A study completed by the University of Waterloo’s 

Intact Centre on Climate Adaptation found that 47% of flooded residential occupants 

experienced elevated worry and stress compared to 11% of residents who were not 

flooded (Intact Centre on Climate Adaptation, 2018). This fear is warranted, as the effects 

of floodwater damage can linger for months if not years, after the event has occurred. 

Loss of property, possessions, and health risks are a source of major concern for affected 

homeowners. In a study completed by Pearce et al. (1995), several homes in the upper 

midwestern United States were examined and found that elevated mold levels existed 

within the homes 17 months after they were established as ‘clean and dry’. Despite the 

short- and long-term consequences, many homeowners are still unwilling to accept 

personal responsibility for risk reduction. Thistlethwaite & Henstra (2017) assessed 

Canadian demographic data regarding the topics of flood risk perception and personal 
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flood experience. Overall, the majority of the study sample (2300 respondents) 

demonstrated a low perception of flood risk, despite the sample area being predetermined 

so as to only include areas identified to be at risk by the Flood Damage Reduction 

Program; 6% of the sample believed to be in a designated flood risk area, and 13% 

believed their area of residence was within a vulnerable flood area (Thistlethwaite & 

Henstra, 2017a). 

 
Residential basement flooding is a difficult issue facing millions of Canadians and has 

proven to restrict the resources of the Canadian insurance industry, as well as private 

and public sector firms. Pluvial flood mechanisms are complex, and it is difficult to 

understand how various factors contribute to residential basement flood risk. Advances 

in stormwater management technologies have resulted in the development of less 

invasive methods of runoff reduction. Green infrastructure has been favoured for 

implementation in heavily urbanized areas as it functions to protect, restore, or mimic the 

natural water cycle while providing environmental and socio-economic benefits to the 

surrounding area (MECP, 2017); common examples of green infrastructure include 

parklands, natural channels, and floodplains (MECP, 2017). A subsection of green 

infrastructure known as a Low Impact Development (LID) practices have grown in 

popularity as an alternative to traditional SWM techniques.  

 
LID practices are stormwater management strategies that work to improve the hydrologic 

regime of urbanized areas by mimicking pre-development hydrologic conditions through 

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

(MECP, 2017; Zhang et al., 2018). LID practices can achieve improved water quality and 

quantity conditions through these processes; stormwater flows can be reduced in volume 

and intensity, and aid in the filtration of harmful contaminants such as metals, nutrients, 

and pathogens (MECP, 2017). Given their apparent positive influence on the hydrologic 

regime, LID practices have been widely installed in urban areas that have faced problems 

with overburdened drainage infrastructure and require novel methods of runoff 

management.  

 
Despite being well received as an alternative to traditional SWM techniques, questions 
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are being raised regarding long-term viability of LID practices, and if there exists a 

threshold, which if crossed, could mean that they begin to pose a risk to SWM, rather 

than a benefit. Specifically, it is unclear what the nexus between LID practices and 

groundwater interaction is, specifically in areas with shallow groundwater tables. In these 

instances, cross-flows from infiltrating surface water and below grade groundwater 

elevations may be exacerbated. This is a serious issue and if LID practices are installed 

within a residential development, the potential may arise to add to the risk of basement 

flooding. By concentrating groundwater recharge in a small area, groundwater mounding 

can affect nearby basements and drainage infrastructure (USGS, 2010). This may 

contribute to groundwater-induced infiltration (GWII) in drainage infrastructure and 

increase the risk of both infiltration-derived and sewer surcharge-derived basement 

flooding.  

 
While existing guidelines regarding building construction and municipal infrastructure 

design in the Province of Ontario (e.g. Ontario Building Code, Low Impact Development 

Stormwater Management Planning and Design Guide) offer some insight regarding 

defensive design against shallow water tables, it is unclear whether these documents 

consider in detail, the potential risks associated with increased infiltration in an urban 

area. For example, the Ontario Building Code (OBC) provides a design alternative when 

a residential basement foundation is constructed in a shallow water table environment. 

However, this is assuming that the shallow water table is a seasonal trend, with the 

highest water table elevations occurring during the spring months (Ontario, 2012). No 

suggestion could be found regarding prolonged water table elevations that may occur in 

hydrologic conditions characterized by an urbanized surface cover, and the inclusion of 

external infiltration techniques such as LID practices.  

 
Stormwater management and flood mitigation strategies are integral components of 

urban drainage infrastructure design and residential planning. The ability of these 

documents to provide comprehensive and accurate instructions for development projects 

is dependent upon the availability and detail of site-specific conditions, a fundamental 

understanding of current and projected environmental conditions, as well as detailed 

knowledge of emerging infrastructure technologies and their applicability in urban areas. 
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Traditionally, these guidelines are drafted using several sources of historical data (e.g. 

rainfall intensity, soil conditions, drainage area capacity requirements, among others), 

under the assumption that the past is predictive of the future; in the wake of rapid 

urbanization, exponential population growth, and climactic changes, this is no longer a 

viable assumption to make. In recent years, severe flood events in urban areas have 

identified the inability for traditional stormwater management techniques to manage 

increased runoff volumes that have been amplified by anthropogenic and environmental 

change. The introduction of green infrastructure and LID practices have been well 

received as a supplementation measure alongside traditional stormwater management 

methods, due to their ability to non-invasively return the surrounding hydrologic regime to 

pre-development conditions.  

 
 

Still, there remains considerable uncertainty regarding the nexus between LID practices, 

groundwater hydrology, and residential basement flood risk. The modern infrastructures 

have, thus far, demonstrated the capability to relieve traditional SWM infrastructure 

through aiding in runoff quality and quantity control. Several studies have quoted the 

benefit that LID practices have provided for the hydrologic regime, specifically infiltration 

and groundwater recharge (Endreny & Collins, 2009; Mooers et al., 2018; Newcomer et 

al., 2014; Zhang et al., 2018). Yet little consideration has been directed towards these 

implications in an urban setting. Severe weather events, coupled with rapid urbanization, 

have resulted in greater quantities of water needing to be infiltrated by diminishing 

pervious areas. With the rise in residential basement flood events, the implications of all 

aspects, both positive and negative, of municipal infrastructure design must be 

considered. LID practices have quickly become widely accepted as successful method of 

runoff quantity and quality control, but research has not yet begun to consider what risks 

may be associated with these benefits. There exists a gap in knowledge where it is 

unknown if, and to what extent, the enhanced infiltration provided by LID practices may 

compromise the structural integrity of below grade construction materials, or seep into 

existing municipal infrastructure systems and contributed to exacerbated inflow and 

infiltration (I/I) flows, ultimately contributing to increased residential basement flood risk.  



 
 

24 
 

 
This study proposes to bridge this gap in knowledge by using robust hydrologic modeling 

techniques to study the performance and impact of LID practices on groundwater 

hydrology and residential basement flood risk. The research presented in this study seeks 

to identify the benefit threshold of LID practices and, determine if their implementation will 

result in endangering the structural integrity of below grade infrastructure. Ultimately, it is 

the goal of this research study to apply the collected results in a manner that can provide 

additional insight regarding the inclusion and defensive implementation of LID practices 

within building construction and municipal infrastructure design processes, so as to 

optimize overall site design while increasing resiliency against residential basement flood 

risk.  
 

2.2 Literature Review 
 
2.2.1 The Evolution of Stormwater Management 
 
The increase in residential basement flooding in Canadian cities has identified 

inadequacies in the existing methods and implementation of SWM design during a period 

of marked environmental and anthropogenic volatility. While as a whole, Canada has 

experienced the repercussions of severe storm events within urban areas, the Province 

of Ontario has faced the greatest impact. Actuarial data obtained from Catastrophe 

Indices and Quantification Inc. was used to assess the severity of personal damage 

claims during notable weather events, on a provincial scale. Over a ten-year examination 

period, the Province of Ontario incurred almost half of all personal damage claims 

originating from water and/or flood perils, as presented in Figure 2.1. 
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Figure 2.1 Claims Incurred due to Water and/or Flood Perils (2008-2017) 

 
This has signaled the need for further study of municipal infrastructure systems and the 

limitations of their performance against these changing conditions. The strong push to 

incorporate innovative technologies and practices such as green infrastructure and LID 

practice have done so to establish robust, resilient urban centers that are able to relieve 

traditional SWM systems for increased resiliency of municipal infrastructure. Traditional 

methods commonly utilized gray infrastructure such as pipe networks, curbs, gutters, and 

roadways, for the capture and conveyance of stormwater runoff (Eckart, McPhee, & 

Bolisetti, 2017). While gray infrastructure can quickly and safely convey stormwater with 

a centralized system, it is not without its drawbacks; improved runoff conveyance within 

a highly impervious area often results in increased peak flow, reduced time of 

concentration, and reduced infiltration rates. Green infrastructure such as LID practices 

seek to pre-development water balance parameters and restore balance to the hydrologic 

regime. While the intended use of LID practices holds merit, further study is necessary to 

determine whether there are unforeseen circumstances associated with this form of 

municipal infrastructure.  

 
In the Province of Ontario, a notable shift has been observed in the municipal 

infrastructure application, where traditional SWM systems have amalgamated with lot-

level green infrastructure and LID practices. This shift is indicated by the publishing of 
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several municipal infrastructure design guidelines which have documented the evolution 

of SWM systems. The Ministry of the Environment, Conservation, and Parks (MECP) Low 

Impact Development Stormwater Management Guidance Manual Draft. No 2 is the 

current document on modern infrastructure design (MECP, 2017).   

 
In the infancy of SWM within the Province of Ontario, issues regarding design 

implementation arose primarily due to a general lack of understanding within the land 

development domain, as well as limited funding to support comprehensive research 

efforts (Korsiak & Mulamoottil, 1986). The evolution of modern SWM began in the 1970s, 

when water quality issues identified the need to individually manage wastewater and 

stormwater (Stantec Consulting Ltd., 2018). While the development of efficient 

stormwater infrastructure systems assisted in water quality management, it also added 

new challenges such as watershed flooding and channel erosion. As a result, water 

resources engineering was primarily focused on addressing water quantity concerns up 

until the early 1990s, at which point, advances in stormwater pollution evaluation had 

allowed for more attention to be brought to water quality concerns. In June of 1991, the 

Province of Ontario released the Stormwater Quality Best Management Practices 

document, which shifted the focus towards the mitigation of stormwater quality impacts. 

This document provided a detailed methodology for the integration, applicability, and 

selection process of Best Management Practices (BMPs) in for water quality management 

in Ontario (Ontario et al., 1991). While some guidance was provided regarding the use of 

structural and non-structural Stormwater Management Practices (SWMP), the 

predominant focus of this document was to improve upon existing methods of water 

quality management (Ontario et al., 1991).  

 
Following this publication, the MOE released the Stormwater Management Practices 

Planning and Design Manual in June 1994, which was an updated version of its 1991 

predecessor. This publication built upon the previous methodologies and literature to 

provide detailed design guidance for individual lot-level, conveyance, and treatment 

practices for stormwater runoff. These early stages of SWM acted as a stepping stone for 

advances in modern municipal infrastructure design. An updated version of the 

Stormwater Management Practices Planning and Design Manual was released in March 
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of 2003 and incorporated feedback provided by several professional sources including 

SWM professionals, municipalities, provincial agencies, and conservation authorities. 

Most significantly, this document placed greater emphasis on stormwater quantity and 

erosion control (Ontario & MOE, 2003). Other key developments included: 

• Addressing the implications of evolving watershed planning processes on SWM 

design; and, 

• Addressing the impacts of urbanization of the hydrologic regime and watercourse 

ecosystems.  

 
While the evolution of SWM design and planning guidelines in the Province of Ontario 

has been pivotal in the managing challenges regarding stormwater quantity and quality 

control in urban settings, they are still in need of continued content improvement and 

detailed documentation as new technologies emerge.  

 
A review conducted by Bradford & Gharabaghi (2004) identified several gaps in 

knowledge in the March 2003 of the Stormwater Management Practices Planning and 

Design Manual. The sole support of event-based modeling techniques and the exclusion 

of continuous-based modeling techniques during SWM design was identified as an area 

of concern. Furthermore, Bradford & Gharabaghi (2004) were of the opinion that the 

Stormwater Management Practices Planning and Design Manual did not place significant 

emphases on innovative management strategies (such as green infrastructure or LID 

practices) when compared to documents published by other jurisdictions. The document 

cites limited operational experience within the Province of Ontario, which may suggest 

why the available design specifications are lacking robustness. Bradford & Gharabaghi 

(2004) agreed that while SWM practices have undergone pronounced advancements 

over the past three decades, this progress was not accurately documented, and may 

hinder the capabilities of future municipal infrastructure design. The pressing influence of 

changing environmental and anthropogenic conditions presents additional challenges, 

suggesting the need for detailed documentation and frequent upgrades to existing SWM 

design guidelines. Finally, it should be noted that despite the availability of design 

documents, there are no set water quantity standards as they exist for water quality. 

Weather events are increasing in frequency and intensity, resulting in widespread 
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residential basement flooding and class action lawsuits against municipalities, 

conservation authorities, and the Province of Ontario. There is a growing need for 

updated documents, best practices and industry standards, and to place more emphasis 

on the consideration of lot-level controls (Zizzo et al., 2014). As the push for innovative 

municipal infrastructure design continues to persist, emphasis should be focused on the 

documentation of emerging SWM techniques in anticipation of changing climatic 

conditions and urbanization.  

 
2.2.2 Gray versus Green Infrastructure 
 
The development of LID practices and other modern SWM techniques is a welcome 

change, given the current state of residential basement flooding in the Province of 

Ontario. Residential basement flooding predominantly occurs in densely populated and 

impervious geographic locations such as the GTA, which hold key characteristics that 

indicate a predisposition to flood risk. These areas have undergone such rapid 

urbanization that the existing gray infrastructure struggles to collect extreme quantities of 

stormwater runoff. When runoff volumes exceed the designed capacity of gray 

infrastructure, flow alleviation is provided via infrastructure intervention. Methods such as 

partial or complete sewer separation (for combined sanitary/stormwater sewer systems), 

downspout disconnection, re-sizing sewer capacity, or rigorous maintenance schedules, 

are often applied. However, several of the above listed options are difficult to implement 

due to the associated costs, time, and interruptions to daily municipal functioning (Field 

et al., 1997). Furthermore, gray infrastructure is in some cases, much more space-

invasive, when implemented in an urban setting. For example, SWM detention ponds are 

not feasible methods of runoff retention in dense city centers as they lack the spatial 

requirement for installation.  It is for these reasons that both public and private sectors of 

engineering are encouraging less intrusive methods of stormwater infrastructure 

rehabilitation and resilience; green infrastructure and LID practices have generated 

considerable popularity.  

 
LID practices are modern municipal infrastructure which seek to mimic pre-development 

environmental conditions and restore the hydrologic regime (i.e. water balance) through 
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providing additional measures for the infiltration and evapotranspiration of extraneous 

stormwater runoff (A. Palla et al., 2018). Additionally, LID practices often include filter 

media which provide passive stormwater runoff quantity control by removing common 

pollutants such as salts and heavy metals (Newcomer et al., 2014). When properly 

implemented, LID practices can significantly improve the hydrologic regime of an urban 

development while providing relief to overburdened and often failing traditional SWM 

infrastructure. However, failing municipal infrastructure is an unfortunate circumstance 

which has been commonly experienced by many urban areas. The extraneous runoff 

volumes cannot be contained within the designed capacity and wreak havoc at surface 

level. This is defined as pluvial flooding and can be divided into three individual 

mechanisms which have the potential to contribute to residential basement flood risk. The 

three mechanisms are entrance via infiltration, sewer back-up, and overland flow, and are 

described in the sections below.  

 
2.2.3 Infiltration Flooding 
 
Infiltration or seepage flooding occurs when precipitation saturates the soil surrounding a 

residence. Severe rain events, periods of steady rain, or freeze-thaw cycles, all result in 

the rapid release of runoff into the ground, and contribute to rising water table elevations 

which can pose a risk for the structural integrity of below grade concrete components 

commonly utilized in residential basement construction (Sandink & Institute for 

Catastrophic Loss Reduction, 2010). When the water table is elevated, this can lead to 

high hydrostatic pressure which can push water into cracks and pores of a basement 

foundation, floor, or wall. Infiltration-derived residential basement flooding is a pluvial 

flood mechanism that is often seen in older homes where the structural integrity of the 

foundation is weakened due to cracks in the foundation, weakened mortar, or lack of 

foundation drainage systems (Ontario, 2012). Furthermore, Canadian insurance 

agencies do not provide any measure of coverage against this infiltration-derived 

residential basement flooding (Sandink, 2011). With the growing popularity of infiltration 

dominant SWM measures, it is important to consider whether their implementation is 

contributing to added risk of infiltration-derived residential basement flooding.  
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2.2.4 Overland Flooding 
 
Overland flooding occurs whenever an extreme rain or snowmelt event exceeds the 

capacity of an existing SWM system or the capacity of established overland flow routes, 

and instead, encroaches upon areas not designed for excessive runoff volumes (e.g. 

private properties, residential developments) (Rain Community Solutions, 2019). 

Avenues that are often designed to act as overland flow routes include sewers, swales, 

and roadway systems. During the design process for a residential development, municipal 

engineers will proactively construct underground sewer networks and overland flow 

routes to help direct stormwater runoff away from vulnerable properties (Moudrak & 

Feltmate, 2019). While the implementation of this design strategy does provide some 

relief for runoff volumes, this relief is limited by the magnitude of storm used in the design 

process. 

 
Typically, stormwater sewer systems are designed to control a five-year design storm (i.e. 

a storm with a recurrence interval of five years), and overland flow routes are designed 

to control a 100-year design storm (i.e. a storm with a 1% probability of occurring in any 

given year).  When a rainfall event exceeds the design capacity of an overland flow route, 

runoff volumes can establish temporary routes through areas (e.g. residential 

development) that do not have the capability to convey large volumes of runoff (Ontario 

& MOE, 2003). This often results in overland floodwaters entering a home through grade 

level windows, doors, and other orifices. In densely populated areas, overland flood 

prevention programs have been implemented attempt to reduce the incidences of 

basement flooding. In the City of Toronto, the TRCA implemented engagement in 

overland flood mitigation efforts. Working alongside the City of Toronto and private 

property owners, documents such as the Coordinated Watercourse Management Plan 

has been developed to determine best practices for developments that have been 

established within proximity to riverbanks and flood plains (Thistlethwaite & Henstra, 

2017b). While overland flooding is a very serious concern for residential flood risk, the 

mechanism behind it is not associated with stormwater runoff infiltration volumes; 

therefore, overland flooding will not be considered for this study.  
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2.2.5 Sewer Overflow Flooding 
 
Sewer overflow occurs when the volume of water entering a sewer exceeds the design 

capacity of the sewer system (Sandink, 2011). Overflow may occur within individualized 

stormwater or sanitary lines (referred to as separate systems), as well as combined 

sewers which receive both sanitary and stormwater flows (Rizzo et al., 2018). In many 

cities, the use of combined sewers was primarily used in developments built before the 

1950s, therefore the risk of combined sewer overflow (CSO) is typically reserved for 

mature developments where this method of infrastructure design is still functioning.  In 

newer developments, sanitary sewer overflow (SSO) remains as a significant contributor 

to residential basement flooding. SSO occurs when there is an unintentional release of 

sanitary sewer wastewater, treated or untreated, into the environment. Factors such as 

defective or deformed materials (i.e. a cracked pipe), improper installation, and 

unaccounted volumes of flow that enter the pipe, are commonly accepted causes of SSO. 

However, it is generally understood that phenomena such as rainfall derived inflow and 

infiltration (RDII) and GWII are the primary contributors to SSO (Sandink, 2009). Rainfall 

inflow to a sanitary sewer system is typically due to an outside system, such as a 

residential roof leader being directly connected to a sanitary sewer system. Infiltration 

may occur when a rain event has saturated the ground and water seeps into the sanitary 

sewer system via cracks or other deformities in the pipe. Like RDII, GWI can infiltrate 

sewer systems via various avenues such as circumferential and line defects (an 

approximate solution for two-dimensional groundwater infiltration in sewer systems). GWI 

occurs when the surrounding groundwater level rises to a level above the sanitary sewer 

system, while RDII acts oppositely and moves from the surface down to a pipe system 

(Sandink & Institute for Catastrophic Loss Reduction, 2010). Though sewer overflow is 

directly affected by fluctuations in groundwater elevation and infiltration, model limitations 

prevent the consideration of this pluvial flood mechanism in this study.  

 
2.2.6 Benefits of Low Impact Development 
 
Given the significant benefit that LID practices have provided to traditional SWM systems, 

their rise in popularity in recent years is not surprising. As with any emerging technology, 
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the performance of LID practices with respect to the capture, conveyance, and treatment 

of stormwater runoff, has been investigated by the scientific community. In-situ field 

experiments and hydrologic modeling offer unique outcomes which provide an enhanced 

understanding of how LID practices works and what influence these practices have on 

the surrounding environment. In-situ experiments allow for the precise control of all 

aspects of the design of LID practices and influencing parameters and can accurately 

represent the influence of seasonality and maintenance. Hydrologic modeling allows for 

the adjustment of site conditions and LID placement, providing the ability to rapidly model 

several potential site configurations. Several studies have indicated the merit of using LID 

systems in urban development. Newcomer et al. (2014) applied in-situ and hydrologic 

modeling efforts to quantify recharge rates and volumes beneath an LID infiltration trench 

and irrigated lawn. The study found that the LID practices provided a marked benefit to 

the surrounding recharge and groundwater resources. Many studies have recognized the 

need to further understand the impact of LID on groundwater recharge. Mooers et al. 

(2018) utilized a coupled surface-groundwater model using PCSWMM and MODFLOW 

to assess aquifer recharge response to LID practices. The study found that the aquifer 

responded positively to the LID practices as groundwater recharge was restored and 

indicated that this is important for suburban developments which rely on groundwater for 

domestic water supply.  

 
2.2.7 Limitations of Low Impact Development 
 
Although a promising technology, the benefits offered provided by LID practices may 

falter. Hoss et al. (2016) found that with gradually increasing sizes of storm events, LID 

practices were shown to have decreasing effectiveness for stormwater quantity and 

quality control. With the increase in frequency and intensity of precipitation events existing 

as a reality in modern day, the design of LID needs to incorporate functionality within the 

realm of changing climate conditions and anthropogenic effects of urban areas (Chang, 

2010). This need is most apparent in densely populated urban areas, which have 

experienced repeated flood events in recent years (Kirshen et al., 2015). Anthropogenic 

and climate influence can severely effect the functionality of SWM systems; one study 

recommended that LID design parameters must include a degree of adaptation and 
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resilience against rainfall surges and urbanized site conditions such as increased 

imperviousness (Wang et al., 2016). 

 
Several research studies have quoted the need to explore all aspects of LID practice 

performance at a larger scale (Ahiablame et al., 2013; Eric et al., 2013; Palla et al., 2015). 

