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Abstract: Climate change and urbanization are increasing the intensity and frequency of floods in
urban areas. Low Impact Development (LID) is a technique which attenuates runoff and manages
urban flooding. However, the impact of climate change and urbanization on the demand or need for
LID in cities for both current and future conditions is not known. The primary goal of this research
was to evaluate the demand for LID under different climate change and urban growth scenarios based
on a physical-based geospatial framework called the hydrological-hydraulic index (HHI). To do this,
12 scenarios considering four climate change and three urbanization conditions were developed.
The HHI for three cities in Canada (Toronto, Montreal, and Vancouver) were estimated, evaluated,
and compared for these scenarios. The results show that both urbanization and climate change
increase the demand for LID. The contribution of climate change and urbanization on LID demand,
measured using HHI, varies for each city: in Toronto and Montreal, high rainfall intensity and low
permeability mean that climate change is dominant, whereas, in Vancouver, both climate change and
urbanization have a similar impact on LID demand. Toronto and Montreal also have a higher overall
demand for LID and the rate of increase in demand is higher over the study period. The results of
this study provide us with a comprehensive understanding of the effect of climate and urbanization
on the demand for LID, which can be used for flood management, urban planning, and sustainable
development of cities.

Keywords: climate change; urbanization; low impact development; stormwater; urban runoff;
Toronto; Montreal; Vancouver; flooding; geospatial modeling

1. Introduction

Floods are a major growing natural hazard that causes the loss of human lives and properties.
The proportion of flood occurrence was the highest of all types of natural disasters from 1995 to 2015 [1].
The frequency of flooding has increased during the last two decades (1995 to 2015) [2]. During the same
period, floods caused 157,000 fatalities globally (accounting for 26% of all weather-related disasters).
In addition, it affected the quality of life of 2.3 billion people, which is the highest share (56%) among
weather-related disasters [1]. In terms of economic losses, based on UNISDR (2016), between 2006
and 2016, the average annual costs associated with flooding were about 50 billion USD. This ranks
first among all natural disasters. These damages include all types of regions (i.e., land uses) including
urban areas [3].

There exist several key drivers of urban flood risk such as urbanization, urban sprawl, increasingly
unresponsive engineering, global climate change, and fluvial and pluvial changes [4]. Urbanization
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causes changes to terrains, slopes, soil type, and vegetative cover, which result in a change of
the hydrologic behavior of urbanized areas [5]. Among these changes, the expansion of impervious
surfaces dramatically increases the volume of surface runoff [6-9]. The expansion of impervious
surfaces can occur in two contexts: (1) within a constant area (by an increase of the imperviousness
densification within a fixed area); and (2) by increasing the area of the city (expansion of impervious
area). However, in our research, we only considered the first context. On the other hand, due to a
higher population density and valuable properties in urban areas, the influence of floods on these
environments is intensive and excessively costly. Thus, urban areas are more vulnerable to the effect
of floods, and, by the growth of the urban population, therefore, vulnerability and exposure are also
significantly higher [2]. Climate change and the increase of rainfall intensity have also increased flood
risk associated with the frequency of the occurrence of the flood [2], and this trend is expected to
continue in many regions.

To cope with this, the traditional and most common approach is using a stormwater collection
network (SCN). The objective of SCN is to collect and rapidly convey surface runoff to a predetermined
outfall (e.g., receiving water bodies such as rivers, lakes, or ponds) [10]. However, several issues are
associated with SCN. SCN is designed for a specific rainfall event; thus, there is an evident limitation
of the capacity to manage extreme flood events which are likely due to climate change. This issue
is exacerbated by the fact that existing SCNs are aging and performing at a lower capacity. Besides,
SCN collects polluted runoff from urban surfaces, which causes environmental damages and financial
losses. These losses are either due to contamination of receiving waters or treating the collected runoff
at stormwater treatment plants. Even though using SCN is a well-known and well-documented
method [11,12], it has several issues, which necessitate a different approach to managing runoff in
urban areas.