While LID can certainly provide numerous benefits to stormwater quality and quantity, 

there are still several challenges to address. Firstly, the documentation of stormwater 

practices is lacking, and the knowledge of designers differs greatly. Furthermore, the 

quality of sites available for development purposes are generally, poor, with high seasonal 

groundwater tables and/or poor draining soils for which LID practices cannot be the sole 

servicing measure. Questions regarding maintenance have also been raised, specifically 

whether maintenance responsibilities will fall on homeowners or the public sector. Finally, 

misunderstanding the implications of heavy urbanization means that the inclusion of 

additional practices such as LID can be detrimental to the surrounding environment. 

Intuitively, it is believed that heavy urbanization will reduce groundwater recharge rates, 

due to impermeable roads, surface coverings, and buildings.  

 
While the intuitive assumption is that heavy urbanization will result in negative effects in 

the groundwater behaviour and recharge, existing literature suggests the opposite. This 

understanding was established in the early studies; Gray & Foster (1972) conducted a 

study on groundwater conditions in the Thames Flood Plain and concluded that 

groundwater conditions have been heavily influenced by urbanization. They go on to 

further suggest that drainage practices will require adjustments, identifying increased 

pressure on basement-floor slabs and shallow foundation stresses as key issues. Lerner 

(1990) also identified groundwater recharge increases in urban areas due to increased 

pathways to aquifer systems. For example, utility trenches, tunnels, and buried structures 

form a complex network which can provide preferential flow pathways for groundwater 

recharge by imported water via leakages (Gwenzi & Nyamadzawo, 2014). 

 

Emerging studies are also concluding with similar findings. Wakode et al., (2018) 

conducted a study and found that urban recharge components for Hyderabad, India, were 

ten times greater than natural recharge rates. This is important to consider, because when 
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LID practices are involved, their infiltration capacities may adversely affect groundwater 

behaviour. Changes in interflow or deep percolation can result in down gradient seepage, 

surface flooding, and can impact watercourses and wetlands (Nichols, 2017). Therefore, 

it is important to consider the effect of LID when urbanization already contributes to 

increased recharge rates. The installation of LID structures in areas where there are 

already poor soil conditions and elevated water tables may promote infiltration rates such 

that existing underground structures may be at risk of failure. While this is beneficial for 

returning the hydrologic regime to pre-dev conditions, it is not beneficial to basement flood 

risk.  

 
2.2.8 Identifying the Gap in Knowledge 
 
It is evident that although LID practices may help infiltration, there exists a limit to the 

benefits, and the potential to increase risk is apparent. Studies have suggested that LID 

benefits the surrounding environment, yet also indicate the sensitivity of LID practices to 

changing environmental conditions. Combined with the current state of residential 

basement flooding in urban areas and a lack of knowledge regarding LID functionality, 

there is a gap in which the relationship between LID practices and flooding is not yet 

understood. With the rise in severe weather events, persisting urbanization, and 

residential basement flooding, questions regarding the efficacy of LID practices, as well 

as risks to the surrounding environment (e.g. exacerbated groundwater elevations and 

groundwater mounding) have been brought forward. However, little effort has been 

directed towards this issue, indicating the need for further study in order to better 

understand these systems. It is the goal of this research to provide more context to the 

design guidelines guiding urban development in the Province of Ontario. The Ministry of 

the Environment, Conservation and Parks will have a key stake in the Ministry of 

Municipal Affairs and Housing (MMAH) development of the next building code, meaning 

that existing stormwater and water conservation measures can be addressed and 

enhanced (MECP, 2019). The results of this study can be used to supplement the 

development of the proceeding building code, as well as future SWM and LID design 

guidelines. With this research, it is the hope that the collected results can contribute to 

the development of improved guidelines and building standards which consider both the 
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current and future state of natural and anthropogenic conditions, so that urban 

developments can increase their resiliency to volatile conditions and reduce residential 

basement flood risk.  

 
2.3 Methodology 
 
2.3.1 Research Structure 
 
A conceptual research framework was developed to describe key elements within the 

study, identify modelling tools and processes, and indicate decision factors implemented 

throughout the study. The research framework is comprised of two key modelling 

techniques: (1) PCSWMM, an advanced hydrologic modelling software package which 

simulates stormwater, wastewater and watershed systems; and (2) probabilistic statistical 

models to interpret results and identify trends or patterns in the data. A summary of the 

research framework is presented in Figure 2.2 below.  

 

 

Figure 2.2 Conceptual Model Framework 
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The objective of the research framework is to construct a methodology that is both robust 

yet efficient and allow for the study to be conducted in a way that is conducive to a multi-

faceted approach to supporting or rejecting the study hypothesis. In this study, it is 

hypothesized that the use of LID practices during a period marked with climatic volatility 

and anthropogenic influence will exacerbate already unfavourable groundwater 

conditions. Furthermore, it is hypothesized that this exacerbation will result in an elevated 

water table, which may contribute to the degradation of the structural integrity of a 

basement foundation and contribute to residential basement flood risk (via sewer overflow 

and/or foundation infiltration). The methodology presented for this study aims to provide 

clarity regarding this issue, and either support or reject the formulated hypothesis. 

 
It was imperative to select case study sites for which monitoring data were readily 

available and, if possible, an existing hydrologic model could be provided. This made it 

quite challenging to identify suitable sites, as although LID practices are widely 

implemented within the GTA, design and construction are commonly conducted via 

private sector engineering consultants, making it very difficult to obtain the necessary 

permissions to acquire and share the required data (i.e. site characteristics, modeling 

files, monitoring data). Therefore, the obtaining of all the above described data was 

viewed as the most challenging limitation of this study.  

 

Following several consultations with professionals in both the private sectors and public 

sectors of water resources engineering, the data required and utilized by this study were 

provided by the Toronto and Region Conservation Authority. Modeling files for three case-

study sites within the Greater Toronto Area were obtained for use in hydrologic models 

which run using a SWMM5 engine. The provided models were originally designed for use 

within the LID TTT, a software program which runs using an EPASWMM5 engine and 

allows for the analysis of annual and event-based runoff and pollutant load removal 

through BMP and LID techniques. Although the LID TTT is useful in assessing the 

functionality of BMPs and LID practices, its capabilities do not extend beyond a 

preliminary water budget analysis and basic pollutant load removal estimates. Therefore, 

a more robust model was necessary to obtain the detailed groundwater modeling 
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necessary for this study.  

 

Fortunately, as the LID TTT utilizes a SWMM5 engine, the modeling files are transferrable 

with PCSWMM, a hydrologic model who’s modeling capabilities are much more 

comprehensive than the LID TTT. The PCSWMM engine and GUI allow for the detailed 

modeling of many LID controls (e.g. permeable pavement, bioretention cells, etc.) and 

can integrate 1D-2D modelling. Prior to the execution of the hydrologic models, data 

management techniques were employed for the cleaning and disaggregation of climate 

data, as required by the LID TTT and PCSWMM. The software program NetSTORM was 

used for precipitation data disaggregation purposes, while Microsoft Excel was used for 

the evaluation and sorting of climate data.  

 

2.3.2 Case Study Sites 
 
Elm Drive 
 
The Elm Drive site is a LID road right-of-way retrofit located in the City of Mississauga, 

Ontario, bounded by Kariya Drive to the east and Joan Drive to the west. It is a mixed-

use roadway and contains three residential properties adjacent to the north edge of the 

roadway and an adult education center adjacent to the south edge of the roadway. The 

site is 0.64 ha in size, 60% impervious, and incorporates LIDs such as permeable paver 

laybys, permeable sidewalk, and six bioretention planters. Stormwater runoff from Elm 

Drive West is directed towards the permeable pavement units and continue to the 

bioretention planters. All LID systems are interconnected via underdrains, which drain to 

a monitoring manhole and continue into the municipal SWM network (CVC, 2016). The 

site boundaries (outlined in red) are presented Figure 2.3 below.   
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Figure 2.3 Aerial View of Elm Drive Site (Google Maps, 2019a) 

 
 
Honda Campus 
 
The Honda Campus site is a large-scale commercial development owned by Honda 

Canada, located in the City of Markham, Ontario, and bounded by Honda Boulevard. The 

stormwater infrastructure was constructed in a way that would allow for the assessment 

of the hydrologic effectiveness of LID practices in a commercial setting. The site is 18 ha 

in size, 33% impervious, and incorporates several LID practices including a dense 

network of biofilters, drainage swales, rainwater cistern, native plantings, and vegetated 

biofilters. Stormwater runoff drains to three outlets located in the west, northeast, and 

southeast corners of the site. Through infiltration and evaporation, the LID practices 

improve runoff quality and reduce runoff volumes (STEP, 2015). The LID practices were 

specifically designed to provide flow control for the 100-year storm event. The site 

boundaries (outlined in red) are presented in Figure 2.4. 
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Figure 2.4: Aerial View of Honda Campus Site (Google Maps, 2019a) 

Though the site includes several LID practices, the provided LID TTT model refrained 

from including the rainwater harvesting system and permeable pavement. Though the 

water harvested from the rainwater recycling system was used to irrigate a field on the 

property, there was no set schedule or designated flow rate of water draining from the 

cistern. Therefore, the rainwater harvesting system was not modeled for annual 

simulations as it could not be determined when the system had capacity to receive rain 

water, or when it was full. As the permeable pavement only covered a very small portion 

of the site, the model developers felt it that the site water balance would not be 

significantly affected if it were to be removed. 

 
Mosaik Subdivision 
 
The Mosaik Subdivision is a residential subdivision development located in located at the 

southeast corner of Bathurst Street and Davis Drive, in the Town of Newmarket, Ontario. 

The site is 12 ha in size, 53% impervious, and incorporates LID practices including an 

infiltration/exfiltration system, and bioretention cells (STEP, 2018). A visualization of the 
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site configuration is presented in Figure 2.5. 

 

 

Figure 2.5: Aerial View of Mosaik Subdivision Site (Google Maps, 2019b) 

 
Assessment at the Catchment Scale 
 
As the objective of this study was to observe the impact of LID practices on groundwater 

behaviour and residential basement flood risk at the catchment scale, adjustments were 

made to the provided LID TTT models for use in PCSWMM which would work within the 

limitations of the PCSWMM model and while still providing the capability to conduct a 

catchment-scale assessment. A major limitation of the PCSWMM engine is the inability 

to model lateral groundwater flow within an aquifer system composed of several 

subcatchment areas. Each case-study model was comprised of several small 

subcatchments; given the limitations in PCSWMM, the model was only able to display the 

behaviour of each individual subcatchment but did not consider the influence of one 

subcatchment on another. Therefore, the subcatchments comprising each case-study 

site, as well as all subcatchment characteristics, were amalgamated to form one 
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catchment per case-study site, which would then allow for the observation of groundwater 

behaviour at the catchment scale. Individual subcatchment characteristics (e.g. percent 

imperviousness, slope, flow path, etc) were combined to obtain general characteristics 

which could represent the site as one catchment. A percent impervious value was 

calculated by averaging the percent impervious values of each individual subcatchment 

and dividing by the total site area. This method was also applied for the calculation of a 

singular slope value for the site.  

 

The composition of each case-study site (i.e. constructed stormwater infrastructure) 

determined the required extent of the subcatchment amalgamation process. The sole 

stormwater infrastructure within the Elm Drive and Honda Campus sites were bioretention 

cells. Therefore, the process of subcatchment amalgamation was applied as described 

above.  

 
However, the Mosaik Subdivision site is comprised of both LID practices and a runoff 

storage component in the form of a concrete underground storage unit, and dry pond. 

The amalgamation of the Mosaik Subdivision subcatchments required the bypassing of 

the storage units and direct outletting of stormwater runoff to the designated outlet, as 

one catchment could not be routed to both the storage unit and the dry pond. To ensure 

that this method would not affect the site water balance, a one-year simulation was run 

for the Mosaik Subdivision site within the LID TTT and modeled the site with and without 

the storage units.  The simulations found negligible changes to the site water balance, as 

presented in Table 2.1 below. PCSWMM model schematics presenting the one-

catchment configuration are presented in Appendix I: Supplementary Figures.  

Table 2.1 Comparison of Mosaik Subdivision Site Water Balance with and without Storage 

Mosaik Subdivision 
Scenario 

Rainfall 
(mm) 

Infiltration 
(mm) 

Evapotranspiration 
(mm) 

External Outflow 
(mm) 

With Storage 787.0 241.6 349.0 195.1 
Without Storage 787.0 245.7 337.3 198.9 
Difference 0% 1.7% 3.5% 1.9% 
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2.3.3 Data Collection 
 
Historical Climate Data 
 
The hydrologic modeling component of the presented study methodology required the 

use of historical climate data. Specifically, historic climate data pertaining to hourly 

precipitation, maximum and minimum temperature records were required for the 

hydrologic modeling software to perform detailed water budget calculations that would 

accurately represent the existing site conditions. The Government of Canada’s Historical 

Climate Database was accessed to obtain to the required historic climate data from one 

of many available meteorological stations. The meteorological station located at Lester 

B. Pearson International Airport was selected for data collection as it was proximal to all 

three case-study sites. Despite the presence of several other meteorological stations 

within the GTA, climate data obtained from the Lester B. Pearson International Airport 

meteorological station did not contain any segments of missing precipitation or 

temperature data, eliminating the need to employ extraneous data management 

techniques. Data were collected from the period of June 1st, 2012 to June 1st, 2013, for 

use in hydrologic modeling analyses. A one-year simulation period was selected a longer 

period of study would require the inclusion of LID practice maintenance and raised 

concerns regarding the study of clogging factors, which were not considered in this study. 

Furthermore, the simulation start date was selected as June 1st as PCSWMM model 

required the input of a starting water table elevation, of which the study opted to input an 

assumed high water table elevation.  

 
The Provincial Groundwater Monitoring Network, a database which reports on the 

ambient groundwater level and chemistry conditions in the Province of Ontario, was used 

to confirm that for the 2012 calendar year, water table elevations in the GTA were highest 

in the month of June (Ontario, 2019a). Specifically, the PGMN Well W0000283-1 located 

in the Town of Aurora indicated that the highest groundwater elevation recorded for the 

2012 calendar year occurred in the month of June. As both the Honda Campus and 

Mosaik sites are within close proximity to PGMN Well W0000283-1 (20 km and 10 km, 

respectively), it was assumed that the groundwater elevations at these sites would have 

similar characteristics. The PGMN did not include any monitoring wells for the City of 
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Mississauga, in which Elm Drive was located. Given the lack of groundwater monitoring 

data for this site, the groundwater characteristics for Elm Drive were assumed to be the 

same as the Honda Campus and Mosaik sites. Therefore, the continuous simulation was 

selected to begin on June 1st, 2010, for all three case-study sites.  

 
2.3.4 Data Management 
 
Climate records frequently require data management techniques, as segments of data 

are often missing or are collected in an interval that differs from the input parameter 

requirements of hydrologic software. Upon inspection of the climate data (precipitation, 

maximum and minimum temperature) obtained from the Government of Canada 

Historical Climate Database for the meteorological station located at Lester B. Pearson 

International Airport, none of the collected records contained missing data segments; 

therefore, no data management techniques pertaining to missing data values was 

required.   

 
However, the time intervals of record for the collected climate data were incompatible with 

the time interval input requirements for the two hydrologic software packages (LID TTT 

and PCSWMM, described in detail in subsequent sections) utilized for this study. Both 

the LID TTT and PCSWMM require historic precipitation data to be recorded in hourly 

intervals; however, the data obtained from the meteorological station located at Lester B. 

Pearson International Airport was recorded as daily precipitation totals. The software 

package NetSTORM was used to disaggregate the historic precipitation data from daily 

total values to hourly time intervals. NetSTORM is a software package used for 

precipitation data assessment and the simulation of long-term urban runoff.  

 
The maximum and minimum temperature data were recorded as hourly values. While this 

was a suitable format for PCSWMM, the LID TTT required temperature inputs to 

corresponding to time periods of record at 06:00 AM and 15:00 PM. Record manipulation 

was conducted using Microsoft Excel to condense the hourly maximum and minimum 

temperature readings to the required interval times.  
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Case-Study Development Scenarios 
 
The PCSWMM model methodology includes the simulation of three unique development 

scenarios within each case-study site. The three post-development scenarios are: 

• Pre-development conditions;  

• Post-development conditions as constructed (with LID); and, 

• Post-development conditions as constructed (no LID). 

 
Detailed site configurations are presented in Appendix I: Supplementary Figures.  

  
Literature suggests different methods of LID aggregation for the use in sensitivity 

analysis. Huang et al., (2018) conducted a study in which an optimization model was 

implemented to determine the optimization of LID layout design. Hoghooghi et al. (2018) 

conducted a similar study of LID effectiveness where spatial configurations of 25%, 50%, 

75%, and 100% of the site was covered with LID practices were assessed. (Eckart et al., 

2018) utilized multi-objective optimization to evaluate LID optimization configurations in 

which implementation scenarios included the objectives of minimizing peak flow in SWM 

infrastructure, runoff reduction, and cost minimization. While this study recognizes the 

merit of studying multiple LID coverage scenarios, the existing site configurations did not 

allow for the extraneous implementation of LID. Therefore, the study was contained to the 

three development scenarios as described above.  

2.3.5 Selection of Hydrologic Modeling Software 
 
Low Impact Development Treatment Train Tool 
 
Hydrologic modeling files for the three case-study sites were provided by the TRCA for 

use in the LID TTT. THE LID TTT is a tool developed by the Lake Simcoe Region 

Conservation Authority (LSRCA), Credit Valley Conservation Authority (CVC) and 

Toronto and Region Conservation Authority (TRCA) to assist engineers, developers, and 

municipalities in SWM design and promote sustainable design practices. The tool was 

designed to analyze the performance of Best Management Practices (BMPs) and LID 

practices through the simulation of annual and event-based runoff volumes and pollutant 

load removal. A preliminary water budget analysis (i.e. infiltration, surface 
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evapotranspiration, and runoff) is also produced by the model. As the LID TTT is built 

using an EPA SWMM5 engine, the modeling files could be imported into PCSWMM, 

which also utilizes an EPA SWMM5 engine (Auger, Van Seters, Singh, & Antoszek, 

2018). Model schematics as provided for the LID TTT are presented in Figure 0.7 to 

Figure 0.9 in Appendix I: Supplementary Figures. 

 
PCSWMM 
 
PCSWMM was implemented as the hydrologic modeling software to be used in the study 

of surface and groundwater behaviour for the three case-study sites. Created by 

Computational Hydraulics International (CHI), PCSWMM is a physically-based, discrete-

time simulation model that uses several physical processes (e.g. surface runoff, 

infiltration, groundwater, snowmelt, flow routing, surface ponding, and water quality 

routing) to model stormwater runoff quantity and quality. The principal inputs for a 

PCSWMM model are attributes that pertain to a site’s subcatchment, outlet, infiltration, 

and aquifer characteristics. As the modeling files were previously established within the 

LID TTT, the majority of the required input parameters (subcatchment and outlet) were 

pre-defined for post-development (LID) conditions. Table 0.1 to Table 0.3 to Appendix II: 

Supplementary Data summarize the model input parameters obtained from the LID TTT 

model for all three case study sites.  

 

While the PCSWMM subcatchment and outlet attributes were pre-defined within the LID 

TTT models, others were not. The LID TTT does not contain a groundwater component; 

therefore, aquifer attributes for use in the PCSWMM model required approximation using 

available information within the LID TTT models. The LID TTT models did not include 

information pertaining to the method of infiltration determination (SCS Curve Number 

Method); therefore, the study opted to re-assess the pre-defined curve numbers, so as to 

better represent existing site conditions. The groundwater attributes were established 

based on the LID TTT catchment soil classification for each site, which was a silt loam. 

Soil parameters pertaining to silt loam were obtained from the SWMM5 User Manual and 

are summarized in Table 0.4 to Table 0.6 in Appendix II: Supplementary Data.  
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To establish a starting water table elevation, a high water table elevation was calculated 

to be 2.96 m below grade, using OBC foundation design guidelines for a one-storey 

residential home. A residential basement foundation schematic identifying specific OBC 

guidelines used in this calculation is presented in Appendix I: Supplementary Figures.  

 

For the simulation of pre-development site conditions, each site was assumed be 100% 

pervious, and maintained the groundwater and aquifer attributes as defined for the post-

development (LID) conditions. For the simulation of post-development (no LID) 

conditions, an LID practice that was constructed within an impervious section of a site 

(i.e. bioretention cell in a parking lot) was then assumed to be impervious. Similarly, an 

LID practice that was constructed within a pervious section of a site (i.e. bioretention cell 

in a grassed area) was then assumed to remain pervious. Adjusted site imperviousness 

values were calculated based off of the above described assumptions. Site parameters 

for pre-development and post-development (no LID) conditions can be found in Appendix 

II: Supplementary Data.  

 
The primary inputs for PCSWMM modeling include subcatchment attributes, outlet 

attributes, and groundwater attributes. As the models were previously developed using 

the LID TTT, the majority of the required input parameters were already defined. 

Subcatchment attributes, infiltration attributes, and outlet attributes were all obtained from 

the LID TTT. The groundwater attributes were established based on the soil classification 

of silt loam within the LID TTT models. The model parameters were obtained from the 

LID TTT case study simulations. However, these parameters needed to be altered for 

pre-development and post-development (LID) scenarios. For pre-development, it was 

assumed that the model was 100% pervious. For post-development (no LID), any area 

that contained LID within an impervious area was then assumed to be impervious. If the 

LID was installed on a pervious surface (e.g. bioretention cell on a grassed area), it was 

assumed that the LID would remain a pervious area.  

 
Surface Water Balance 

The PCSWMM SWMM5 engine estimates surface runoff for a defined catchment using a 
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nonlinear reservoir model (Rossman & Huber, 2016). The linear reservoir model assigns 

individual subcatchment as a nonlinear reservoir with uniform slope ! and width " which 

drain to a single outlet. Mechanisms of the nonlinear reservoir system as utilized in by the 

SWMM5 engine are presented in Figure 2.6 below. 

 

Figure 2.6: PCSWMM Nonlinear Reservoir Model of Subcatchment (Rossman & Huber, 2016) 

To quantitatively assess the parameters of the water balance, the PCSWMM nonlinear 

reservoir model assigns catchment precipitation (rain or snow melt) as a stormwater 

inflow to the subcatchment, and surface evapotranspiration and infiltration as stormwater 

outflows from the subcatchment. The surface depth # represents excess ponding on the 

surface of the subcatchment. Surface runoff is calculated by the ponded depth above the 

depression storage	#%. Stormwater events such as surface ponding, interception by 

vegetation or flat roofs, and the wetting of a subcatchment surface, can all contribute to 

depression storage (Rossman & Huber, 2016). PCSWMM utilizes the difference between 

stormwater inflow and outflow within the subcatchment to determine the gross change in 

depth # per unit time & as described in Equation 3 
'#
'&

= ) − + − , − 	- Equation 3 

 

where ) is the rate of rainfall and snowmelt, + is the surface evaporation rate, , is the 

infiltration rate, and - is the runoff rate. For future water budget calculations, Equation 3 

has been simplified to where gross change in depth # per unit time & is represented as 

change in storage, DS, of a catchment, as presented in  Equation 4.  

∆! = ) − + − , − 	- Equation 4 
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Groundwater Balance 
 
PCSWMM uses a variable volume, two-zone groundwater model to analyze groundwater 

flow for independent catchments. This two-zone model is defined as an upper zone which 

is unsaturated with variable moisture content	/, and a lower zone that is fully saturated 

and has a moisture content that is fixed at soil porosity 0 (Rossman & Huber, 2016).  

 
A time-step iteration process is used to determine individual water fluxes within the 

system, which is then used to create a mass balance for each time-step. This process is 

repeated for each time-step in the series and is used to calculate water table depths and 

the moisture content of the unsaturated zone (Rossman & Huber, 2016). Mechanisms of 

the two-zone groundwater model are presented in Figure 2.7. 

 

Figure 2.7: PCSWMM Two-Zone Groundwater Model (Rossman & Huber, 2016) 

 
where ,1 denotes the infiltration from the subcatchment surface; ,23 denotes the 

evapotranspiration from the upper zone; ,3 denotes the percolation from the upper zone 

to lower zone; ,24 denotes the evapotranspiration from the lower zone; ,4 denotes the 

percolation from the lower zone to deep groundwater; ,5	denotes the lateral groundwater 

seepage; #4 denotes the depth of the water table; 65 denotes the ground surface of 

known elevation; and, 67 denotes the elevation of the bottom of the saturated zone 

(Rossman & Huber, 2016). The depth of the unsaturated zone, #3, can be calculated 

using Equation 5.  

#3 = 65 − 67 − #4 Equation 5 

 
A percolation equation controls flow from the unsaturated upper zone to the saturated 
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lower zone; the parameters governing this equation can either be calibrated or estimated, 

depending on the availability of soil data. Infiltrating precipitation as described in Equation 

3 can enter the upper zone via vertical inflow. Instances when the water table has risen 

to the surface result in the cessation of infiltration and runoff is then produced by the 

excess saturation. Deep percolation, saturated zone evapotranspiration, and lateral 

groundwater flow constitute losses and outflow from the lower zone. Groundwater flow is 

a function of water table elevation and depth of water in the receiving node of the 

conveyance system. Back flow into the saturated zone can occur in instances when the 

water elevation at the node is higher than the depth of water in the receiving node of the 

conveyance system (Rossman & Huber, 2016).  

 
Infiltration Model 
 
The SCS Curve Number infiltration model was selected as the infiltration method for the 

PCSWMM hydrologic modeling assessment, as the original modeling files created in the 

LID TTT also utilized the SCS Curve Number infiltration model. The SCS Curve Number 

infiltration model was developed in the early 1950’s and due to its familiarity within the 

engineering community, was implemented in the SWMM engine. The primary assumption 

is that the total infiltration capacity of a soil can be found using the curve number 

(Rossman & Huber, 2016). The required inputs for this infiltration method are the Curve 

Number and the time required for a fully saturated soil to dry (i.e. drying time). Though 

the LID TTT indicated that the catchment soils were comprised of silt loam (corresponding 

to a Curve Number of 82), the study opted to adjust this value based on additional site 

information. Borehole logs obtained from the Ontario Well Records Database indicated 

the presence of a clay layer (i.e. clay lens) within the extents of each site and are 

presented in Figure 0.11 and Figure 0.12 in Appendix I: Supplementary Figures. 

Therefore, the SCS Curve Number selection process was conducted under the 

presumption that the infiltration surface is composed of clay, which corresponds to the 

Hydrologic Soil Group D. Using the information provided in Figure 0.11, the pre-

development SCS Curve Number for all three sites was selected to be 84, which 

corresponds to pasture, grassland, or range, with fair hydrologic condition and Hydrologic 

Soil Group D. Using the information provided in Figure 0.12, the post-development SCS 
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Curve Number for all three sites was selected to be 89, as all three sites contain less than 

50% grass cover and this study is assuming a clay lens layer which corresponds to 

Hydrologic Soil Group D.  

 

The adjustment of the pre and post-development Curve Numbers proved to be beneficial 

for the establishment of initial conditions for each case-study site. The modeling 

methodology was developed with the assumption that pre-development conditions would 

maintain the hydrologic conditions for a one-year simulation period. The key identifier for 

this condition would be the observation of a sinusoidal temporal groundwater elevation 

pattern in which the elevation would be highest in the spring months, and lowest in the 

summer months. When the pre-development simulations were executed with a Curve 

Number associated with a silt loam (i.e. Hydrologic Soil Group B), the sinusoidal temporal 

groundwater pattern could not be obtained. Once the Curve Number was updated to 

represent a clay surface (i.e. Hydrologic Soil Group D), the groundwater condition was 

maintained over the one-year simulation period, and a sinusoidal elevation pattern was 

observed.  
 
2.4 Results and Discussion 
 
2.4.1 Elm Drive 
 
PCSWMM was used to conduct a hydrologic modeling analysis for the Elm Drive site, 

with a one-year simulation period from June 1st, 2012 to June 1st, 2013. The modeling 

analysis consisted of three simulations that represent pre-development, post-

development (LID), and post-development (no LID) site conditions. Results of the greatest 

significance to this study were groundwater elevation and infiltration, as these factors hold 

the most influence with respect to sewer overflow- and infiltration-derived residential 

basement flood risk, as previously discussed in 3.2.3 Infiltration Flooding and 3.2.5 Sewer 

Overflow Flooding. Figure 2.8 presents the temporal behaviour of the groundwater 

elevations corresponding to the three site condition scenarios obtained from the Elm Drive 

PCSWMM hydrologic analysis. Elevations representing a high-water table and residential 

basement foundation were included in Figure 2.8 to visually display their proximity to the 

modeled groundwater elevations.  
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Figure 2.8: Elm Drive Site PCSWMM Simulated Groundwater Elevations 

The Elm Drive PCSWMM hydrologic modeling analysis was also used to simulate 

infiltration rates for pre-development, post-development (LID), and post-development (no 

LID) site conditions. Figure 2.9 presents the temporal behaviour of the infiltration rates 

collected during the three site condition scenarios obtained from the Elm Drive PCSWMM 

hydrologic analysis.  

 

Figure 2.9: Elm Drive Site PCSWMM Simulated Infiltration Rates 

The results indicate that infiltration rates are the greatest during pre-development site 
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conditions and are significantly reduced with post-development site conditions. This is to 

be expected, as the defining characteristic of a pre-development site is surface coverage 

that is almost, if not entirely pervious, allowing for maximum infiltration of precipitation; for 

the Elm Drive pre-development site configuration, the model parameters defined 

imperviousness as 0%. The post-development (LID) site configuration demonstrated 

slightly increased infiltration rates when compared to those of the post-development (no 

LID) site configuration. This is also to be expected, as the impervious cover saw a slight 

decrease from 55.8% to 49.8% when LID practices were introduced to the site 

configuration. Furthermore, it appears that difference between site condition infiltration 

rates between post-development (LID) and post-development (without LID) were not 

consistent throughout the span of the simulation period. During intervals when infiltration 

rates were maximized for these scenarios, there is a greater variation in the maximum 

infiltration rates. However, when infiltration rates are minimized (e.g. during winter 

months), there is less variance between post-development (LID) and post-development 

(no LID). As the site contains four LID practices which equate to a surface coverage of 

6.9% of the entire site, it is indicative of the strong infiltration capacity and their ability to 

create a marked difference on the infiltration rates of an entire catchment.  

The results of the Elm Drive PCSWMM hydrologic modelling study indicate that 

urbanization has a marked effect on groundwater behaviour and infiltration rates. In pre-

development conditions, the groundwater elevation saw a fluctuation of 40.00 cm from a  

minimum elevation of 144.70 m to an ending maximum elevation of 145.10 m over the 

one-year simulation period. In post-development with LID conditions, the groundwater 

elevation saw a fluctuation of 10.00 cm from a minimum elevation of 144.90 m to an 

ending maximum elevation of 145.00 m over the one-year simulation period. In post-

development without LID conditions, the groundwater elevation saw a fluctuation of 3.00 

cm from a minimum elevation of 144.90 m to an ending maximum elevation of 144.93 m 

over the one-year simulation period. With post-development conditions, the seasonal 

groundwater fluctuation for Elm Drive was reduced by four times its original value. The 

hydrologic analysis was conducted with the understanding that LID practices will function 

to restore post-development groundwater conditions to those of pre-development. Figure 
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2.8 indicates that no significant changes to groundwater elevation were experienced from 

post-development (LID) to post-development (no LID) site conditions.  

While the general behaviour of the groundwater elevation remained the same between 

the latter two modeling scenarios, it is important to note that during the second half of the 

simulation, (November 2012 onwards) the post-development (LID) site configuration saw 

groundwater elevations that began to approach pre-development conditions. 

Furthermore, the inclusion of LID resulting in a concluding groundwater elevation 

difference of approximately 7.00 cm between the post-development (LID) and post-

development (no LID) scenarios. Although this is a minor increase in groundwater 

elevation, the hydrologic modeling analysis only spanned a one-year simulation period. 

This result suggests that if this trend persists over several years, this may result in 

seasonal peak groundwater elevations that not only meet but exceed pre-development 

conditions and pose an increased risk to residential basement flooding. The concluding 

groundwater elevation difference between pre-development and post-development (LID) 

site configurations is approximately 10.00 cm; therefore, if the simulated trend were to 

occur for the following year, the model result suggest that the post-development 

groundwater elevation will exceed pre-development conditions.  

The Elm Drive PCSWMM hydrologic analysis was used to study the characteristics of the 

surface water and groundwater balance for each simulated site conditions. The 

components of the surface water balance for Elm Drive pre-development, post-

development (LID) and post-development (no LID) are presented in Table 2.2.  

Table 2.2 Summary of Elm Drive Site PCSWMM Surface Water Balance 
Value Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
Precipitation (mm) 911.4 911.4 911.4 
Runoff (mm) 180.1 431.6 485.4 
Evaporation (mm) 211.7 223.6 235.1 
Infiltration (mm) 519.6 255.5 190.9 
LID Drainage (mm) 0.0 0.0 0.0 
LID Storage (mm) 0.0 0.0 0.0 

 

Infiltration and runoff experienced the most statistically significant changes with the 

alteration of the site configuration, as a simple significance test between pre-development 

and post development resulted in p < 0.05. Elm Drive pre-development was assumed to 
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have 0% impervious cover, which was then increased to 48.9 % and 55.8% for post-

development (LID) and post-development (no LID), respectively. Therefore, the 

decreased infiltration rates and increased runoff rates were anticipated. 

Evapotranspiration experienced a slight increase from pre-development to post-

development conditions which was considered an atypical result, as pre-development site 

conditions (primarily 0% imperviousness) would imply high evapotranspiration 

capabilities of the catchment. This may be attributed to changes in the land use from pre- 

to post-development, which can affect evapotranspiration capabilities. The model results 

indicated no LID drainage or LID storage during all three development scenarios. To 

further explore the effect of various site conditions on the hydrologic cycle, the 

groundwater budget balance was also assessed.  

 

The components of the groundwater balance for Elm Drive pre-development, post-

development (LID) and post-development (no LID) site conditions are presented in Table 

2.3. 

Table 2.3 Summary of Elm Drive Site PCSWMM Groundwater Balance 
Category Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
Infiltration (mm) 519.6 255.5 190.9 
Upper ET (mm) 165.0 76.2 72.4 
Lower ET (mm) 139.0 65.9 62.7 
Recharge (mm) 7.8 8.1 8.1 

 

Infiltration depth saw the greatest decrease from pre-development to post-development 

scenarios, and is attributed to the increase in impervious cover, from 0% to 49.8% and 

finally 55.8% for pre-development, post-development (LID) and post-development (no 

LID), respectively. Though the purpose of LID practices is to restore hydrologic conditions 

to those of pre-development, Table 2.3 indicates that the LID practices constructed for 

the Elm Drive site minimally impact groundwater characteristics.  One possible 

explanation for this behaviour is the significant increase in evapotranspiration as indicated 

in the surface water balance in Table 2.3.  

To determine the impact of LID practices on residential basement flood risk, the results 

obtained from the PCSWMM hydrologic analysis were utilized in a secondary statistical 
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analysis. The pre-development, post-development (LID) and post-development (no LID) 

groundwater elevations were used to assess the probability of exceeding the elevation of 

a residential basement foundation during the one-year simulation period. Two statistical 

distributions commonly seen in the field of hydrologic engineering, the normal distribution 

and Weibull distribution were assessed for goodness of fit, prior to assessing the 

probability of exceedance. Akaike Information Criterion (AIC) values were collected for 

each distribution and are summarized in Table 2.4 below. With respect to AIC, the 

distribution corresponding to the smaller positive value or larger negative value identifies 

the function that best fits the modeled data.  

Table 2.4: Summary of Akaike Information Criterion Corresponding to Normal and Weibull 
Distributions for the Elm Drive Site 

 Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
S1 AICNormal Dist./ 
S1 AICWeibull Dist -10847/-9456 -28242/-25670 -30444/-25614 

 

The normal distribution returned a larger negative AIC for the pre-development, post-

development (LID) and post-development (no LID) scenarios. Therefore, the normal 

distribution was utilized for all exceedance probability analyses. Figure 2.10 to Figure 

2.12 present the fitting of a normal distribution to the modeled groundwater elevations.  

 

Figure 2.10 Elm Drive Pre-Development Groundwater Exceedance Probability Distribution 
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Figure 2.11 Elm Drive Post-Development (LID) Groundwater Exceedance Probability Distribution 

 

Figure 2.12: Elm Drive Post-Development (no LID) Groundwater Exceedance Probability 
Distribution 

 
The normal distribution fitted to each dataset of model-predicted groundwater elevations 

was utilized to determine the probability of the groundwater elevation exceeding the 

elevation of a residential basement foundation over the one-year simulation period. 

Summaries of the obtained probabilities are presented in Table 2.5. 
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Table 2.5: Elm Drive Site Groundwater Exceedance Probability Summary 

 Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
Exceedance Probability 7.92E-02 9.55E-03 3.06E-07 

 

As indicated by the results in Table 2.5 the probability of the groundwater elevation 

exceeding a high-water table elevation is exceptionally small for pre-development, post-

development (LID), and post-development (no LID) site conditions.  

 
2.4.2 Honda Campus 
 
PCSWMM was used to conduct a hydrologic modeling analysis for the Honda Campus 

site, from June 1st, 2012 to June 1st, 2013. The modeling analysis consisted of three 

simulations to represent pre-development, post-development (LID), and post-

development (no LID) site conditions. Results of the greatest significance to this study 

were groundwater elevation and infiltration, as these model output parameters are the 

most applicable to the study of sewer overflow- and infiltration-derived residential 

basement flood risk, as previously discussed in 3.2.3 Infiltration Flooding and 3.2.5 Sewer 

Overflow Flooding. Figure 2.13 presents the temporal behaviour of the groundwater 

elevations collected during the three site condition scenarios obtained from the Honda 

Campus PCSWMM hydrologic analysis. Elevations representing a high-water table and 

residential basement foundation were included in Figure 2.13 to visually display their 

proximity to the modeled groundwater elevations. Details regarding the calculations for 

high-water and residential basement foundation elevations are described in 3.3.8 

PCSWMM. 
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Figure 2.13: Honda Campus PCSWMM Simulated Groundwater Elevations 

The Honda Campus PCSWMM hydrologic modeling analysis was also used to simulate 

infiltration rates for pre-development, post-development (LID), and post-development (no 

LID) site conditions. Figure 2.14 presents the temporal behaviour of the infiltration rates 

collected during the three site condition scenarios obtained from the Honda Campus 

PCSWMM hydrologic analysis. 

Figure 2.14: Honda Campus PCSWMM Simulated Infiltration Rates 

Similar to Elm Drive, the results of the Honda Campus analysis indicate that the infiltration 

rates are the greatest during pre-development site conditions and are significantly 
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reduced when the post-development scenarios are simulated. This is to be expected, as 

the defining characteristic of a pre-development site is for the surface coverage to be 

almost, if not entirely pervious, allowing for maximum infiltration of precipitation. The post-

development (LID) site configuration demonstrated slightly increased infiltration rates 

when compared to those of the post-development (no LID) site configuration. This is also 

to be expected, as the impervious cover saw a slight decrease from 71.4% to 64.0% when 

LID practices were introduced to the site configuration. Furthermore, it appears that 

difference between site condition infiltration rates between post-development (LID) and 

post-development (without LID) were not consistent throughout the span of the simulation 

period. During intervals when infiltration rates were maximized for these scenarios, there 

is a greater variation in the maximum infiltration rates. However, when infiltration rates 

are minimized (e.g. during winter months), there is less variance between post-

development (LID) and post-development (no LID). As the site contains 12 LID practices 

which equate to a surface coverage of 7.32% of the entire site, it is indicative of the strong 

infiltration capacity and their ability to create a marked difference on the infiltration rates 

of an entire catchment.  

The results of the Honda Campus hydrologic modelling study also indicate that 

urbanization has a marked effect on groundwater behaviour and infiltration rates. In pre-

development conditions, the groundwater elevation saw a fluctuation of 28.00 cm from a 

minimum elevation of 237.00 m to an ending maximum elevation of 237.28 m over the 

one-year simulation period. In post-development (LID) conditions, the groundwater 

elevation saw a fluctuation of 5.00 cm from a minimum elevation of 237.18 m to an ending 

maximum elevation of 237.23 m over the one-year simulation period. In post-development 

(without LID) conditions, the groundwater elevation saw a fluctuation of 6.00 cm from a 

minimum elevation of 237.24 m to an ending maximum elevation of 237.30 m over the 

one-years simulation period. With post-development conditions, the seasonal 

groundwater fluctuation for Honda Campus was significantly reduced when compared to 

pre-development conditions. While the behaviour of the groundwater elevation remained 

relatively consistent (i.e. sinusoidal pattern typical for seasonal groundwater fluctuations), 

Figure 2.13 indicates that the removal of LID practices resulted in a groundwater trend 
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which was considerably elevated when compared to the groundwater trend associated 

with the post-development (LID) scenario, supporting the notion that LID practices 

function to mimic pre-development hydrologic conditions, as the post-development (LID) 

groundwater trend is closer to pre-development conditions than the post-development (no 

LID) groundwater trend, particularly when observing minimum groundwater elevations.  

The Honda Campus hydrologic analysis was used to study the characteristics of the 

surface water and groundwater balance for each simulated site conditions. The 

components of the surface water balance for the Honda Campus pre-development, post-

development (LID) and post-development (no LID) site conditions are presented in Table 

2.6. 

Table 2.6: Summary of Honda Campus PCSWMM Surface Water Balance 
Value Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
Precipitation (mm) 911.4 911.4 911.4 
Runoff (mm) 256.6 478.1 538.3 
Evaporation (mm) 241.9 290.5 281.3 
Infiltration (mm) 412.9 106.9 91.8 
LID Drainage (mm) 0.0 18.2 0.0 
LID Storage (mm) 0.0 38.3 0.0 

 

Infiltration and runoff experienced the most significant changes with the alteration of the 

site configuration. The Honda Campus pre-development site was assumed to have 0% 

impervious cover, which was then increased to 64.0% and 71.4% for post-development 

(LID) and post-development (no LID), respectively. Therefore, the decreased infiltration 

rates and increased runoff rates were anticipated. Evapotranspiration experienced a 

slight increase from pre-development to post-development conditions which was 

considered an atypical result, as pre-development site conditions (primarily 0% 

imperviousness) would imply high evapotranspiration capabilities of the catchment. This 

may be attributed to changes in the land use from pre- to post-development, which can 

affect evapotranspiration capabilities. The model results indicated that the installed LID 

practices had some functionality with respect to drainage and storage of stormwater 

runoff. This is speculated to be due to the significant design capacities of the LIDs. 

The components of the groundwater balance for the Honda Campus pre-development, 

post-development (LID) and post-development (no LID) site conditions are presented in  
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Table 2.7 below.  

Table 2.7: Summary of Honda Campus Site Groundwater Balance 
Category Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
Infiltration (mm) 412.9 106.9 91.8 
Upper ET (mm) 158.4 62.0 43.5 
Lower ET (mm) 134.2 54.1 38.6 
Recharge (mm) 7.6 7.8 8.0 

 

Intuitively, it is expected that land development would result in decreased hydrologic 

function of a site, as the large fraction of site imperviousness is not conducive to the 

infiltration of stormwater runoff. However, the contrary to this idea is widely supported in 

the scientific community, as previously discussed in 2.2.7 Limitations of Low Impact 

Development. This is supported by the collected results as presented in Figure 2.13. 

 
Infiltration depth saw the greatest decrease from pre-development to post-development 

scenarios, and is attributed to the increase in impervious cover, from 0% to 64.0% and 

71.4% for pre-development, post-development (LID) and post-development (no LID), 

respectively. Though the purpose of LID practices is to restore hydrologic conditions to 

those of pre-development, Table 2.7 indicates that the LID practices constructed for the 

Honda Campus site minimally impact groundwater characteristics. One possible 

explanation for this behaviour is the design capacity of the LID. 

 
To determine the impact of LID practices on residential basement flood risk, the results 

obtained from the PCSWMM hydrologic analysis were utilized in a secondary statistical 

analysis. The pre-development, post-development (LID) and post-development (no LID) 

groundwater elevations were used to assess the probability of exceeding the elevation of 

a residential basement foundation during the one-year simulation period. Two statistical 

distributions commonly seen in the field of hydrologic engineering, the normal distribution 

and Weibull distribution were assessed for goodness of fit, prior to assessing the 

probability of exceedance. AIC values were collected for each distribution and are 

summarized in Table 2.8 below. With respect to AIC, the distribution corresponding to the 

smaller positive value or larger negative value identifies the function that best fits the 

modeled data.   
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Table 2.8: Summary of Akaike Information Criterion Corresponding to Normal and Weibull 
Distributions for Honda Campus 

 Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
S1 AICNormal Dist./ 
S1 AICWeibull Dist -13472/13404 -33289/-30014 -37668/-37821 

 

The normal distribution returned a larger negative AIC for the pre-development, post-

development (LID) and post-development (no LID) scenarios. Therefore, the normal 

distribution was utilized for all exceedance probability analyses. Figure 2.15 to Figure 

2.17 present the fitting of a normal distribution to the modeled groundwater elevations. 

 
Figure 2.15: Honda Campus Site Pre-Development Groundwater Exceedance Probability 

Distribution 
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Figure 2.16: Honda Campus Site Post-Development (LID) Groundwater Exceedance Probability 

Distribution 

 
Figure 2.17: Honda Campus Site Post-Development (no LID) Groundwater Exceedance Probability 

Distribution 

 
The normal distribution fitted to each dataset of model-predicted groundwater elevations 

was utilized to determine the probability of the groundwater elevation exceeding the 

elevation of a residential basement foundation over the one-year simulation period. 

Summaries of the obtained probabilities are presented in  

Table 2.9 below. 
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Table 2.9: Honda Campus Groundwater Exceedance Probability Summary 
 Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 

Exceedance Probability 0.13 0.00 0.11 
 

As indicated by the result in Table 2.9, the probability of the groundwater elevation 

exceeding a high-water table elevation is exceptionally small for pre-development, post-

development (LID), and post-development (no LID) site conditions.  

 
2.4.3 Mosaik Subdivision 
 
The hydrologic modeling analysis utilized for the Elm Drive and Honda Campus sites was 

also applied to the Mosaik Subdivision site. The modeling analysis simulated a one-year 

period from June 1st, 2012 to June 1st, 2013, and consisted of three simulations that 

represented pre-development, post-development (LID), and post-development (no LID) 

site conditions. Results of the greatest significance to this study were groundwater 

elevation and infiltration, as these model output parameters are the most applicable to 

the study of sewer overflow- and infiltration-derived residential basement flood risk, as 

previously discussed in 3.2.3 Infiltration Flooding and 3.2.5 Sewer Overflow Flooding. 

Figure 2.18 presents the temporal behaviour of the groundwater elevations collected 

during the three site condition scenarios obtained from the Mosaik Subdivision site 

hydrologic analysis. Elevations representing a high-water table and residential basement 

foundation were included in Figure 2.18 to visually display their proximity to the modeled 

groundwater elevations. Details regarding the calculations for high-water and residential 

basement foundation elevations are described in 3.3.8 PCSWMM. 
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Figure 2.18: Mosaik Subdivision Site PCSWMM Simulated Groundwater Elevations 

The Mosaik Subdivision site hydrologic modeling analysis was also used to simulate 

infiltration rates for pre-development, post-development (LID), and post-development (no 

LID) site conditions. Figure 2.19 presents the temporal behaviour of the infiltration rates 

collected during the three site condition scenarios obtained from the modeling analysis.  

Figure 2.19: Mosaik Subdivision Site PCSWMM Simulated Infiltration Rates 

The results indicate that the infiltration rates are the greatest during pre-development site 

conditions and are significantly reduced when the post-development scenarios are 

simulated. This is to be expected, as the defining characteristic of a pre-development site 
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is for the surface coverage to be almost, if not entirely pervious, allowing for maximum 

infiltration of precipitation. The post-development (LID) site configuration demonstrated 

marginally increased infiltration rates when compared to those of the post-development 

(no LID) site configuration. This result was expected, as the change in site impervious 

cover was lowered by 1.4%, from 54.2% to 52.8% for post-development (no LID) and 

post-development (LID), respectively.  

 
The results of the Mosaik Subdivision PCSWMM hydrologic modelling study indicate that 

urbanization has a marked effect on groundwater behaviour and infiltration rates. In pre-

development conditions, the groundwater elevation saw a fluctuation of 39.00 cm from a 

minimum elevation of 276.95 m to an ending maximum elevation of 277.34 m over the 

one-year simulation period. In post-development (LID) conditions, the groundwater 

elevation saw a fluctuation of 4.00 cm from a minimum elevation of 277.15 m to an ending 

maximum elevation of 277.19 m over the one-year simulation period. In post-development 

(no LID) conditions, the groundwater elevation saw a fluctuation of 4.00 cm from a from 

a minimum elevation of 277.15 m to an ending maximum elevation of 277.19 m over the 

one-year simulation period. The simulation of the post-development site conditions 

resulted in significantly reduced annual groundwater elevation fluctuations when 

compared to pre-development conditions. This is attributed to the change in site 

imperviousness, which hinders the ability of the site to infiltrate stormwater runoff.  

Though LID practices are designed to promote infiltration, Figure 2.18 indicates that on a 

catchment-scale, the installed LID had a marginal influence on the temporal groundwater 

elevation. This result is expected, as though the site contains several LID practices, they 

only encompass approximately 1.4% of the site’s total area. To further assess the impact 

of LID practices, the surface water and groundwater balances for the Mosaik Subdivision 

site development scenarios were collected. Table 2.10 presents the parameters of the 

surface water balance for the Mosaik Subdivision site development scenarios.  
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Table 2.10: Summary of Mosaik Subdivision PCSWMM Surface Water Balance 
Value Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
Precipitation (mm) 911.4 911.4 911.4 
Runoff (mm) 171.4 453.4 468.0 
Evaporation (mm) 226.3 258.0 256.0 
Infiltration (mm) 513.7 199.8 187.3 
LID Drainage (mm) 0.0 0.0 0.0 
LID Storage (mm) 0.0 0.0 0.0 

 
Infiltration and runoff experienced the most significant changes with the alteration of the 

site configuration. Mosaik Subdivision pre-development was assumed to have 0% 

impervious cover, which was then increased to 52.8% and 54.2% for post-development 

(LID) and post-development (no LID), respectively. Therefore, the decreased infiltration 

rates and increased runoff rates were anticipated. Evaporation, not to be confused with 

evapotranspiration, was the lowest in pre-development scenarios and increased in the 

post-development scenarios. This is thought to be due to the contribution of impervious 

surfaces to latent heat flux. Though little research has been conducted on urban 

evaporation, a study conducted by Ramamurthy & Bou-Zeid (2014) found that impervious 

surfaces can promote significant evaporation, and are able to evaporate at higher rates 

than vegetated surfaces when wet, due to their heat storage capabilities prior to a rain 

event. With respect to LID performance, the model results indicated no LID drainage or 

storage occurred during the post-development (LID) scenario. 

 

As this study is primarily concerned with the impact of LID practices on groundwater 

behaviour and residential basement flood risk, it was crucial to understand how the 

inclusion of LID practices affects site groundwater balance. The parameters of the Mosaik 

Subdivision site groundwater balance are presented in Table 2.11.  

Table 2.11: Summary of Mosaik Subdivision PCSWMM Groundwater Balance 
Category Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
Infiltration (mm) 513.7 199.8 187.3 
Upper ET (mm) 162.8 74.2 71.8 
Lower ET (mm) 137.1 64.1 62.1 
Recharge (mm) 7.4 7.7 7.7 

 

Infiltration depth saw the greatest decrease from pre-development to post-development 

scenarios, and is attributed to the increase in impervious cover, from 0% to 52.8% and 
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finally 54.2% for pre-development, post-development (LID) and post-development (no 

LID), respectively. Evapotranspiration (ET), both upper and lower, was the greatest in 

pre-development conditions and decreased in post-development (LID and no LID) 

conditions. Recharge saw a slight increase as the site configuration changed from pre-

development to post-development (LID and no LID) conditions. As previously discussed 

in prior sections, though the intuitive thought is that urbanization and recharge have an 

inverse relationship, several studies have identified that urbanization does in fact promote 

groundwater recharge (Gray & Foster, 1972; Lerner, 1990; Wakode et al., 2018). 

 
To determine the impact of LID practices on residential basement flood risk, the results 

obtained from the hydrologic analysis were utilized in a secondary statistical analysis. The 

pre-development, post-development (LID) and post-development (no LID) groundwater 

elevations were used to assess the probability of exceeding the elevation of a residential 

basement foundation during the one-year simulation period. Two statistical distributions 

commonly seen in the field of hydrologic engineering, the normal distribution and Weibull 

distribution were assessed for goodness of fit, prior to assessing the probability of 

exceedance. AIC values were collected for each distribution and are summarized in Table 

2.12. With respect to AIC, the distribution corresponding to the smaller positive value or 

larger negative value identifies the function that best fits the modeled data. 

Table 2.12: Summary of Akaike Information Criterion Corresponding to Normal and Weibull 
Distributions for the Mosaik Site 

 Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
S1 AICNormal Dist./ 
S1 AICWeibull Dist 29174/-13671 -30047/-25328 -30660/-25782 

 

The normal distribution returned a larger negative AIC for the pre-development, post-

development (LID) and post-development (no LID) scenarios. Therefore, the normal 

distribution was utilized for all exceedance probability analyses. Figure 2.20 to Figure 

2.22 present the fitting of a normal distribution to the modeled groundwater elevations. 
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Figure 2.20: Mosaik Subdivision Pre-Development Groundwater Exceedance Probability 

Distribution 

 

 
Figure 2.21: Mosaik Subdivision Pre-Development Groundwater Exceedance Probability 

Distribution 
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Figure 2.22: Mosaik Subdivision Pre-Development Groundwater Exceedance Probability 
Distribution 

 
The normal distribution returned a smaller AIC for all Post-Development Scenarios, or in 

the case of negative values, returned a larger AIC, than the Weibull distribution; therefore, 

the normal distribution was utilized for all exceedance probability analyses.  

 
The normal distribution fitted to each dataset of model-predicted groundwater elevations 

was utilized to determine the probability of the groundwater elevation exceeding the 

elevation of a residential basement foundation over the one-year simulation period. 

Summaries of the obtained probabilities are presented in Table 2.13. 

Table 2.13: Mosaik Groundwater Exceedance Probability Summary 
 Pre-Dev. Post-Dev. (LID) Post-Dev. (no LID) 
Exceedance Probability 8.00E-02 3.07E-06 2.95E-07 

 

As indicated by the result in Table 2.13, the probability of the groundwater elevation 

exceeding a high-water table elevation is exceptionally small for pre-development, post-

development (LID), and post-development (no LID) site conditions.  
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2.4.4 Effect of LID on Seasonal Groundwater Elevation 
 
Elm Drive 
 

The individual components of the PCSWMM hydrologic water balance for Elm Drive are 
presented in Table 2.14 to Table 2.16.  

Table 2.14: Monthly Water Balance for Elm Drive with Pre-Development Conditions 
Hydrologic 
Component 
(mm) 

Pre-Development 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 50.5 25.7 37.4 58.4 48.7 50.1 61.9 31.7 70.0 56.1 1.9 27.4 
Evaporation 6.7 8.0 11.8 25.9 23.2 17.9 24.5 23.1 32.0 17.1 11.3 10.5 
Runoff 16.2 0.0 35.8 26.1 4.2 8.5 8.1 3.2 19.1 48.2 1.7 8.2 
Δ S -7.0 58.3 -63.4 0.0 0.1 0.0 5.6 -5.6 -0.1 5.5 -5.3 12.3 

 
Table 2.15: Monthly Water Balance for Elm Drive with Post-Development (LID) Conditions 

Hydrologic 
Component 
(mm) 

Post-Development (LID) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 23.1 16.9 15.8 27.7 23.5 23.5 28.1 15.0 34.9 24.3 4.4 18.2 
Evaporation 7.4 8.8 11.8 28.9 28.4 28.0 27.4 22.4 24.2 21.4 5.3 9.9 
Runoff 44.6 7.9 54.0 53.5 23.9 24.9 41.6 18.0 61.6 78.2 2.6 19.4 
Δ S -8.7 58.4 -60.1 0.3 0.3 0.0 2.9 -3.0 0.4 3.0 -2.7 11.0 

 
Table 2.16: Monthly Water Balance for Elm Drive with Post-Development (no LID) Conditions 

Hydrologic 
Component 
(mm) 

Post-Development (LID) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 17.8 10.4 13.3 19.8 18.8 18.4 21.9 11.4 26.6 16.0 2.9 13.6 
Evaporation 8.0 9.5 12.7 30.6 29.6 29.8 29.1 22.4 24.8 23.0 5.5 10.5 
Runoff 50.2 9.7 59.6 60.0 27.5 28.1 47.3 20.5 69.8 86.0 3.1 22.7 
Δ S -9.7 62.5 -64.0 0.1 0.3 0.0 1.7 -1.9 -0.2 2.0 -1.9 11.6 

 

Referencing typical seasonal groundwater trends, it was anticipated that a net change 

in	∆!	would be positive during wet seasons (e.g. April through September), and negative 

during dry seasons (e.g. October through March). The resulting trends as simulated using 

PCSWMM somewhat follow this trend; however, some outliers are present. While positive 

changes to net storage were anticipated during the above defined wet season, this 

behaviour was also observed during the months of February, October, and December, 

which were presumed to be dry months. This is important to note as existing construction 
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guidelines such as the Ontario Building Code consider high water table conditions to 

occur during spring months, and design considerations regarding high water tables 

around this assumption (and assume that the water table elevation follows a cyclical 

pattern). Positive changes in net storage indicate increased quantities of runoff being 

infiltrated into the surrounding soil which can result in elevated water table elevations. 

This can pose a risk to the structural integrity of underlying infrastructure.  

 
Honda Campus 
The individual components of the PCSWMM hydrologic water balance for the Honda 

Campus site are presented in Table 2.17 to Table 2.19. Similar to Elm Drive, increases 

in net storage were observed during the months of February, October, and December, 

which were presumably dry months. The change in net storage is significantly less, and 

in many cases is near zero.  

Table 2.17: Monthly Water Balance for Honda Campus with Pre-Development Conditions 
Hydrologic 
Component 
(mm) 

Pre-Development 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 8.2 4.7 2.4 50.7 48.7 50.1 61.9 31.9 69.8 56.1 1.9 26.7 
Evaporation 10.9 13.6 21.0 31.9 23.8 18.5 24.5 24.7 34.0 17.1 11.6 10.5 
Runoff 47.3 72.9 3.6 28.1 3.7 7.9 6.4 3.1 17.4 47.9 2.2 15.5 
Δ S 0.0 0.8 -5.3 -0.3 0.0 0.0 7.2 -7.3 -0.2 5.9 -6.1 5.7 

 

Table 2.18: Monthly Water Balance for Honda Campus with Post-Development (LID) Conditions 
Hydrologic 
Component 
(mm) 

Post-Development (LID) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 1.5 0.8 2.5 13.2 13.7 13.9 16.0 8.7 17.4 12.0 0.4 6.8 
Evaporation 10.5 13.0 15.8 34.6 36.4 37.2 33.0 31.7 34.7 24.2 9.4 10.2 
Runoff 52.8 76.7 6.7 61.6 25.9 25.5 43.4 18.3 65.2 79.8 3.2 35.8 
Δ S 1.6 1.5 -3.4 1.1 0.2 -0.2 7.6 -6.4 3.7 10.9 -3.4 5.5 
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Table 2.19: Monthly Water Balance for Honda Campus with Post-Development (LID) Conditions 
Hydrologic 
Component 
(mm) 

Post-Development (no LID) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 1.3 0.7 2.1 11.3 11.7 11.9 13.7 7.5 15.0 10.3 0.4 5.9 
Evaporation 10.9 13.5 15.6 34.9 34.3 35.5 33.0 27.1 31.8 25.5 8.9 10.6 
Runoff 54.5 78.1 6.5 64.8 30.1 29.3 50.6 21.3 75.1 88.7 3.5 39.3 
Δ S -0.2 -0.2 -2.6 -0.6 0.0 -0.2 2.6 -3.5 -0.9 2.4 -3.1 2.7 

 

Mosaik Subdivision 
 
The individual components of the PCSWMM hydrologic water balance for the Mosaik 

Subdivision are presented in Table 2.20 to Table 2.22. Like the Elm Drive and Honda 

Campus sites, increases in net storage were observed during the months of February, 

October, and December, which were presumably dry months. 

Table 2.20: Monthly Water Balance for Mosaik Subdivision with Pre-Development Conditions 
Hydrologic 
Component 
(mm) 

Pre-Development 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 51.3 25.9 35.0 53.5 48.7 50.0 61.9 31.9 69.8 56.1 1.9 27.6 
Evaporation 6.9 8.0 14.7 31.7 23.8 18.8 24.9 24.4 34.1 17.2 11.6 10.5 
Runoff 15.2 0.0 35.5 25.5 3.6 7.6 6.3 3.0 17.3 47.8 2.3 7.7 
Δ S -7.0 58.1 -63.6 -0.3 0.1 0.0 6.9 -6.9 -0.2 5.9 -6.1 12.5 

 
Table 2.21: Monthly Water Balance for Mosaik with Post-Development (LID) Conditions 

Hydrologic 
Component 
(mm) 

Post-Development (LID) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 20.4 12.1 14.1 21.1 19.8 20.1 23.5 12.7 26.2 18.4 0.7 10.8 
Evaporation 8.7 10.5 14.2 33.8 31.5 30.8 30.9 25.0 30.5 23.2 8.7 10.4 
Runoff 49.1 9.7 58.6 58.4 26.8 27.1 45.6 19.7 68.8 84.8 3.5 26.6 
Δ S -11.9 59.7 -65.2 -2.9 -1.9 -1.6 0.0 -4.9 -4.5 0.6 -3.2 10.6 
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Table 2.22: Monthly Water Balance for Mosaik Subdivision with Post-Development (no LID) 
Conditions 

Hydrologic 
Component 
(mm) 

Post-Development (LID) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Precipitation 66.4 92.0 21.6 110.4 76.2 76.4 100.0 52.4 121.0 127.0 9.6 58.4 
Infiltration 19.1 10.7 13.6 20.0 18.8 19.1 22.3 11.9 24.8 16.5 0.6 9.9 
Evaporation 8.7 10.6 14.1 33.0 31.5 30.9 31.0 24.4 29.5 23.4 8.6 10.6 
Runoff 50.6 10.4 59.7 60.3 27.9 28.1 47.5 20.5 71.4 86.2 3.5 27.6 
Δ S -12.1 60.3 -65.8 -2.9 -2.0 -1.7 -0.8 -4.4 -4.7 0.8 -3.0 10.4 

 

Furthermore, it is evident that the inclusion of LID practices provided a small amount of 

relief in terms of lowering the net change in storage during the months of February, 

October, and December. Storage saw a net decrease of 1.1 mm, 0.9 mm, and 0.3 mm 

from post-development (no LID) to post-development (LID) for February, October, and 

December, respectively.  

 
Comment on Existing Design Standards 
 
LID practices are implemented in modern SWM design due to their added benefit to 

improving the hydrologic regime of the surrounding area. However, all aspects of LID 

practices, both positive and negative, must be considered when they are to be considered 

when environmental conditions (e.g. high-water table, age of infrastructure) are not 

conducive to the mitigation of residential basement flood risk.   In the Province of Ontario, 

there exist three fundamental guidelines to assist in the building construction and 

municipal infrastructure design; the Ontario Building Code (Ontario, 2012), the 

Stormwater Management Planning and Design Manual (Ontario & MOE, 2003), and the 

Low Impact Development Stormwater Management Planning and Design Guide (CVC & 

TRCA, 2010). The latter two documents provide some documentation regarding the 

installation of infiltration and ponding practices such as LID; however, this documentation 

is limited to setback distance from a building foundation, as well as maximum height of 

the underlying water table. The recommended setback is identified to be 4.0 m away from 

any building foundation, to ensure that the ponded water does not increase the amount 

of foundation drainage (CVC & TRCA, 2010; Ontario & MOE, 2003); the Stormwater 

Management Planning and Design Manual does not comment on the depth to high water 

table during LID installation. The Low Impact Development Stormwater Management 
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Planning and Design Guide recommends a maximum depth to the seasonally high water 

table or bedrock to be 1.0 m below an LID unit. In this context, a seasonally high water 

table refers to the peak water table elevation which typically occurs during the spring 

months. However, as indicated by the hydrologic modeling results for Elm Drive and 

Mosaik Subdivision, elevated water table elevations and positive changes in net storage 

occur as early as February and persist into the winter months.  A limitation of 1.0 m depth 

to high water table, while including municipal infrastructure that promotes infiltration, 

simply may not be a suitable design guideline that would promote the maintenance of 

residential basement foundations. 

 
Existing literature contradicts the guidelines provided in the Low Impact Development 

Stormwater Management Planning and Design Guide. The Institute for Catastrophic Loss 

Reduction states that “Increasingly, properties available for development are marginal in 

that they comprise poor draining soils and/or high seasonal groundwater tables (1.5 

metres or less below grade). These sites cannot be adequately serviced with LID 

measures and even their development using conventional infrastructure is questionable 

in the long term” (Sandink & Institute for Catastrophic Loss Reduction, 2010). 

Furthermore, the Ontario Building Code identifies a water table as being the highest 

during the spring months and has developed foundation design considerations around 

this definition. The results of this study indicate that LID practices have the potential to 

cause water table elevations to approach the designated height of a high water table 

during early fall and late winter months, as well as maintain an overall elevated water 

table elevation. Based on the results of this study, it is recommended that future 

publications of building construction and municipal infrastructure design consider the 

possibility of high water table elevations that extend beyond the previously defined 

seasonal period (i.e. spring months).  
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2.4.5 Effect of LID on Infiltration and Groundwater Elevation 
 
To further assess the effect of LID implementation in an urbanized area, an analysis was 

conducted in which the percent difference in impervious cover, infiltration depth, and 

average seasonal groundwater were compared from post-development (no LID) to post-

development (LID). Modeling results pertaining to each of the above listed parameters 

were collected for each of the three case-study sites. A percent difference calculation was 

performed to observe how the parameters might increase or decrease with the inclusion 

of LID. Table 2.23 presents a summary of these findings.   

Table 2.23 Changes in Hydrologic Features from Post-Development (no LID) to Post-Development 
(LID) 

Site 
Change in 

Impervious Cover 
(%) 

Change in 
Infiltration Depth 

(%) 

Change in Mean 
Annual Groundwater 

Elevation (%) 

Change in 95th 
Percentile 

Groundwater 
Elevation (%) 

Elm Drive -10.75% +25.28% 0.01% 0.00% 
Honda Campus -10.36% +14.13% -0.02% 0.00% 
Mosaik  -2.58% +6.25% 0.00% 0.00% 

 

The results indicate that infiltration depth was the most responsive hydrologic parameter 

to changes in site impervious cover. As presented in Table 2.23, the increase in site 

infiltration depth is relatively proportional to the percent increase in impervious cover for 

each case-study site.  

The results also indicate that the mean average annual groundwater elevation and 95th 

percentile groundwater elevation experienced little to no change from post-development 

(no LID) to post-development (LID) scenarios. This may be attributed to the storage and 

conveyance properties of the LID systems designed for each case-study site. Though the 

primary purpose of LID is to enhance site infiltration and evapotranspiration, the LIDs 

incorporated in each case-study site are designed such that not all infiltrated runoff 

remains in the LID or the surrounding soil. Rather, the LIDs are connected to existing 

municipal sewer system towards which some of the infiltrated runoff is directed and 

conveyed.  
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It is important to note that these results are representative of minor decreases in site 

imperviousness, with the greatest decrease in site imperviousness observed as being       

-10.75% for the Elm Drive site. It is unknown how a greater decrease in imperviousness 

would affect the studied hydrologic parameters. Though the presented results are 

inconclusive, it can be inferred that the increased risk of basement flooding due to 

exacerbation of hydrologic parameters would depend on the extensiveness of the 

implementation of LID.  

 
2.5 Model Limitations 
 
While the intents of this research hold merit, it should be noted that several limitations 

exist within the parameters of the hydrologic modeling software used, as well as with the 

structure of the study methodology.  

Limitations within the PCSWMM hydrologic model predominantly fall within the modeling 

of the groundwater component of a catchment, and are identified in the SWMM5 manual 

as follows: 

• The inability to realistically model infiltration as an expanding volume of saturated 

soil moving downward through the unsaturated zone. This is due to the moisture 

content of the unsaturated zone being calculated as an average over the entire 

catchment.  

• The two-zone groundwater model (unsaturated tank and saturated tank) limits the 

ability to match non-uniform soil columns 

• Groundwater mounding under a pervious area cannot be simulated, as the model 

assumes that the infiltrated water is spread uniformly over the entire catchment 

area 

Lateral groundwater flow within an aquifer system with several subcatchment 

areas cannot be simulated 

 
Simplifications to the PCSWMM hydrologic models as described in Section 2.3 

Methodology have also contributed to limitations within the study, and are described as 

follows: 

• Because PCSWMM does not allow for lateral groundwater flow assessment, the 
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original modeling files for each site had to be simplified from containing multiple 

catchments to a single catchment per site, in order to be able to study groundwater 

behaviour at catchment scale. The simplification of site area also assumes that the 

catchment parameters are uniform (e.g. slope, Manning’s n for 

pervious/impervious surfaces, etc.) and not an accurate representation of the 

model.  

• The PCSWMM model does not consider the influence of auxiliary groundwater 

flow avenues (e.g. tile drains, urban stormwater systems, baseflow to a nearby 

stream) therefore, the groundwater levels may not be rising as quickly as 

presented in the study and were not influenced by potential groundwater 

discharge.   

 
2.6 Conclusion 
 
Residential basement flooding remains as a challenging, multi-faceted issue in the field 

of water resource management. The complexity of basement flood mechanisms, 

combined with persisting intensification of the hydrologic cycle and urbanization, have 

exposed weaknesses in existing stormwater management infrastructure to capture and 

convey urban flood flows. Modern and novel methods of flood risk mitigation are 

imperative to the resiliency of urban areas against changing environmental conditions.  

 

One such novel method, green infrastructure (commonly referred to as low impact 

development, or LID) has been heavily promoted in urbanized areas as an alternative to 

traditional stormwater management. LID functions to protect, restore, or mimic the natural 

hydrologic cycle through enhanced infiltration, evapotranspiration, storage, and filtration 

of stormwater runoff (MECP, 2017.  

 

Though LID has demonstrated the ability to significantly contribute to the restoration of 

urban hydrologic health and the promotion of sustainable design, professionals in the field 

of water resource management have begun to question whether the enhanced infiltration 

of LID has the capability to negatively impact below-grade infrastructure, and ultimately, 
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contribute to residential basement flood risk. The investigation of this issue highlighted 

the importance of understanding both benefits, and risks, when implementing novel 

municipal infrastructure techniques. This thought inspired the following research 

question: 

• Can the enhanced infiltration capabilities promoted by LID exceed pre-

development conditions? 

• Can LID-derived infiltration contribute to residential basement flood risk? 

The above described research questions shaped the methodology of this study, which 

began with the assessment of LID implementation for three case-study sites located in 

the Greater Toronto Area. The hydrologic model PCSWMM was used to assess the 

influence of LID on net infiltration depth and groundwater elevations using continuous 

simulations for a one-year period. This identifies the first novel contribution of the study, 

as typically, the design and assessment of stormwater management infrastructure utilizes 

event-based simulation as opposed to continuous-based. This is important to note, as it 

has becoming increasingly suggested that the proper representation of actual infiltration 

rates in a continuous modeling format is a requirement for the proper design of LID 

(Zimmer et al., 2007). Pre-development, post-development (LID), and post-development 

(no LID) scenarios were assessed for each case-study site. Results indicated that 

although the implementation of LID did function to enhance infiltration depth when 

compared to the post-development (no LID) scenario, this enhanced infiltration depth was 

far from meeting or exceeding pre-development infiltration depth.  

 

The second component of the study included a probabilistic approach to determine the 

probability of groundwater elevations exceeding a high water table elevation during the 

one-year simulation period. A normal distribution was fitted to the groundwater elevations 

obtained from each site scenario for all three case study sites. The fitted distribution was 

used to determine the probability of the groundwater elevation exceeding the elevation of 

a high water table during the one-year simulation period. This identifies the second novel 

contribution of the study, as very little research efforts have been directed towards LID 

risk assessment. Results indicate that the inclusion of LID did not have a significant 

impact on increased groundwater elevations, as the probability of groundwater elevations 
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exceeding a high water table was determined to be less than 1% for each case-study site 

development scenario. 

 

Through the analysis and interpretation of the study results, it is evident that the inclusion 

of LID does influence site hydrologic parameters, though these results are inconclusive. 

This can be attributed to simplifications in the modeling methodology, as well as only 

assessing case-study sites which have minimal LID coverage compared to the entire site 

area. Though final conclusions regarding LID and basement flood risk cannot be 

established with the collected results, it can be inferred that the increased risk of 

basement flooding due to exacerbation of hydrologic parameters would depend on the 

extensiveness of LID implementation, which was not assessed in this study. It is also 

unknown how the compounding effect of long-term use might affect the rate at which 

these parameters change.  

 

Though the results of this study are not conclusive, the results of this research highlight 

the importance of risk assessment during the implementation of modern municipal 

infrastructure design. The research contribution of this study is presented as the 

development of a novel methodology for the assessment of LID influence on residential 

basement flood risk through the coupled use of a hydrologic model and probabilistic 

assessment.  

 

It is the hope that this research can be utilized to establish a holistic approach to modern 

municipal infrastructure design in the wake of a rapidly changing climate. The 

methodologies presented in this study can be further refined and applied to enhance 

understanding of residential basement flood risk and foster the creation of resilient urban 

communities.  

 

 

.  
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 Chapter 3 - Urbanization and Shallow Groundwater 
Conditions 
 
Abstract 
 
The responsible design of modern stormwater management infrastructure requires the 

consideration of the surrounding environment. A hydrologic model is often used in the 

design process to simulate potential stormwater management infrastructure designs and 

observe their interaction with a site’s hydrologic features. However, this assessment is 

often limited to the study of surface hydrology. Though some models include a 

groundwater component, which is necessary for the assessment of stormwater 

management infrastructure on interflow and baseflow, the representation of groundwater 

is often simplified and generally untested (Elliott & Trowsdale, 2007). Specifically, the 

calibration and validation of a hydrologic model’s groundwater component is viewed as 

challenging due to requirement of understanding complex groundwater flow equations 

and how to adjust their calibration coefficients. Furthermore, manual calibration and 

validation is often a subjective task, where result accuracy is governed by the skill and 

expertise of the user. In this study, a calibration and validation methodology was 

developed for the groundwater component of a PCSWMM hydrologic model representing 

a case-study site located in the City of Mississauga. Groundwater discharge flow equation 

coefficients and aquifer parameters were adjusted until predicted groundwater elevations 

were in close correlation with groundwater elevations from an observational well. The 

objective was to create a methodology such that such that it can be replicated for projects 

of varying site characteristics, and to promote the incorporation of groundwater 

assessment within LID design. A ten-year simulation period was applied, and a correlation 

coefficient of 0.80 was obtained, indicating satisfactory correlation between simulated and 

observed groundwater elevations. However, a NSE coefficient of -0.19 was obtained, 

indicating that although the simulated and observed groundwater elevations show a 

strong correlation, the NSE indicated poor model performance such that the simulation 

could not predict the outcome variable.  
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3.1 Introduction 
 
Recent shifts in urban land use and changing climatic conditions have raised concern 

with respect to the behaviours of sub-surface hydrologic mechanisms; specifically, 

shallow groundwater elevations and seasonal fluctuations are of greatest interest, as 

these behaviours directly influence the structural integrity of municipal and building 

infrastructure systems by actively contributing to pluvial flood risk. In the Province of 

Ontario, the rapid urbanization of metropolitan city centers will continue to persist as 

human populations continue to shift from rural to urban areas. The Greater Toronto Area 

(GTA) is anticipated to be the fastest growing region within the Province of Ontario, since 

the population is expected to increase by 40.8% to reach approximately 9.7 million 

residents by the year 2041 (Ontario Ministry of Finance, 2018). Growing populations bring 

increased levels of development and impervious land cover, which will continue to alter 

the behaviour of the hydrologic regime and impact groundwater conditions. These 

anthropogenic factors coupled with severe weather events support the need for resilient 

municipal infrastructure design and a comprehensive understanding of sub-surface 

hydrologic mechanisms. Severe storm events have created favourable conditions for 

pluvial flooding to thrive, which has proven to cause both short-term and long-term 

consequences to the surrounding environment, as well as the socio-economic 

functionality of the surrounding human population. Rising groundwater elevations strain 

the capacity of existing stormwater management (SWM) systems and create a challenge 

when designing new systems. It is vital that municipal infrastructure be conservatively 

designed to anticipate volatile behaviour. Otherwise, severe weather will continue to 

affect the functionality of SWM systems and hinder urban growth as cities tackle the often 

extreme and costly repairs that overburdened systems can cause.  

 
Though the implementation of modern municipal infrastructure such as LID practices has 

demonstrated capabilities to relieve traditional SWM systems and overall, contribute to 

the improvement of the hydrologic regime, it is less understood how these practices affect 

groundwater behaviour. Moreover, the assessment of their impact is often neglected 

during the municipal infrastructure design process. Several available hydrologic modeling 
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software programs are able to simulate groundwater response; however, this is often 

viewed as a tedious and extraneous practice which is not typically used in industry.  

 
The inclusion of groundwater assessment within hydrologic modeling processes relies 

upon the ability of the user to accurately calibrate and validate the model using site 

specific data, all of which can be considered limiting factors. In industry, time and capital 

are very powerful commodities, and the elements required to simulate groundwater can 

be a significant drain on company resources. Furthermore, the calibration process is not 

straightforward, and if a user lacks a comprehensive understanding of the modeling 

software and engineering theory, it can be very difficult to accurately simulate real-life 

conditions.  

 
The process of calibrating a validating a model involves adjusting model parameters until 

simulated results are within a reasonable tolerance to observed results. The evolution of 

machine learning has allowed for the automation of some components of calibration and 

validation, but often require specialized software or a strong background in computer 

science.  There exists a need to incorporate the simulation of groundwater behaviour 

within the study and design of municipal infrastructure systems, be it through the 

utilization of manual or automatic computational processes.  

 
Understanding the implications of environmental and anthropogenic influence on 

groundwater behaviour and computing limitations within the private engineering industry, 

this study presents a robust methodology for the manual calibration and validation of the 

groundwater component of a PCSWMM hydrologic model. This research hopes to 

provide additional guidance with respect to modeling municipal infrastructure systems 

while remaining cognizant regarding their influence on groundwater behaviour.  
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3.2 Literature Review 
 
Continued development in the computing capabilities of modeling software and 

programming languages has allowed for extensive advances in the simulation of both 

simplistic and complex environmental processes. In recent years, there has been growing 

concern within the scientific community regarding the effect that environmental and 

anthropogenic influences have on the functionality of these processes (IPCC, 2013). To 

better understand the behaviour of environmental systems under external influence, it is 

necessary to utilize the abilities of these simulation methods to accurately represent 

current conditions, predict potential changes in system behaviour, and address any 

existing gaps in current measurement techniques. With this, the municipal infrastructure 

design process can be improved upon to a point where it can better withstand the effects 

associated with alterations to environmental processes and geographic conditions.  

 
An environmental process that has demonstrated sensitively to environmental and 

anthropogenic influence is the hydrologic cycle (Simonovic & Lanahi, 2013), both at 

surface and subsurface level. Ongoing climate variance due to greenhouse gas 

emissions have increased both surface and atmospheric temperatures, which can 

influence the intensity, volume, duration, timing, spatial distribution, and phase (i.e. rain, 

snow, etc.) of precipitation events (Teegavarapu, 2012). Rapid land development has 

drastically increased the imperviousness of once natural land, significantly affecting the 

sub-surface hydrologic regime and placing significant strain upon building construction 

and municipal infrastructure systems.  

 
As a result, pluvial flood processes have been increasing in intensity and frequency, most 

notably via infiltration- and sewer-backup-derived residential basement flooding. This has 

caused both short and long-term socio-economic damage to surrounding communities. 

Recognizing the implications that pluvial flood events can have, how alterations to the 

groundwater regime can contribute to pluvial flood risk, there exists a need to improve 

upon the inclusion of groundwater modeling within municipal infrastructure design. This 

process can be completed manually or automatically (with machine learning methods) 

but is often limited by the availability of resources to the user. James et al., (2004) utilized 
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a genetic algorithm-based software tool found within the interface of PCSWMM, a 

hydrologic modeling software program. A genetic algorithm produces potential solutions 

to a problem and selects the best generated solution for additional evaluation, mimicking 

the process of natural selection. James et al. (2004) found that for a simulated site, the 

average accuracy of the calibrated model had 97% accuracy with the target dataset 

following 58 iterations of the genetic algorithm program. Xin et al., (2011) developed an 

adaptive genetic algorithm-based calibration method and found that when tested with a 

case sewer network, resulted in a high calibration precision.  

 
Though these studies demonstrate the capabilities of automatic calibration processes, 

these only apply to the calibration and validation of surface water and sewer network 

components of a PCSWMM model. Moreover, very little literature is available which 

describes the process of groundwater calibration and validation within PCSWMM, unlike 

other integrated models for which detailed literature can be found regarding the calibration 

process. For example, there exists an abundance of published comprehensive 

methodologies for the calibration and validation of a MIKE SHE model (Hansen, 

Refsgaard, Christensen, & Jensen, 2013; Prucha et al., 2016; Voeckler, Allen, & Alila, 

2014), which is a popular integrated modeling system which utilizes finite difference 

approach for detailed runoff and flood modelling. Similarly, methodologies exist for the 

calibration and validation of another popular integrated model, HydroGeoSphere 

(Cornelissen, Diekkrüger, & Bogena, 2013; van der Zanden, 2016).  

 

However, the calibration and validation documentation for PCSWMM is not well 

established. Out of the limited documentation regarding the calibration and validation of 

a PCSWMM groundwater component, most describe a manual calibration process, yet 

even the described processes were found to be subjective based on the knowledge and 

experience of the user. Charbonneau & Bradford (2016) described a manual calibration 

process in which the coefficients found within the groundwater flow equation in PCSWMM 

were adjusted until matching was achieved in the simulated and observed rates and 

timing of wetland water level changes. This is also the subject of many discussions within 

the PCSWMM online community (Males, 1999; Rios, 2009; J. Zhao, 2007). In the 
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absence of comprehensive literature, online discussion posts were reviewed to determine 

how the industry views the groundwater calibration process. The general agreement 

within this community is to manually adjust groundwater parameter values until simulated 

values (e.g. stream baseflow or groundwater elevation) match observed values (Akhter, 

2015; Males, 1999; Vrban, 2019).  

 
The process of manual groundwater calibration is evidently still utilized in industry but 

requires a detailed understanding of available software and engineering theory. It is the 

goal of this study to establish a robust methodology for the calibration and validation of 

the groundwater component of a PCSWMM model that is applicable for use in industry.  

 
3.3 Methodology 
 
3.3.1 Data Collection 
 
Case Study Site 
 
Elm Drive was selected as the case study site for this study. The Elm Drive site is a LID 

road right-of-way retrofit located in the City of Mississauga, Ontario, bounded by Kariya 

Drive to the east and Joan Drive to the west. It is a mixed-use roadway and contains three 

residential properties adjacent to the north edge of the roadway and an adult education 

center adjacent to the south edge of the roadway. The site is 0.64 ha in size, 60% 

impervious, and incorporates LIDs such as permeable paver laybys, permeable sidewalk, 

and six bioretention planters. The site outfall was assigned as the final downstream 

boundary conditions under Dynamic Wave flow routing, and a 5 second modeling 

timestep was used. Care was taken to ensure that the appropriate alternative hydraulic 

boundary conditions (e.g. free discharge, fixed water surface, time varying water surface, 

etc.) were applied so as to best represent existing conditions and not inadvertently alter 

the outlet head. Due to lack of storage data, the boundary conditions was assigned as no 

water surface existing at the outfall (i.e. pipe or weird discharges above any tail water).  

 
Stormwater runoff from Elm Drive West is directed towards the permeable pavement units 

and continue to the bioretention planters. All LID systems are interconnected via 

underdrains, which drain to a monitoring manhole and continue into the municipal SWM 
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network (CVC, 2016). This site was selected as it is a residential development and has a 

simple site configuration with two subcatchments which could be amalgamated into one 

individual catchment to fit within the capabilities of the PCSWMM model, as it does not 

allow for the simulation of lateral groundwater flow between subcatchments.  

 
Provincial Groundwater Monitoring Network 
 
A major factor in the success of the modeling process involved the use of accurate 

observational data for the calibration and validation of the hydrologic models. The 

Provincial Groundwater Monitoring Network (PGMN) was utilized for the data acquisition 

necessary to complete this process. The PGMN was initiated following the 1998-1999 

drought, which identified an urgent need to better understand groundwater conditions and 

climatic influence. Led by the Ministry of Natural Resources and Fisheries (MNRF) and in 

partnership with conservation authorities and local municipalities, groundwater levels and 

quality are monitored in the PGMN. Hourly groundwater levels are collected from 474 

monitoring wells, while water samples are collected annually and analyzed. The PGMN 

Well W0000283-1 was selected for use in the PCSWMM calibration and validation 

process, as it has a relatively shallow groundwater level, which is necessary for the nature 

of this analysis. Furthermore, there are no PGMN groundwater monitoring wells currently 

installed in the City of Mississauga. Recognizing the existing data limitations, a monitoring 

well was selected for which considerable quantity of data were available, as the objective 

of this study was primarily focused on the generation of a robust calibration and validation 

methodology which could be easily reproduced. Though there are several monitoring 

wells scattered throughout the GTA, the recorded groundwater elevations associated with 

these wells had significant segments of missing data or had recorded groundwater 

elevations which were far below the ground surface, in which case the implementation of 

LID practices would have no influence on groundwater behaviour.    

 
Select groundwater monitoring wells observe groundwater levels that are near 20-30 m 

below the ground surface. The infiltration capacity of LID practices is not great enough to 

influence groundwater levels of that magnitude. Therefore, only shallow groundwater 

monitoring wells were considered. PGMN Well W0000283-1 has a ground elevation of 
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270.78 m.a.s.l. and a well depth of 27.43 m. The well is drilled into an overburden aquifer, 

which has a lithology of clayey silt. The location of PGMN Well W0000283-1 is indicated 

by the hollow red circle, while the hollow pink circles indicates the the location of the Elm 

Drive case-study sites, as presented in Figure 3.1 below.  

 

 

Figure 3.1: Location of PGMN Well W0000283-1 (Red) and Case-Study Site (Pink) 

 
The Elm Drive site is approximately 58 km southwest of the PGMW Well W0000283-1. It 

was identified that the case-study site was not located within the same aquifer system 

(Oak Ridges Moraine aquifer) as PGMW Well W0000283-1. A comparison of borehole 

logs indicated that the stratigraphy of the case-study site and PGMW Well W0000283-1 

differed, as they were identified to be comprised of silt loam and clayey silt, respectively. 

The difference in stratigraphy introduces additional uncertainty into the calibration and 

validation methodology. However, given the lack of groundwater monitoring data within 

the extents of the case-study site, the accuracy of the methodology was heavily limited 

by the availability of data.   

 
  



 
 

89 
 

Streamflow Data 
 
The Government of Canada Historical Hydrometric Data Map Search was used to identify 

a watercourse within proximity to PGMN Well W0000283-1 that could be used for 

confirmation of groundwater behaviour observed at PGMN Well W0000283-1. The 

Holland River East Branch at Holland Landing streamflow gauge was selected, as it is 

located 10 km north of PGMN Well W0000283-1. Streamflow data was obtained for a ten-

year period from 2004 to 2013 for the purposes of observing annual streamflow as well 

as minimum dry weather flow, as the absence of reliable groundwater data, groundwater 

outflows can be compared to the dry weather flow of a nearby watercourse, if they are 

hydraulically connected (Rossman & Huber, 2016). 

 
Classification of Aquifer System 
 
The accurate classification of the aquifer system within PGMN Well W0000283-1 is 

necessary as this indicates which environmental mechanisms may be affecting the 

assembled groundwater elevation results, and certain parameters which are required for 

the PCSWMM model (e.g. aquifer thickness) can then be deduced. Although the PGMN 

had limited information describing the aquifer system surrounding Well W0000283-1, 

additional documentation produced by York Region was consulted to support the 

assumption of aquifer attributes. York Region conducted a Well Capacity Restoration 

Class Environmental Assessment (EA) for the Yonge Street Aquifer. The Yonge Street 

Aquifer is a system of deep aquifers which cover the span from the Town of Aurora in the 

south, the Town of East Gwillimbury in the north, and extends along Yonge Street (York 

Region, 2013). The EA identified a study area identified as Well Area 11 in which a 

detailed cross section of the aquifer is provided (Figure 3.2).  
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Figure 3.2: Geologic cross-section of Well Area 11 (York Region, 2013) 

 
Well Area 11 is located approximately 3 km northwest of PGMN Well W0000283-1, 

specifically the eastern limit of the well area (A’). The study assumed the aquifer 

characteristics of PGMN Well W0000283-1 to be similar to those of Well Area 11 segment 

A’. Upon further investigation, a borehole log representing PGMN Well W0000283-1 was 

obtained, which indicated similar stratigraphy to Well Area 11 segment A1. Specifically, 

the presence of an initial sand layer approximately 12 m thick, followed by a silty clay 

layer approximately 9 m thick, and a clayey silt layer approximately 6 m thick. The depth 

PGMN Well W0000283-1 borehole log stopped short of any indication of a sand and 

gravel aquifer; however, the PGMN documentation indicated that the lithology of the 

aquifer which contains Well W0000283-1 was that of a clayey silt. Locations of PGMN 

Well W0000283-1 and Well Area 11 are presented in Figure 3.3. 
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Figure 3.3: PGMN Well W0000283-1 (yellow star) and Well Area 11 (red star) 

 
The EA identified Well Area 11 as a sand/gravel/silt aquifer that is 40 m thick (at A’) and 

is confined by clay/silt aquitards. 

 
Management of Missing Data Values 
 
The PGMN Well W0000283-1, W0000071-1, W0000059-1, and W0000124-1 

groundwater elevation datasets contained several segments of missing data, in which 

both the date and associated groundwater elevation were not recorded. Prior to using the 

datasets for analysis purposes, a proper conclusion must be made about the missing data 

and what to do with it. Because the PGMN Well W0000071-1, W0000059-1, and 

W0000124-1 were only used for a brief, informal visual comparison for general trends, 

data management techniques were not applied to these datasets.  The dataset for Well 

W0000283-1 was the only one which was used extensively in the calibration and 
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validation process; therefore, data management techniques were only applied to this well.  

 
Within the fields of quantitative statistics, it is understood that the quality of statistical 

analyses is directly related to the quantity and type of missing data. However, it is less 

understood as to what the cut-off should be for the quantity of missing data. Schafer 

(1999) suggested that missing data which fall below 5% of the total dataset can be 

deemed insignificant. Bennett (2001) suggested that missing data exceeding 10% of the 

total dataset may be considered large and can result in biased statistical analyses. Other 

studies have gone so far as to suggest the quantity of missing data may be as high as 

20% of the total dataset before biases are introduced (e.g. (Peng, 2006). Young et al. 

(2011) suggested the following guidelines for the handling of missing data: (1) if less than 

1% of the data are missing, missing data management methods are negligible; (2) if 1% 

to 5% of the data are missing, methods such as deletion (e.g. listwise, pairwise, etc.) or 

regression imputation are appropriate; (3) when 5% to 15% of the data are missing, 

advanced methods such as multiple imputation are the most appropriate; and (4) when 

greater than 15% of the data are missing, imputation results do not greatly contribute to 

the management of missing data and any imputed results may be considered irrelevant 

as the missing data mechanism would be difficult to interpret.  

 
Based on the missing data cut-off recommendations discussed above, this study 

concluded that 17.26% is a significant quantity of missing data and required further 

investigation to determine the appropriate selection and application of data management 

techniques prior to using the raw dataset for analytical purposes.  

 
Of the ten-year dataset, a secondary dataset comprised of data spanning the period from 

January 1st, 2010 to December 31st, 2012 was utilized for the calibration and validation of 

PCSWMM models for the Elm Drive, Honda Campus, and Mosaik sites. This three-year 

segment is comprised of approximately 34,794 data points. As the total number of data 

points possible for this three-year segment is 35,064 data points, approximately 0.77% of 

the dataset was deemed to be missing values, and was determined to be an insignificant 

quantity of missing data which does not require further investigation for appropriate data 

management techniques prior to use as per (Young et al., 2011).  
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Prior to the selection of an applicable data management technique for the processing of 

missing data, it is important to identify which data mechanism is represented by the data. 

Three missing data mechanisms exist: (1) missing completely at random (MCAR), in 

which there is a random distribution of missing values across all observations; (2) missing 

at random (MAR), in which there does not exist a random distribution of missing values 

across all observations, instead a pattern of missing values is predictable from the 

incomplete dataset (i.e. a subset of the data); and, (3) missing not at random (MNAR), 

where the pattern of missing data is nonignorable and not predictable from the remaining 

data (Bennett, 2001; Dong & Peng, 2013; Kang, 2013). While it is challenging to conclude 

via observational analysis which missing data mechanism represents the missing data 

values, statistical methods can provide justification to support a specific mechanism. 

 
Assessment of Fluctuations in Groundwater Levels 
 
Several factors can contribute to inaccuracies in groundwater elevation readings. Factors 

can be natural or anthropogenic in nature, and the ability of these factors to skew 

monitoring results is heavily dependent upon the characteristics of the aquifer and 

surrounding environment. The factors are summarized in Table 3.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

94 
 

Table 3.1: Mechanisms that Can Result in Groundwater Level Fluctuations (Freeze & Cherry, 1979) 
 Uncon-

fined Confined Natural 
Man-

induced 
Short-
lived Diurnal Seasonal 

Long-
term 

Climatic 
Influence 

Groundwater 
recharge (infiltration 
to the water table) 

✓ 
 

 ✓ 
 

   ✓ 
 

 ✓ 
 

Air entrapment 
during groundwater 
recharge 

✓ 
 

 ✓ 
 

 ✓ 
 

   ✓ 
 

Evapotranspiration 
and phreatophytic 
consumption 

✓ 
 

 ✓ 
 

  ✓ 
 

  ✓ 
 

Bank-storage 
effects near 
streams 

✓ 
 

 ✓ 
 

   ✓ 
 

 ✓ 
 

Tidal effects near 
oceans 

✓ 
 

✓ 
 

✓ 
 

  ✓ 
 

   

Atmospheric 
pressure effects 

✓ 
 

✓ 
 

✓ 
 

  ✓ 
 

  ✓ 
 

External loading of 
confined aquifers  ✓ 

 
 ✓ 

 
✓ 
 

    

Earthquakes  ✓ 
 

✓ 
 

 ✓ 
 

    

Groundwater 
pumpage 

✓ 
 

✓ 
 

 ✓ 
 

   ✓ 
 

 

Deep-well injection  ✓ 
 

 ✓ 
 

   ✓ 
 

 

Artificial recharge; 
leakage from 
ponds, lagoons, 
and landfills 

✓ 
 

  ✓ 
 

   ✓ 
 

 

Agricultural 
irrigation and 
drainage 

✓ 
 

  ✓ 
 

   ✓ 
 

✓ 
 

Geotechnical 
drainage of open pit 
mines, slopes, 
tunnels, etc.  

✓ 
 

  ✓ 
 

   ✓ 
 

 

 
As discussed in Section 3.3.1.4 Classification of Aquifer System, the system was 

assumed to be a confined aquifer. The aquifer is also naturally occurring; therefore, most 

of the above factors can be eliminated from consideration. The aquifer is not near an 

ocean, and earthquakes are not considered to be of significant threat. There exists four 

wells in the Yonge Street Aquifer system (Aurora 5, Aurora 6, Newmarket 14 and 

Newmarket 15) which pump at a reduced rate compared to the allowable rate in the 

Permit To Take Water due to operational restrictions. However, the influence of 

groundwater pumpage, as well as external aquifer loading and deep well injection, were 

not assessed in this study due to time and data limitations, though the study does 
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recognize them as potential influencing mechanisms. For the purposes of this study, only 

the mechanism of barometric pressure was addressed.   

 
Removal of Barometric Pressure Noise from Groundwater Elevation 
 
Zhao & Wang (2013) established a methodology in which linear regression and 

deconvolution regression methods were utilized to remove data noise due to barometric 

pressure from groundwater elevation readings. This study references the methods 

employed in Zhao & Wang (2013) who only utilized the linear regression, but does 

recognize the merits of deconvolution regression, mainly the increased accuracy of 

results. Zhao & Wang (2013) identified that a correlation exists between barometric 

pressure and groundwater level. Furthermore, the authors assume that groundwater 

elevation may lag behind barometric pressure. Therefore, the correlation between 

groundwater elevation and barometric pressure must be identified for various lag times. 

The study assesses lag times of 0, 1, 2, 3, …., 10, and 15-hour lag times, and plots each 

lagged barometric pressure value against the observed groundwater elevation. The 

largest correlation coefficient (i.e. R2) corresponds to the lag time to be selected. Then, 

the regression analysis is carried out using: 

 
89: = 	8: −	;<(>: −	 >̅)                                   Equation 6 

   
where 89: is the water level after correction, 8: is the observed water level, ;< is the 

barometric pressure coefficient, >: is the measured barometric pressure value, and >̅ is 

the average barometric pressure.  

 
Calibration and Validation 
 
Hydrologic models are simplified conceptual representations of hydrologic processes and 

are widely used within the field of water resource management to better understand 

current and future environmental conditions. Though hydrologic models utilized in 

municipal infrastructure design, flood forecasting, and source water protection, their 

accuracy and ability to represent real conditions are contingent on the robustness of the 

model calibration and validation process.  
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The PCSWMM modeling component of this study required calibration and validation of 

the groundwater component to the groundwater elevations of PGMN Well W0000283-1. 

Various methods of operational testing of models are available, such as the split sample 

test, proxy basin test, differential split sample test, and the proxy basin differential split 

sample test. For this study, the split-sample test was used. With this testing method, it is 

recommended to split the data in two different ways: (1) the first 70% of the dataset for 

calibration and the last 30% for validation, and (2) the last 70% of the dataset for 

calibration and the first 30% for validation (Lohani, 2018). Using this method, the first 

iteration of the split sample test utilized the PGMN Well W0000283-1 period of record 

from 2004 to 2010 for calibration, and the period of record from 2011 to 2013 for 

validation. The second iteration of the split sample test utilized the period of record from 

2007 to 2013 for model calibration, and the period of record from 2004 to 2006 for 

validation. The correlation between observed and model-predicted groundwater levels 

was used as the basis for rejecting or accepting the model calibration.  

 
Correlation is defined as the degree of association between two variables (Asuero, 

Sayago, & González, 2006). Many methods to determine data correlations exist and are 

grouped based on the type of data being analyzed (e.g. Pearson, Intra-Class, or Rank 

correlation).  This study uses linear regression and the coefficient of determination (i.e. 

R2) to determine how well the model-predicted data fits to the observed data and measure 

the goodness of fit in which a plot of modeled versus observed data is created and a 

linear trendline is plotted. R2 is calculated through the ratio of the sum of squares 

accounted by the regression (!!ABC) to the total sum of squares of deviation from the 

mean (!!DD) in a model with a constant term (Asuero et al., 2006), according to: 

                        	

EF = 	
!!ABC
!!DD

= 	
!!DD − !!6

!DD
= 1 −	

!!6
!DD

= 1 −	
∑(8: −	8I:)F

∑(8: −	89:)F
 

 

Equation 7 

where 8I is the predicted value of 8 and 89 is the mean of	8 values, both summed over ) =

1, 2, … , M  (Asuero et al., 2006). 
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Within Equation (1), 0	 ≤ !!6	 ≤ 	 !!DD, therefore the following statement 0	 ≤ EF 	≤ 	1 

holds true. With this model, an R2 value of 1 indicates a perfect fit. Although a perfect 

model is not possible, typically when R2 > 0.5, the model is often deemed acceptable (D. 

N. Moriasi et al., 2007). Further studies have suggested additional performance indices 

for R2 values. (Kouchi et al., 2017) suggest the following guidelines: (1) 0.75 ≤ EF 	≤ 	1 

indicates very good model performance; (2) 0.65	 ≤ EF 	≤ 	0.75 indicates a good model 

performance; (3) 0.5	 ≤ EF 	≤ 	0.65 indicates satisfactory model performance; and, (4) 

EF 	≤ 	0.5 indicates unsatisfactory model performance. These guidelines were proposed 

based on (Bressiani et al., 2015.; Moriasi et al., 2015; Moriasi et al., 2007) and were 

implemented in the calibration and validation process.  

 
However, it is important to note that use of the correlation coefficient (R2) is limited to the 

measurement of goodness of fit of a statistical model and cannot quantify how well a 

model simulation can predict an outcome. Therefore, a second performance indicator, the 

Nash-Sutcliffe Efficiency Coefficient (NSE), applied to determine the predictive 

capabilities of the model. The NSE is a popular performance indicator in the field of 

hydrology, due to its ability to be applied to several mathematical models (Ritter & Muñoz-

Carpena, 2013). NSE is calculated as follows  

                      	

T!6 = 1 −	
∑ (U: −	V:)FW
:XY

∑ (U: −	U9)FW
:XY

 
Equation 8 

where U: and V: represent the sample (of T size) containing the observations and model 

predicted values, respectively, and U9 is the mean of the observed values (Ritter & Muñoz-

Carpena, 2013). An NSE =1 indicates that the model is a perfect fit, while an NSE ≤ 0 

indicates a poor fit whereas the observed values are in fact a better predictor than the 

model.  
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3.4 Results and Discussion 
 
3.4.1 Management of Missing Data Values 
 
The Provincial Groundwater Monitoring Network (PGMN) Well W0000283-1 groundwater 

elevation dataset contained several segments of missing data, where both the date and 

the associated groundwater excluded from the dataset. Prior to the use of data 

management techniques, the raw dataset contained hourly groundwater level 

measurements beginning on March 25th, 2003 at 8:00 am to June 2nd, 2015 at 8:00 am. 

A statistical analysis was conducted to classify the missing data (i.e. MAR, MCAR, or 

MNAR) and from the classification, implement the data management method that is the 

most appropriate for the missing data type. SPSS was used to conduct Little’s MCAR 

test, which returned a significant result (Z < 0.05) and rejects the null hypothesis that the 

data are classified as MCAR. Further assessment of the dataset resulted in the 

classification of MAR, and pairwise deletion of the missing data was implemented.  

 
This study utilized a ten-year segment of the raw dataset, beginning January 1st, 2004 to 

December 31st, 2013 for the comparison of model-predicted groundwater elevations to 

observed groundwater elevations. This ten-year segment is comprised of 72,537 data 

points containing date timestamps and the corresponding groundwater elevations. As the 

total number of data points possible for this ten-year segment is 87,672 data points, 

approximately 17.3% of the ten-year segment was deemed to be missing values. Prior to 

the use of this dataset for analysis purposes, it was necessary to assess the impact of 

missing data and apply the necessary data management techniques to ensure the quality 

of results.   

 
A missing value analysis was conducted to determine which missing data mechanism 

best represents the PGMN Well W0000283-1 dataset and subsequently, which method 

of data management to utilize in the present research. The statistical software package 

SPSS was used to undertake Little’s MCAR test, which tests the null hypothesis that the 

missing data are classified as MCAR. Little’s MCAR test returned a significant result (Z <

0.05); therefore, the null hypothesis was rejected and the PGMN Well W0000283-1 

groundwater elevation dataset for the ten-year period from January 1st, 2004 to December 
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31st, 2013 was deemed to be not MCAR. With this result and detailed observation of the 

dataset, it was further determined that the data does not exhibit characteristics of the 

MNAR mechanism. As most missing data in hydrologic modelling can be attributed to 

MAR (Gill, Asefa, Kaheil, & McKee, 2007), this study presumed the missing data are 

MAR, as it does not fit the characteristics of MCAR or MNAR, and it is the most likely 

possibility given the type of data. 

 
Data management techniques for MAR recommend against using listwise or pairwise 

deletion, as this can introduce bias into the estimates of parameters, though pairwise 

deletion is known to be less biased for MAR than listwise deletion (Kang, 2013). MAR 

typically requires imputation methods such as regression imputation, multiple imputation, 

or expectation-maximization (Dong & Peng, 2013; Kang, 2013). However, the 

characteristics of the missing data (e.g. months long segments of missing data) made it 

difficult to select an appropriate imputation method. Therefore, pairwise deletion was 

selected as the data management method, as it is simple and introduces less bias than 

listwise deletion. With this method, the empty groundwater values were removed from the 

dataset, but the associated date values remained. Figure 3.4 below illustrates the data 

with pairwise deletion.  

 

 

Figure 3.4: PGMN Well W0000283-1 Groundwater Elevation After Pairwise Deletion of Missing Data 
Values 
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3.4.2 Removal of Noise due to Barometric Pressure from Groundwater Elevation 
Readings 

 
The accuracy of the calibration and validation process for a hydrologic model is heavily 

dependent upon the quality of observational data. As discussed in Section 3.3. 

Methodology, several mechanisms exist which may skew the quality of observed 

groundwater levels which are utilized in this study for the calibration and validation of the 

groundwater component of the PCSWMM model. For this study, only the removal of 

barometric noise will be considered.  

 
Zhao and Wang (2013) implemented a comprehensive framework for the removal of 

barometric pressure- derived noise from observed groundwater levels. Zhao and Wang 

(2013) utilized two methods of barometric pressure noise removal and applied them to 

wells located in the Chinese districts of Nanxi, Qionglai, and Chaohu. Methods assessed 

include the removal of barometric pressure noise by linear regression, and the removal 

of barometric pressure by a regression deconvolution method. While both methods hold 

their own merits, the removal of barometric noise by linear regression was utilized in this 

study as technical difficulties prevented the use of the software necessary for the 

regression deconvolution method.  

 

The observed groundwater elevation is directly influenced by barometric pressure, 

therefore the correlation between both elements must be determined. Furthermore, the 

effect of barometric pressure on groundwater elevation may have a time-delayed 

response. Therefore, the lag-time of groundwater level response to barometric pressure 

must also be considered. As per the methodology in Zhao and Wang (2013), groundwater 

level was assumed to lag behind barometric pressure readings by 0, 1, 2, 3,…,10, and 

15-hours. The correlation between these two values was determined by generating plots 

of barometric pressure versus groundwater elevation to which a first-order trendline was 

fitted, and the correlation coefficient (i.e. R2 value) from the trendline was obtained. The 

lag-time that results in the largest correlation coefficient is utilized in the linear regression 

calculations, described in detail in Section 3.3 Methodology. This process was repeated 

for 2010, 2011, and 2012 groundwater levels obtained from the PGMN Well W0000283-
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1 dataset. A summary of correlation coefficients corresponding to each lag-time for the 

years 2010, 2011, and 2012 is presented in Table 3.2. 
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Table 3.2: Barometric Pressure Lag Times and Corresponding Squared Correlation Coefficients 

Lag Time 0 hr 1 hr 2 hr 3 hr 4 hr 5 hr 6 hr 7 hr 8 hr 9 hr 10 hr 15 hr 

R2(2004)  0.0202 0.0198 0.0194 0.0190 0.0187 0.0183 0.0179 0.0175 0.0171 0.0167 0.0162 0.0142 

R2(2005) 0.0195 0.0194 0.0193 0.0193 0.0193 0.0193 0.0192 0.0192 0.0191 0.0191 0.0190 0.0189 

R2(2006) 0.0035 0.0007 0.0007 0.0007 0.0006 0.0006 0.0006 0.0006 0.0005 0.0005 0.0005 0.0004 

R2(2007) 0.0060 0.0090 0.0125 0.0166 0.0211 0.0259 0.0314 0.0373 0.044 0.0512 0.059 0.0949 

R2(2008) 0.0392 0.0389 0.0385 0.0382 0.0378 0.0374 0.0370 0.0366 0.0362 0.0358 0.0354 0.0336 

R2(2009)  0.0236 0.0232 0.0228 0.0225 0.0223 0.0220 0.0218 0.0217 0.0215 0.0060 0.0027 0.0005 

R2(2010)  0.0240 0.0234 0.0228 0.0221 0.0213 0.0206 0.0198 0.0191 0.0183 0.0176 0.0169 0.0135 

R2(2011)  0.0298 0.0295 0.0291 0.0286 0.0280 0.0275 0.0268 0.0262 0.0256 0.0249 0.0243 0.0213 

R2(2012)  0.0025 0.0024 0.0024 0.0024 0.0023 0.0023 0.0022 0.0021 0.0021 0.002 0.0020 0.0017 

R2(2013)  0.0166 0.0159 0.0152 0.0145 0.0138 0.0131 0.0124 0.0118 0.0111 0.0104 0.0097 0.0069 
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Plots of barometric pressure vs. observed groundwater elevation were generated for 0, 

5, 10, and 15-hour barometric pressure lag times, for the individual years of 2004 through 

to 2013. The plots are presented in Figure 3.5 to Figure 3.14.  

 

 

Figure 3.5: Toronto Pearson Int’l Airport 2004 barometric pressure (in kPa, horizontal axis) versus 
PGMN Well W0000283-1 2010 groundwater elevation (in m.a.s.l., vertical axis) 

 

 

Figure 3.6: Toronto Pearson Int’l Airport 2005 barometric pressure (in kPa, horizontal axis) versus 
PGMN Well W0000283-1 2010 groundwater elevation (in m.a.s.l., vertical axis) 

 

 

Figure 3.7: Toronto Pearson Int’l Airport 2006 barometric pressure (in kPa, horizontal axis) versus 
PGMN Well W0000283-1 2010 groundwater elevation (in m.a.s.l., vertical axis) 
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Figure 3.8: Toronto Pearson Int’l Airport 2007 barometric pressure (in kPa, horizontal axis) versus 
PGMN Well W0000283-1 2010 groundwater elevation (in m.a.s.l., vertical axis) 

 

 

Figure 3.9: Toronto Pearson Int’l Airport 2008 barometric pressure (in kPa, horizontal axis) versus 
PGMN Well W0000283-1 2010 groundwater elevation (in m.a.s.l., vertical axis) 

 

 

Figure 3.10: Toronto Pearson Int’l Airport 2009 barometric pressure (in kPa, horizontal axis) 
versus PGMN Well W0000283-1 2010 groundwater elevation (in m.a.s.l., vertical axis) 

 

 

Figure 3.11: Toronto Pearson Int’l Airport 2010 barometric pressure (in kPa, horizontal axis) 
versus PGMN Well W0000283-1 2010 groundwater elevation (in m.a.s.l., vertical axis) 
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Figure 3.12: Toronto Pearson Int’l Airport 2011 barometric pressure (in kPa on horizontal axis) 
versus PGMN Well W0000283-1 2011 groundwater elevation (in m.a.s.l. on vertical axis) 

 

 

Figure 3.13: Toronto Pearson Int’l Airport 2012 barometric pressure (in kPa, horizontal axis) 
versus PGMN Well W0000283-1 2012 groundwater elevation (in m.a.s.l., vertical axis) 

 

 

Figure 3.14: Toronto Pearson Int’l Airport 2013 barometric pressure (in kPa, horizontal axis) 
versus PGMN Well W0000283-1 2012 groundwater elevation (in m.a.s.l., vertical axis) 

 

As indicated by Figure 3.5 to Figure 3.14 and Table 3.2, the largest correlation coefficient 

corresponds to a 0-hour barometric pressure lag-time for the 2004, 2005, 2006, 2008, 

2009, 2010, 2011, 2012, and 2013 data, and a 15-hour barometric pressure lag-time for 

the 2007 data. This demonstrates that there is no delay or synchronous variation in the 

response of groundwater levels to barometric pressure in majority of the dataset. 

Therefore, linear regression analysis was conducted using the linear regression 
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equations and correlation coefficients obtained from the generated plots of barometric 

pressure versus groundwater elevation for a 0-hour lag-time for the 2010, 2011, and 2012 

data. 

However, the largest correlation coefficient for the 2007 plot of barometric pressure 

versus groundwater elevation corresponds to a 15-hour barometric pressure lag-time. 

This is an unusual result and is hypothesized to be due to a very small and limited sample 

size of groundwater elevations for the 2007 period. It is also hypothesized that only a 

small amount of data was recorded for this period of record, that there may have been an 

equipment issue which could have affected the quality of the recorded data. With this 

result, the linear regression analysis was conducted using the linear regression equations 

and correlation coefficients obtained from the generated plots of barometric pressure 

versus groundwater elevation for a 15-hour lag-time for the 2007 data.  

The following results are obtained for the 2004, 2005, 2006, 2007, 2008, 2009, 2010, 

2011, 2012, and 2013 groundwater elevation datasets, and are represented as Equation 

1 through 10, respectively, as presented below.  

! = 	−0.0349* + 269.97 and /0 = 0.0020 Equation 9 

! = 	−0.0412x + 270.43 and R0 = 0.0195 Equation 10 

y = 	−0.0199x + 268.44 and R0 = 0.0035 Equation 11 

y = 	−0.0024x + 266.28 and R0 = 0.0060 Equation 12 

y = 	−0.0275x + 269.42 and R0 = 0.0392  Equation 13 

y = 	−0.0316x + 270.29 and R0 = 0.0236 Equation 14 

y = 	−0.2010x + 269.03 and R0 = 0.0240 Equation 15 

y = 	−0.0375x + 270.92 and R0 = 0.0298  Equation 16 

y = 	−0.0120x + 268.34 and R0 = 0.0025  Equation 17 

y = 	−0.0198x + 269.18 and R0 = 0.0166 Equation 18 

 
The equations above as well as the methodology described in Section 3.3 Methodology 

were implemented to obtain groundwater elevations for PGMN Well W0000283-1 which 
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had been corrected for noise due to barometric pressure. A comparison of groundwater 

elevations with and without noise correction due to barometric pressure are presented for 

each year of record, individually, in Figure 3.15 to Figure 3.24.  

 

 
Figure 3.15: PGMW W0000283-1 2004 Adjusted for Barometric Pressure Lag using Lag = 0 hr 

Linear Regression Equation 

 

 
Figure 3.16: PGMW W0000283-1 2005 Adjusted for Barometric Pressure Lag using Lag = 0 hr 

Linear Regression Equation 
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Figure 3.17: PGMW W0000283-1 2006 Adjusted for Barometric Pressure Lag using Lag = 0 hr 

Linear Regression Equation 

 
Figure 3.18: PGMW W0000283-1 2007 Adjusted for Barometric Pressure Lag using Lag =15 hr 

Linear Regression Equation 

 
Figure 3.19: PGMW W0000283-1 2008 Adjusted for Barometric Pressure Lag using Lag = 0 hr 

Linear Regression Equation 
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Figure 3.20: PGMW W0000283-1 2009 Adjusted for Barometric Pressure Lag using Lag = 0 hr 

Linear Regression Equation 

 
Figure 3.21: PGMW W0000283-1 2010 Adjusted for Barometric Pressure Lag using Lag = 0 hr 

Linear Regression Equation 

 

Figure 3.22: PGMW W0000283-1 2011 Adjusted for Barometric Pressure Lag using Lag = 0 hr 
Linear Regression Equation 
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Figure 3.23: PGMW W0000283-1 2012 Adjusted for Barometric Pressure Lag using Lag = 0 hr 
Linear Regression Equation 

 

 
Figure 3.24: PGMW W0000283-1 2013 Adjusted for Barometric Pressure Lag using Lag = 0 hr 

Linear Regression Equation 

 
3.4.3 Calibration of PCWMM Groundwater Component 
 
Split Sample Test 1 of 2 
 

The PGMN Well W0000238-1 groundwater elevation dataset spanning the ten-year 

period from January 1st, 2004 to December 31st, 2013 and adjusted for barometric 

pressure noise as discussed in Section 4.4.2 Removal of Barometric Pressure Noise from 

Groundwater Elevation was used for the calibration and validation of the PCSWMM 

groundwater component. Current literature recommends partitioning a dataset into 

segments where 70% of the data is used for calibration, and the remaining 30% is used 

for calibration (Lohani, 2018). From this ten-year dataset, seven years of data 
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(approximately 70% of the dataset) were used for model calibration, and three years of 

data (approximately 30% of the dataset) were used for model verification.  

 
Various methods of operational testing of models are available, such as the split sample 

test, proxy basin test, differential split sample test, and the proxy basin differential split 

sample test. For this study, the split-sample test was used. With this testing method, it is 

recommended to split the data in two different ways: (1) the first 70% of the dataset for 

calibration and the last 30% for validation, and (2) the last 70% of the dataset for 

calibration and the first 30% for validation (Lohani, 2018). Using this method, the first 

iteration of the split sample test utilized the period of record from 2004 to 2010 for 

calibration, and the period of record from 2011 to 2013 for validation. The second iteration 

of the split sample test utilized the period of record from 2007 to 2013 for model 

calibration, and the period of record from 2004 to 2006 for validation.  

 
Calibration and validation of the PCSWMM groundwater component was applied to the 

Elm Drive site. The study methodology was to be applied to two other case-study sites, 

the Honda Campus and the Mosaik Subdivision (described in Chapter 2). Due to time 

constraints, the proposed methodology was not replicated and only the Elm Drive site 

was assessed in this study. However, the groundwater and aquifer parameters obtained 

from the Elm Drive site calibration may be applied to the two remaining sites, if time 

constraints do not allow for individual calibration. This is due to all three sites have been 

assigned the same outfall as the final downstream boundary condition under Dynamic 

Wave flow routing, and contain similar soil characteristics as indicated in borehole logs 

presented in Figure 0.13 to Figure 0.15 in Appendix I: Supplementary Figures.  

 

The site outfall was assigned as the final downstream boundary conditions under 

Dynamic Wave flow routing, and a 5 second modeling timestep was used. Care was taken 

to ensure that the appropriate alternative hydraulic boundary conditions (e.g. free 

discharge, fixed water surface, time varying water surface, etc.) were applied so as to 

best represent existing conditions and not inadvertently alter the outlet head. Due to lack 

of storage data, the boundary conditions was assigned as no water surface existing at 

the outfall (i.e. pipe or weird discharges above any tail water). 
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PCSWMM does not include automated groundwater calibration algorithms or tools; 

therefore, the calibration and validation process were conducted manually (i.e. trial-and-

error method). Five iterations of trial-and-error calibration were conducted, while adjusting 

aquifer attributes and calibration coefficients. The calibration parameters are presented 

in Table 3.3 and Table 3.4. 

Table 3.3: PCSWWM Aquifer Editor Calibration Parameters (Split Sample Test 1 of 2) 

Aquifer Attribute 
Common 

Value 
(Silt) 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 
% Diff 
(Silt vs 
Trial 5) 

Porosity  0.48 0.48 0.48 0.51 0.48 0.48 0% 
Wilting Point 0.06 0.06 0.06 0.06 0.06 0.06 0% 
Field Capacity 0.30 0.30 0.30 0.30 0.27 0.33 10% 
Conductivity (mm/hr) 22.00 22.00 22.00 22.00 22.00 22.00 0% 
Conductivity Slope 20-30 20 20 20 20 20 0% 
Tension Slope 0 0 0 0 0 0 0% 
Upper Evap. Frac. 0.4-0.8 0.4 0.4 0.4 0.4 0.4 0% 
Lower Evap. Depth 
(m) 

5.30 5.30 6.00 7.00 8.00 8.5 60% 

Lower GW Loss Frac. 3.6E-04 3.6E-04 3.6E-04 3.6E-04 3.6E-04 3.6E-04 0% 
Bottom Elev. (m) N/A 104.75 104.75 104.75 104.75 104.75 N/A 
Water Table Elev. (m) N/A 143.36 143.36 143.36 143.36 143.36 N/A 
Unsat. Zone Moisture 0.30 0.30 0.30 0.30 0.27 0.33 10% 
Upper Evap. Pattern Optional N/A N/A N/A N/A N/A N/A 

 

Table 3.4: PCSWWM Model Calibration Parameters (Split Sample Test 1 of 2) 
Calibration  
Parameters 

PCSWMM 
Default 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 

A1 Coefficient 1.00E-01 1.00E-01 1.00E-04 1.00E-04 1.00E-04 1.00E-04 
B1 Coefficient 1.00 1.00 2.00 2.00 2.00 2.00 
A2 Coefficient 0.1 0.0 0.0 0.0 0.0 0.0 
B2 Coefficient 1.0 0.0 0.0 0.0 0.0 0.0 
A3 Coefficient 0.0 0.0 0.0 0.0 0.0 0.0 
Curve Number 3 82 84 85 86 90 
Drying Time 4 7 7 7 7 7 
Surface Elev. N/A 147.75 147.75 147.75 147.75 147.75 

 

The calibration process sought to adjust as few parameters as necessary, to obtain a 

goodness of fit between modeled and observed data, while maintaining aquifer properties 
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that were realistic and representative of the site. From the provided modelling files, the 

sites were classified as having s. Soil parameter estimates for silt were obtained from 

literature and used as a guide for the calibration process (Saxton & Rawls, 2006; 

Viessman & Lewis, 2002). Most soil parameters remained unchanged. The parameters 

from Trial 5 resulted in the best fit between modeled and observed data and were 

therefore selected for validation with additional data. The field capacity and lower 

evaporative depth were adjusted by 10% and 60%, respectively, for Trial 5. The curve 

number was also adjusted with each calibration, and a curve number of 90 was 

determined to result in the best fit. A curve number of 90 represents a residential district 

with a Hydrologic Soil Group of Class D (Viessman & Lewis, 2002), which is 

representative of all three sites.  

 
Scatter plots of PCSWMM-predicted groundwater elevations versus PGMN Well 

W0000283-1 observed groundwater elevations were generated for each calibration trial, 

with a linear trendline and associated calibration coefficient (i.e. R2 value) being fitted to 

each plot. The aquifer editor and calibration parameters associated with the calibration 

trial that produced the largest calibration coefficient were selected for further validation. 

The plots are presented in Figure 3.25 below (Figure 3.25 (a) through Figure 3.25 (e) 

represents the calibration of Trials 1-5, and  Figure 3.25 (f) represents the validation of 

Trial 5), and with R0 = 0.64 indicates that Trial 5 contained aquifer editor and calibration 

parameters which produced the best correlation between observed and model-predicted 

groundwater elevations. For hydrologic modelling purposes, 0.50 < 	R0 < 0.65 indicates 

a satisfactory model performance (Kouchi et al., 2017), therefore the Trial 5 calibration of 

the PCSWMM model to the PGMN Well W0000283-1 2004-2010 data was deemed to be 

acceptable. Validation of Trial 5 parameters with the PGMN Well W0000283-1 2011-2013 

data indicated a satisfactory correlation between observed and model-predicted 

groundwater elevations, as indicated by Figure 3.25 (f) with R0 = 0.82.  
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Figure 3.25: Comparison of PCSWMM Predicted Groundwater Elevations (in m.a.s.l., horizontal 
axis) to PGMN Well W0000283-1 (in m.a.s.l., vertical axis) for Split Sample Test 1 of 2 

 
Split Sample Test 2 of 2 
 
The PCSWMM aquifer attributes and calibration coefficients obtained from the Split 

Sample Test 1 of 2 were applied in the second iteration of the cross-validation method. 

For this iteration, data from the years 2007-2013 were used for calibration purposes and 

validated with 2004-2006 data. The calibration parameters are presented in Table 3.5 

and Table 3.6.  
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Table 3.5: PCSWWM Aquifer Editor Calibration Parameters (Split Sample Test 2 of 2) 

Aquifer Attribute Common 
Value (Silt) Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 

% Diff. 
(Silt vs 
Trial 2) 

Porosity  0.48 0.48 0.48 0.48 0.48 0.48 0 
Wilting Point 0.06 0.06 0.06 0.06 0.06 0.06 0 
Field Capacity 0.30 0.33 0.33 0.30 0.30 0.30 0 
Conductivity 
(mm/hr) 22.00 22.00 22.00 22.00 22.00 22.00 0 

Conductivity Slope 20-30 20 20 20 20 20 0 
Tension Slope 0 0 0 0 0 0 0 
Upper Evap. Frac. 0.40-0.80 0.40 0.40 0.50 0.30 0.40 0 
Lower Evap. 
Depth (m) 5.3 8.5 7.5 7.5 7.5 8.0 60 

Lower GW Loss 
Frac. 3.6E-04 3.6E-04 3.6E-04 3.6E-04 3.6E-04 3.6E-04 0 

Bottom Elev. (m) N/A 104.75 104.75 104.75 104.75 104.75 N/A 
Water Table Elev. 
(m) N/A 143.14 143.14 143.14 143.14 143.14 N/A 

Unsat. Zone 
Moisture 0.3 0.33 0.3 0.3 0.3 0.3 0 

Upper Evap. 
Pattern Optional N/A N/A N/A N/A N/A N/A 

 

Table 3.6: PCSWWM Model Calibration Parameters (Split Sample Test 2 of 2) 

Calibration  
Parameters 

PCSWMM 
Default 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 

A1 Coefficient 1.0E-01 1.0E-04 1.0E-04 1.0E-04 1.0E-04 1.0E-04 
B1 Coefficient 1.0 2.0 2.0 2.0 2.0 2.0 
A2 Coefficient 0.1 0.0 0.0 0.0 0.0 0.0 
B2 Coefficient 1.0 0.0 0.0 0.0 0.0 0.0 
A3 Coefficient 0.0 0.0 0.0 0.0 0.0 0.0 
Curve Number 3 90 90 90 90 90 
Drying Time 4 7 7 7 7 7 
Surface Elev. N/A 147.75 147.75 147.75 147.75 147.75 

 

Scatter plots of PCSWMM-predicted groundwater elevations versus PGMN Well 

W0000283-1 observed groundwater elevations for the years 2010 and 2011 were 

generated for each calibration trial, with a linear trendline and associated calibration 

coefficient (i.e. R2) value being fitted to each plot. The aquifer editor and calibration 

parameters associated with the calibration trial that produced the largest calibration 

coefficient were selected for further validation. The plots are presented in Figure 3.26 
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below (Figure 3.26 (a) through Figure 3.26 (e) represents the calibration of Trials 1-5, and  

Figure 3.26 (f) represents the validation of Trial 3) and with R0 = 0.48, this indicates that 

Trial 3 generated aquifer editor and calibration parameters which produced the best 

correlation between observed and PCSWMM-predicted groundwater elevations. 

Validation of Trial 5 parameters indicated an unsatisfactory correlation between observed 

and model-predicted groundwater elevations, as indicated by Figure 3.26 (f) where R0 =
0.25. Therefore, the parameters from Trial 5 from the first iteration were used for the 

remainder of the modelling process. 

 

 

 

Figure 3.26: Comparison of PCSWMM Predicted Groundwater Elevations (in m.a.s.l., horizontal 
axis) to PGMN Well W0000283-1 (in m.a.s.l., vertical axis) for Split Sample Test 2 of 2 

 
The PCSWMM model-predicted groundwater elevations obtained using the parameters 

from the Split Sample Test 1 of 2 Trial 5 parameters for a simulation period of ten years 

from 2004 to 2013 is presented in Figure 3.27 below. Although the calibration and 

validation process returned favourable results, Figure 3.27 indicates remaining 

discrepancies between model-predicted and observed data, which will skew results. 
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Figure 3.27: Comparison of Model-Predicted and Observed Groundwater Elevations 

 
Though the goodness-of-fit assessment identified a positive correlation between the 

predicted and observed groundwater elevations, it is important to note that the correlation 

coefficient (R2) is a measure of the goodness of fit of a statistical model. Using this method 

alone is not an indicator to quantify how well the model simulation can predict the outcome 

variable. The NSE coefficient was used to determine the ability of the model to accurately 

predict the desired outcome. A summary of the calculated NSE coefficients for each split-

sample calibration and validation trial is presented in Table 3.7 below.  

Table 3.7 Summary of NSE for Elm Drive Split Sample Calibration 
 

Calibration (NSE) Validation (NSE) 

Split Sample  Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Highest Performing 
Trial 

1 of 2 0.38 -0.10 0.51 -1.13 0.18 0.26  

2 of 2 0.09 -0.16 0.10 -2.10 -0.13 -0.19  
 
Despite the goodness-of-fit correlation coefficient (R2) assessment indicating that there 

was a positive correlation between observed and model predicted values, the results of 

the NSE coefficient assessment indicate that all models other than Split Sample Test 1 

of 2, Trial 3, did not perform well enough to accurately predict the outcome variable. Split 

Sample Test 1 of 2, Trial 3 parameters, were applied for a ten-year simulation to observe 

the general NSE for the whole period of study. An NSE coefficient of -0.19 was obtained, 

indicating that although the simulated and observed groundwater elevations show a 

strong correlation, the NSE indicated poor model performance such that the simulation 
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could not predict the outcome variable. The outcome of the calibration is supported by 

existing literature. A study conducted by Krause et al., (2005) in which several 

performance indicators were assessed for suitability within a hydrologic model identified 

that R2 alone should not be used for model quantification, as it is based on correlation 

only, it can produce high values for very bad model results. 

 
3.4.4 Confirmation of Groundwater Behaviour 
 
Stream Baseflow 
 
The results obtained from the PCSWMM modeling study confirm that the implementation 

of LID practices will exacerbate existing groundwater elevations in all three case-study 

sites and contribute to variable increased risk of groundwater levels exceeding a 

residential basement foundation. However, as demonstrated by Figure 3.4, the 

surrounding observed groundwater elevation exhibited an increasing trend prior to use in 

modeling efforts. It was uncertain whether this behaviour was a definite representation of 

actual groundwater conditions, or the result of equipment or other unforeseen errors. 

Further assessment was conducted to confirm whether these observed patterns were 

valid, as the basis of this study, specifically the calibration and validation of the PCSWMM 

models, is dependent upon the accuracy of the PGMN Well W0000283-1 data.   

 
In the absence of reliable groundwater data, groundwater outflows can be compared to 

the dry weather flow of a nearby watercourse. With this, the unit discharge can 

comparable between the discharge into the collection system and the stream baseflow. 

The Government of Canada Historical Hydrometric Data Map Search was used to identify 

a watercourse within proximity to PGMN Well W0000283-1 that could be used for this 

confirmation process. The Holland River East Branch at Holland Landing streamflow 

gauge was selected, as it is located 10 km north of PGMN Well W0000283-1. Summer 

dry weather baseflows (where summer is defined as the months of May, June, July, and 

August) were assessed. For the years 2004 to 2013, the streamflow and minimum dry 

weather flow were collected and analyzed. Marked increases to streamflow and summer 

dry weather baseflow would confirm the groundwater behaviour observed in PGMN Well 

W0000283-1 to be representative of current conditions.  
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Figure 3.28 presents the distribution of streamflow measurements recorded at the Holland 

River East Branch at Holland Landing gauge for the summer months occurring for the 

2004 to 2013 period of record. A sinusoidal trend in the stream flows can be seen, in 

which peak median stream flows occur in the 2004, 2009, and 2013 summer months. The 

distribution of stream flow magnitude for the second half of the monitoring period years 

are greater than those of the first half of the monitoring period. Overall, there is an 

increasing trend in stream flow magnitudes for the 2004 to 2013 recording period.  

 

 

Figure 3.28: Monthly Distribution of Recorded Stream Flows Holland River East Branch at Holland 
Landing Gauge 

The minimum summer dry weather baseflow was also assessed. The minimum recorded 

baseflow from each summer season for the years 2004 to 2013 were plotted and 

presented in Figure 3.29 below. There is an increasing trend in minimum dry weather 

baseflow over the ten-year period of record. The increase in dry weather baseflow can be 

attributed to marked dry weather periods in summer 2006 and 2007, which were followed 

by a very wet 2008 summer season. The trend in increasing dry weather stream 

baseflows as indicated in Figure 3.29 supports the increasing groundwater trends as seen 

in PGMN Well W0000283-1.  
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Figure 3.29: Minimum Dry Weather Stream Baseflow for Holland River East Branch at Holland 
Landing Gauge 

 
Figure 3.30 presents a comparison between recorded stream flow for the summer months 

during the period from 2004 to 2013. Although they exhibit some similarities, during the 

period of June to mid-July, more peaks in streamflow as well as an overall larger baseflow 

occur in 2013 when compared to 2004. The months of May and August have very similar 

streamflow patterns for 2004 and 2013.  

Figure 3.30: Comparison of Streamflow Magnitude for Holland River East Branch at Holland 
Landing Gauge (2004 vs. 2013) 

This is interesting to note, as research suggests that within the next 50 years, extreme 

daily rainfalls will experience a considerable increase during the summer months (Toronto 

Environment Office, 2012). A study conducted by the Toronto Environment Office found 

that Greater Toronto Area will see drastically increased extreme rainfall volumes during 

the months of June and July, as indicated in Figure 3.31. 
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Figure 3.31: Extreme Daily Rainfall Future Prediction for the City of Toronto (Toronto Environment 
Office, 2012) 

 
Additional PGMN Groundwater Wells 
 
The dense network of groundwater monitoring wells maintained by the Provincial 

Groundwater Monitoring Network allow for the comparison of multiple monitoring wells 

within heavily urbanized and completely rural watersheds. With this, it is possible to 

confirm the effect of potential LID scenarios on rising groundwater trends. For the three 

case-study sites, wells were identified within a 20 km distance which were within rural 

watersheds and represent 100% infiltration capacity. The following monitoring wells were 

selected for confirmation: PGMN Well W000071-1 located in the Town of Whitchurch-

Stouffville and is 16 km east of the Mosaik site, PGMN Well W0000059-1 located in the 

Town of Richmond Hill and is 5 km northwest of the Honda Campus site, and PGMN Well 

W0000124-1 located in the City of Brampton and is 18 km north of the Elm Drive site. The 

groundwater level elevations for all three wells were collected and plotted as shown in 

Figure 3.32 to Figure 3.34 below.  
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Figure 3.32: Recorded Groundwater Elevation for PGMN Well W000071-1 

 

Figure 3.33: Recorded Groundwater Elevation for PGMN Well W0000059-1 

 

Figure 3.34: Recorded Groundwater Elevation for PGMN Well W0000124-1 
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As demonstrated by Figure 3.32 to Figure 3.34, all three wells exhibit a trend of increasing 

groundwater elevations over their respective periods of record. As these are all located 

in rural settings representing 100% infiltration, the behaviour of significant increasing 

groundwater elevation in the PCSWMM model when LIDs are heavily implemented, can 

be confirmed by the behaviour demonstrated in Figure 3.32 to Figure 3.34.   

 
Additional research in the fields of groundwater hydrology and climate change support 

this increasing trend in groundwater elevations. A study conducted by (Haile-Meskale & 

Holysh, 2013) used groundwater records found within Ontario’s Water Well Information 

System (WWIS) to assess measured depth to static water level in order to better 

understand temporal groundwater fluctuations in Southern Ontario. The mean annual 

depth to static water level was found to decrease from 1948 to 2010 by approximately 

0.6 m. Factors such as climactic and seasonal variability, groundwater pumping, land use 

changes, and geological variability were identified as factors which could influence the 

behaviour of static water level depths. The results of this study reinforce the concept of 

needing to maintain awareness to changing environmental conditions, particularly when 

the implementation of technologies such as LIDs, which have the capability to further alter 

groundwater behaviours, are involved. LIDs are commonly used in urban developments 

to mimic pre-development hydrologic conditions and relieve traditional SWM 

infrastructure of exceeding surface runoff volumes. However, climactic variability and 

rapid urbanization as experienced in recent years are a source of additional alteration to 

hydrologic conditions, such as Antecedent Moisture Conditions (AMCs). With traditional 

SWM techniques, AMCs were not considered, as traditional SWM focused on 

conveyance and storage, not infiltration. Now, with the inclusion of green infrastructure 

such as LIDs, and understanding groundwater behaviours, AMCs should be considered 

as well. A study by Hettiarachchi, Wasko, & Sharma (2019) conducted continuous 

modelling of an urban catchment  to assess how a changing climate impacts the site. 

They found that antecedent conditions can and do impact flooding in urban 

developments. In view of the obtained results in this study, and supporting arguments 

from current research, it is clear that a conscious effort must be made to better understand 

how environmental conditions are expected to change and adapt current municipal 
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infrastructure that provides the most benefit while being cognizant of the negative effects 

that they have the capability of inflicting.  

 
3.5 Conclusion 
 
The objective of this research was to develop a robust and comprehensive methodology 

for the calibration and validation of the groundwater component of a PCSWMM model 

which can be easily modified and applied for use in industry. The study utilized the Split 

Sample testing method and modified parameters until simulated groundwater elevations 

matched observed groundwater elevations recorded at PGMW Well W0000283-1. The 

study attempted to modify as few parameters as possible so as to maintain a realistic 

model with parameters that represented existing site conditions. A correlation coefficient 

of 0.80 was obtained, indicating satisfactory relation between simulated and observed 

groundwater elevations. However, a secondary assessment using the Nash-Sutcliffe 

Efficiency coefficient resulted in NSE = -0.19 indicating that the observed data was a 

better predictor than the model itself and concluding that the model performed poorly and 

could not predict the outcome variable. Further research is recommended to refine the 

methodology such that the model would produce R2 and NSE values which indicate 

satisfactory model performance. 
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Chapter 4 - Concluding Remarks 
 
Residential basement flooding continues to exist as a perplexing challenge for Canadian 

cities to address. Storm events continue to increase in intensity and frequency, repeatedly 

bringing forth substantial quantities of precipitation volume, which has proven to test and 

exceed the limits of existing stormwater management infrastructure. It is clear that the 

current method of stormwater management infrastructure design and implementation 

does not adequately consider the need for increased runoff quantity control and flood 

resiliency. Modern and novel methods of flood risk mitigation are required to foster the 

resiliency of Canadian cities against changing environmental conditions.  

 

LID has in recent years been heavily implemented as an alternative to traditional 

stormwater management techniques. LID functions to protect, restore, or mimic the 

natural hydrologic cycle by managing stormwater quantity and quality as close to the 

source as possible (MECP, 2017).  

 

Though LID has demonstrated the ability to significantly contribute to the restoration of 

urban hydrology health and the promotion of sustainable design, questions are now being 

raised regarding whether the enhanced infiltration of LID will negatively impact below-

grade housing and municipal infrastructure, ultimately contributing to residential 

basement flood risk.  

 

As residential basement flooding is a difficult, multi-faceted issue to address, the intent of 

this research was to investigate several methods of LID performance and impact 

assessment, in order to encourage a holistic approach to modern municipal infrastructure 

design that is cognizant of changing environmental conditions.  
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The investigation of this issue highlighted the importance of understanding both benefits, 

and risks, when implementing novel municipal infrastructure techniques. This inspired the 

following research questions, which were addressed in three novel studies: 

• Which rainfall frequency analysis method holds more merit for LID design in a 

changing climate? 

• Can LID-derived infiltration contribute to basement flood risk? 

• How can existing modeling methods be improved upon to promote the assessment 

of groundwater behaviour within LID design? 

 
The results of the individual research studies are as follows: 

 
Chapter 1 assessed the merits of event-based modeling techniques with an emphasis on 

statistical variations in the generation of synthetic design storms. This study specifically 

investigated the merits of using a Partial Duration Series-Exceedance (PDS-E) event-

based model over an Annual Maxima Series (AMS) event-based model for use in the 

design of LID practices against frequent storm events was assessed. The PDS-E model 

was shown to result in 4 to 10% larger rainfall intensities than the AMS method, on 

average, indicating the merits of using the more conservative PDS-E model for 

exceedance-based modeling and design of LID practices 

 
Chapter 2 applied a timeseries-based modeling technique to study the performance of 

LID practices at the catchment scale to establish any causality to alterations in 

groundwater behaviour or residential basement flood risk. The hydrologic model 

PCSWMM was used to assess the influence of LID on net infiltration depth and 

groundwater elevations using continuous simulation for a one-year period for three case-

study sites located in the Greater Toronto Area. A probabilistic approach was applied to 

determine the probability of groundwater elevations exceeding a high water table 

elevation. Results indicated that LID did not have a significant impact on infiltration depth 

or groundwater elevation exceedance probability. The interpretation of results suggests 

that the inclusion of LID did not result in increased basement flood risk for the three case-

study sites modeled. However, due to simplifications in the modeling methodologuy, the 

results of the study are not conclusive. Further study is required to assess the long-term 
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impact of LID on basement flood risk.  

 
Chapter 3 presents a detailed methodology for the calibration and validation of the 

groundwater component of a hydrologic model.  This result efficiently calibrated and 

validated a PCSWMM model with a correlation coefficient /0 = 0.80	between simulated 

and observed groundwater elevations modeled over a ten-year indicates a satisfactory 

correlation between observed and predicted groundwater elevations. However, a 

secondary assessment using the Nash-Sutcliffe Efficiency coefficient resulted in            

NSE = -0.19 indicating that the observed data was a better predictor than the model itself 

and concluding that the model performed poorly and could not predict the outcome 

variable. Further research is recommended to refine the methodology such that the model 

would produce R2 and NSE values which indicate satisfactory model performance.  

 
Though each of the above described studies contributed to the furtherment of knowledge 

towards residential basement flood risk management, several novel contributions have 

been established with the conclusion of Chapter 2.  

The use of continuous modeling techniques within the hydrologic model PCSWMM was 

identified as a novel contribution towards the assessment of LID influence on residential 

basement flood risk. Typically, the design and assessment of stormwater management 

infrastructure utilizes event-based simulation, and not continuous based. This is important 

to note, as it has become increasingly suggested that continuous modeling techniques 

should be applied to properly represent actual infiltration rates of LID (Zimmer et al., 

2007).  

 

The use of a probabilistic approach to determine the probability of groundwater elevations 

exceeding a high water table was identified as a second novel contribution towards the 

assessment of LID influence on residential basement flood risk. As the primary research 

focus of LID has been centered around their benefits within their surrounding 

environment, the study identified a need to identify whether implementation would also 

contribute to flood risk.  
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Through the analysis and interpretation of the Chapter 2 results, it is evident that the 

inclusion of LID does influence site hydrologic parameters, though these results are 

inconclusive. This can be attributed to simplifications in the modeling methodology, as 

well as only assessing case-study sites which have minimal LID coverage compared to 

the entire site area. Though final conclusions regarding LID and basement flood risk 

cannot be established with the collected results, it can be inferred that the increased risk 

of basement flooding due to exacerbation of hydrologic parameters would depend on the 

extensiveness of LID implementation, which was not assessed in this study. It is also 

unknown how the compounding effect of long-term use might affect the rate at which 

these parameters change.  

 

The results of this study are not conclusive; however, the results of this research highlight 

the importance of risk assessment during the implementation of modern municipal 

infrastructure design. The research contribution of this study is presented as the 

development of a novel methodology for the assessment of LID influence on residential 

basement flood risk through the coupled use of a hydrologic model and probabilistic 

assessment.  

 

Though the results of this study are not conclusive, the results of this research highlighted 

the importance of risk assessment during the implementation of modern municipal 

infrastructure design. A novel methodology for the assessment of LID influence on 

residential basement flood risk was established through the coupled use of hydrologic 

modeling and probabilistic assessment techniques, further contributing knowledge 

towards the field of water resource management.  

 

The findings of this research can contribute to the development of holistic approaches to 

modern municipal infrastructure design within changing climatic conditions The novel 

methodologies presented in this study can be further refined and applied to enhance 

understanding of residential basement flood risk and support the development of resilient 

urban communities.  
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Chapter 5 - Recommendations for Future Research 
 
Several facets of residential basement flooding have been explored in this research; 

however, much remains to be studied.  

Chapter 1 assessed the merits of event-based modeling techniques with an emphasis on 

statistical variations in the generation of synthetic design storms. Two rainfall frequency 

analysis methods, the Partial Duration Series-Exceedance (PDS-E) and the Annual 

Maxima Series (AMS) were assessed. The result of the study indicated that PDS-E is a 

more conservative estimate of rainfall intensities for the design of LID practices. Future 

study is recommended to assess how the PDS-E performs in comparison to rainfall 

intensities used in municipal design.  

Chapter 2 applied continuous modeling techniques to study the performance of LID 

practices at the catchment scale and assess whether their enhanced infiltration would 

contribute to basement flood risk. Results indicate that the inclusion of LID does influence 

site hydrologic parameters, though these results are inconclusive. This can be attributed 

to simplifications in the modeling methodology, as well as only assessing case-study sites 

which have minimal LID coverage compared to the entire site area. Though final 

conclusions regarding LID and basement flood risk cannot be established with the 

collected results, it can be inferred that the increased risk of basement flooding due to 

exacerbation of hydrologic parameters would depend on the extensiveness of LID 

implementation, which was not assessed in this study.  

Recommendations for future study include the incorporation of a finite-difference flow 

model such as Visual MODFLOW to enhance the effect of LID on groundwater mounding 

at the catchment scale. This research employed the use of two hydrologic modeling 

software programs, the LID TTT and PCSWMM. Both programs are built upon EPA 

SWMM5, a robust modeling engine which is utilized worldwide for the analysis and design 

of water resources structures and systems.  However, from a water resources 

perspective, the primary functionality of the EPA SWMM5 engine, as well as the LID TTT 

and PCSWMM, only relates to the study of surface water. The LID TTT contains no tools 

for the purposes of groundwater assessment, while PCSWMM contains limited 
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groundwater functionality which does not extend beyond the computation of timeseries 

groundwater elevations. Furthermore, simplifications in the model structure do not allow 

for the study of lateral groundwater flow, groundwater mounding beneath an LID practice, 

or realistic simulation of infiltration practices within a catchment. Further study 

recommendations include replicating the study methodology using sites with higher LID 

coverage to determine how the extensiveness of LID implementation would exacerbate 

hydrologic parameters and increase the risk of basement flooding. An additional 

recommendation is to repeat the study methodology with a case study site which contains 

sewer networks within the modeling files to study the influence of LID on I/I and sewer 

backup-derived basement flood risk.  

Chapter 3 presented a detailed methodology for the calibration and validation of the 

groundwater component of a PCSWMM hydrologic model. Though results were 

inconclusive, the established methodology can be further refined to encourage use of 

groundwater assessment within LID design. Recommendations for future study include 

the use of machine learning techniques to automate the calibration process, and the 

installation of a groundwater well proximal to the study site, to ensure the data being used 

in the methodology is representative of the site being assessed.  
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APPENDIX I: SUPPLEMENTARY FIGURES 
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Figure 0.1: Elm Drive Post-Development (LID) Site Plan 
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Figure 0.2: Honda Campus Post-Development (LID) Site Plan 
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Figure 0.3: Mosaik Subdivision Post-Development (LID) Site Plan
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Figure 0.4: PCSWMM One Catchment Model Schematic for Elm Drive Site 

 

 

Figure 0.5: PCSWMM One Catchment Model Schematic for Honda Campus Site 
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Figure 0.6: PCSWMM One Catchment Model Schematic for Mosaik Subdivision Site 
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Figure 0.7: LID TTT Model Schematic for Elm Drive (STEP, 2018) 
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Figure 0.8: LID TTT Model Schematic for Honda Campus (STEP, 2015) 
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Figure 0.9: LID TTT Model Schematic for Mosaik Subdivision (STEP, 2018) 
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Figure 0.10: One-Storey Residential Basement Foundation Design Schematic 
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Figure 0.11: Typical Curve Number Values for Pasture, Grassland, and Woods (USDA, 1986) 
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Figure 0.12: Typical Curve Number Values for Urban Areas (USDA, 1986) 
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Figure 0.13: Borehole Log Recorded Near Elm Drive Site Indicating Presence of Clay Lens (CVC, 
2016) 
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Figure 0.14: Borehole Log Recorded Near Honda Campus Site Indicating Presence of Clay Lens 
(Ontario, 2019b)  
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Figure 0.15: Borehole Log Recorded Near Mosaik Subdivision Site Indicating Presence of Clay 
Lens (Ontario, 2019b) 
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Figure 0.16 PGMN Well W0000283-1 Borehole Log (Ontario, 2019b)  
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APPENDIX II: SUPPLEMENTARY DATA 

 
Table 0.1: Model Parameters Obtained from LID TTT for Elm Drive Post-Development (LID) 

PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 0.646 ha 
Flow Path 200 m 
Width 32.3 m 
Outlet Monitoring_MH - 
Slope 2 % 
Imperv. 64 % 
N Imperv. 0.011 - 
N Perv. 0.2 - 
Dstore Imperv. 1.27 mm 
Dstore Perv. 2.54 mm 
Zero Imperv.  0 % 
Subarea Routing OUTLET - 
Percent Routed - - 
Curb Length - - 
Snow Pack - - 
LID Controls 0 - 
Groundwater  YES - 
Erosion NO  - 
Outlet  
Attribute Value Unit 
Inflows NO - 
Treatment NO - 
Invert Elev. 145.75 m 
Rim Elev.  145.75 m 
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Table 0.2: Model Parameters Obtained from LID TTT for Honda Campus Post-Development (LID) 
PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 17.98 ha 
Flow Path 330 m 
Width 187 m 
Outlet S-Outfall - 
Slope 0.5 % 
Imperv. 49 % 
N Imperv. 0.013 - 
N Perv. 0.25 - 
Dstore Imperv. 2 mm 
Dstore Perv. 5 mm 
Zero Imperv.  0 % 
Subarea Routing OUTLET - 
Percent Routed - - 
Curb Length - - 
Snow Pack - - 
LID Controls 12 - 
Groundwater  YES - 
Erosion NO  - 
Outlet  
Attribute Value Unit 
Inflows NO - 
Treatment NO - 
Invert Elev. 238.00 m 
Rim Elev.  238.00 m 
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Table 0.3: Model Parameters Obtained from LID TTT for Mosaik Subdivision Post-Development 
(LID) PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 10.64 ha 
Flow Path 212.8 m 
Width 500 m 
Outlet N-Outlet - 
Slope 1 % 
Imperv. 59 % 
N Imperv. 0.01 - 
N Perv. 0.1 - 
Dstore Imperv. 1.5 mm 
Dstore Perv. 4.5 mm 
Zero Imperv.  0 % 
Subarea Routing OUTLET - 
Percent Routed - - 
Curb Length - - 
Snow Pack - - 
LID Controls 0 - 
Groundwater  YES - 
Erosion NO  - 
Outlet  
Attribute Value Unit 
Inflows NO - 
Treatment NO - 
Invert Elev. 278.00 m 
Rim Elev.  278.00 m 
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Table 0.4: Model Parameters Obtained from SWMM5 Manual (Rossman & Huber, 2016) for Elm 
Drive Post-Development (LID) PCSWMM Model 

Groundwater 
Attribute Value Unit 
Receiving Node Monitoring_MH - 
Surface Elevation 147.75 m 
A1 Coefficient 0.0001 - 
B1 Coefficient 2 - 
A2 Coefficient 0 - 
B2 Coefficient 0 - 
A3 Coefficient 0 - 
Surface Water Depth -99 - 
Threshold Water Table Elev. -99 - 
Bottom Elev. -99 - 
Initial Elev.  -99 - 
Initial Moisture -99 - 
Lateral Flow Equation - - 
Deep Flow Equation - - 
Curve Number 84 - 
Drying Time 7 days 
Aquifer 
Attribute Value Unit 
Porosity 0.5 voids/solids 
Wilting Point 0.135 fraction 
Field Capacity 0.25 fraction 
Conductivity 16.6 mm/hr 
Conductivity Slope 34 - 
Tension Slope 0 - 
Upper Evap. Fraction 0.35 - 
Lower Evap. Depth 5.2 m 
Lower GW Loss Rate 0.002 mm/hr 
Bottom Elev.  142.55 m 
Water Table Elev.  145.15 m 
Unsat. Zone Moisture 0.25 - 
Upper Evap. Pattern -  - 
Porosity 0.5 voids/solids 
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Table 0.5: Model Parameters Obtained from SWMM5 Manual (Rossman & Huber, 2016) for Honda 
Campus Post-Development (LID) PCSWMM Model 

Groundwater 
Attribute Value Unit 
Receiving Node W-Outfall - 
Surface Elevation 240 m 
A1 Coefficient 0.0001 - 
B1 Coefficient 2 - 
A2 Coefficient 0 - 
B2 Coefficient 0 - 
A3 Coefficient 0 - 
Surface Water Depth -99 - 
Threshold Water Table Elev. -99 - 
Bottom Elev. -99 - 
Initial Elev.  -99 - 
Initial Moisture -99 - 
Lateral Flow Equation - - 
Deep Flow Equation - - 
Curve Number 89 - 
Drying Time 7 days 
Aquifer 
Attribute Value Unit 
Porosity 0.5 voids/solids 
Wilting Point 0.135 fraction 
Field Capacity 0.25 fraction 
Conductivity 16.6 mm/hr 
Conductivity Slope 28 - 
Tension Slope 0 - 
Upper Evap. Fraction 0.35 - 
Lower Evap. Depth 5.2 m 
Lower GW Loss Rate 0.002 mm/hr 
Bottom Elev.  235 m 
Water Table Elev.  237.04 m 
Unsat. Zone Moisture 0.25 - 
Upper Evap. Pattern -  - 
Porosity 0.5 voids/solids 

 

Table 0.6: Model Parameters Obtained from SWMM5 Manual (Rossman & Huber, 2016) for use in 
Mosaik Subdivision Post-Development (LID) PCSWMM Model 

Groundwater 
Attribute Value Unit 
Receiving Node N-Outlet - 
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Surface Elevation 280 m 
A1 Coefficient 0.0001 - 
B1 Coefficient 2 - 
A2 Coefficient 0 - 
B2 Coefficient 0 - 
A3 Coefficient 0 - 
Surface Water Depth -99 - 
Threshold Water Table Elev. -99 - 
Bottom Elev. -99 - 
Initial Elev.  -99 - 
Initial Moisture -99 - 
Lateral Flow Equation - - 
Deep Flow Equation - - 
Curve Number 89 - 
Drying Time 7 days 
Aquifer 
Attribute Value Unit 
Porosity 0.5 voids/solids 
Wilting Point 0.135 fraction 
Field Capacity 0.25 fraction 
Conductivity 16.6 mm/hr 
Conductivity Slope 34 - 
Tension Slope 0 - 
Upper Evap. Fraction 0.35 - 
Lower Evap. Depth 5.2 m 
Lower GW Loss Rate 0.002 mm/hr 
Bottom Elev.  275 m 
Water Table Elev.  277.04 m 
Unsat. Zone Moisture 0.25 - 
Upper Evap. Pattern -  - 
Porosity 0.5 voids/solids 
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Table 0.7: Model Parameters Obtained from LID TTT for use in Elm Drive Pre-Development 
PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 0.64 ha 
Flow Path 200 m 
Width 32.3 m 
Outlet Monitoring_MH - 
Slope 2 % 
Imperv. 0 % 
N Imperv. 0.011 - 
N Perv. 0.2 - 
Dstore Imperv. 0.011 mm 
Dstore Perv. 0.13 mm 
Zero Imperv.  1.27 % 
Subarea Routing 5.08 - 
Percent Routed 0 - 
Curb Length OUTLET - 
Snow Pack - - 
LID Controls - - 
Groundwater  - - 
Erosion 0  - 
Groundwater 
Attribute Value Unit 
Curve Number 84 - 
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Table 0.8: Model Parameters Obtained from LID TTT for use in Elm Drive Post-Development (no 
LID) PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 0.64 ha 
Flow Path 200 m 
Width 32.3 m 
Outlet Monitoring_MH - 
Slope 2 % 
Imperv. 55.8 % 
N Imperv. 0.011 - 
N Perv. 0.2 - 
Dstore Imperv. 1.27 mm 
Dstore Perv. 2.54 mm 
Zero Imperv.  0 % 
Subarea Routing OUTLET - 
Percent Routed - - 
Curb Length - - 
Snow Pack - - 
LID Controls 0 - 
Groundwater  YES - 
Erosion NO  - 
Groundwater 
Attribute Value Unit 
Curve Number 89 - 
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Table 0.9: Model Parameters Obtained from LID TTT for use in Honda Campus Pre-Development 
PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 17.98 ha 
Flow Path 330 m 
Width 187 m 
Outlet S-Outfall - 
Slope 0.5 % 
Imperv. 0 % 
N Imperv. 0.011 - 
N Perv. 0.13 - 
Dstore Imperv. 1.27 mm 
Dstore Perv. 5.08 mm 
Zero Imperv.  0 % 
Subarea Routing OUTLET - 
Percent Routed - - 
Curb Length - - 
Snow Pack - - 
LID Controls 0 - 
Groundwater  YES - 
Erosion NO  - 
Groundwater 
Attribute Value Unit 
Curve Number 84 - 
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Table 0.10: Model Parameters Obtained from LID TTT for use in Honda Campus Post-Development 
(no LID) PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 17.98 ha 
Flow Path 330 m 
Width 187 m 
Outlet S-Outfall - 
Slope 0.5 % 
Imperv. 71.4 % 
N Imperv. 0.013 - 
N Perv. 0.25 - 
Dstore Imperv. 2 mm 
Dstore Perv. 5 mm 
Zero Imperv.  0 % 
Subarea Routing OUTLET - 
Percent Routed - - 
Curb Length - - 
Snow Pack - - 
LID Controls 12 - 
Groundwater  YES - 
Erosion NO  - 
Groundwater 
Attribute Value Unit 
Curve Number 89 - 
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Table 0.11: Model Parameters Obtained from LID TTT for use in Mosaik Subdivision Pre- 
Development PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 12.07 ha 
Flow Path 212.8 m 
Width 500 m 
Outlet N-Outlet - 
Slope 1 % 
Imperv. 0 % 
N Imperv. 0.01 - 
N Perv. 0.13 - 
Dstore Imperv. 1.27 mm 
Dstore Perv. 5.08 mm 
Zero Imperv.  0 % 
Subarea Routing OUTLET - 
Percent Routed - - 
Curb Length - - 
Snow Pack - - 
LID Controls 0 - 
Groundwater  YES - 
Erosion NO  - 
Groundwater 
Attribute Value Unit 
Curve Number 84 - 
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Table 0.12: Model Parameters Obtained from LID TTT for use in Mosaik Subdivision Post-
Development (no LID) PCSWMM Model 

Subcatchment  
Attribute Value Unit 
Rain Gauge Pearson - 
Area 12.07 ha 
Flow Path 212.8 m 
Width 500 m 
Outlet N-Outlet - 
Slope 1 % 
Imperv. 54.2 % 
N Imperv. 0.01 - 
N Perv. 0.1 - 
Dstore Imperv. 1.5 mm 
Dstore Perv. 4.5 mm 
Zero Imperv.  0 % 
Subarea Routing OUTLET - 
Percent Routed - - 
Curb Length - - 
Snow Pack - - 
LID Controls 0 - 
Groundwater  YES - 
Erosion NO  - 
Groundwater 
Attribute Value Unit 
Curve Number 89 - 

 