The smart and sustainable urban growth approach commonly known as Low Impact Development
(LID) is an innovative solution to complement SCN, which is increasingly being adopted in cities
around the world [13-17]. LID can be incorporated with existing SCN to increase the capacity of
the SCN and, thus, improve their performance. LID allows for reducing the risk of floods by reducing
urban runoff [14,17-22]. This is achieved by reducing imperviousness, conserving natural resources
and ecosystems, maintaining natural drainage courses, reducing the use of pipes, and minimizing
clearing and grading during the development process. Structural techniques such as bioretention cells,
rain gardens, green roofs, and permeable pavements are also used to increase infiltration, thereby
decreasing the amount of runoff and delaying the time to peak [15,23,24].

Demand for LID in different locations varies based on different factors such as land cover type,
topography, etc. [25-27]. From a hydrological-hydraulic point of view, this demand is associated with
the extent of the runoff generated in each site. That is, the higher is the generated runoff, the higher is
the demand for capturing the runoff at the source (the site) [18,25]. The change in rainfall intensity
and depth (caused by climate change) and land cover type (caused by urbanization) are the two main
factors that affect the extent of this demand. In a specific site, if the rainfall or the land cover changes,
the demand for LID will change accordingly [25]. This is due to the change in the volume of runoff
generated at that site, which is a function of both climate and land cover.

At the city-scale additional complexity is introduced due to numerous LID sites, constant urban
change (and growth), global climate change, and the non-uniform spatial distribution of land cover and
rainfall [2,28-32]. Thus, it is extremely important to be able to quantify this complexity to attain insight
into how changes in climate and urban land cover influence the demand for LID. Such information is
useful for urban planning, designing multifunctional urban infrastructure, policymaking regarding
urban growth, and the optimal assignment of financial resources for runoff and flood risk management.
Therefore, the objective of our study was to investigate the effect of climate change and urbanization
on the demand for LID.

The results of such an investigation will provide us with an insight into the effect of climate
and urbanization on the demand for LID. This article holistically covers the scenarios under which
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either only one change takes place (i.e., climate or urbanization) or both (i.e., climate and urbanization),
and discusses the causes and effects of the future demand for LID for three selected Canadian
cities. It also discusses the contribution of climate change and urbanization factors on the change of
hydrological and hydraulic processes. The manuscript is organized as follows. Section 2 presents
the methods including the study area, the geospatial data, and the development of climate change
and urban growth scenarios. Sections 3 and 4 include the results and discussion, respectively, followed
with the conclusion in Section 5.

2. Methods

In our study, we used a physical-based geospatial index called the hydrological-hydraulic index
(HHI) [25]. We estimated HHI for three Canadian cities (Toronto, Montreal, and Vancouver) using
the approach proposed Kaykhosravi et al. [25]. The HHI was generated for these cities under various
climate and urbanization scenarios. For urbanization, we developed different land cover scenarios to
represent different degrees of future urbanization, by modifying existing pervious areas to impervious
areas. For the climate change scenarios, we created spatial rainfall distribution maps based on
the projected Intensity—Duration—-Frequency (IDF) curves for each city. These maps included historical
data as well as three future climate change scenarios. The urbanization and climate change scenarios
were integrated and used to estimate, evaluate, and compare the HHI (a measure of LID demand [25])
for each city.

2.1. Description of the Three Canadian Cities

The study area in this research includes three metropolitan Canadian cities: Toronto, Montreal,
and Vancouver. The location of all cities and their administrative border are presented in Figure 1.
The figure illustrates the current status of land cover in all cities, categorized into three classes:
impervious lands, pervious lands, and water bodies.
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Figure 1. The location of the three case-study cities within Canada showing three land cover categories:
(a) Toronto; (b) Montreal; and (c) Vancouver.

The area of Toronto is 633.5 km? and the population of the city in 2019 was 2.96 million [33].
The average annual precipitation of Toronto for the 1951-1980 period is 814 mm [34] which is the lowest
precipitation among the three cities. The pervious to impervious ratio (PIR) (ratio of areas excluding
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water bodies) is about 1.17 based on the available land cover data (from 2007) meaning that land cover
in Toronto is dominated by pervious land cover.

The area of Montreal is 624.4 km?, slightly lower than Toronto, and the population of the city in
2016 (based on the most recent census data) is 1.96 million [35]. The average annual precipitation for
the 1951-1980 period is 1028 mm [34], which is slightly higher than in Toronto. The PIR for Montreal is
0.21 which is the lowest among all three cities, meaning that the city is highly urbanized or, in other
words, dominated by impervious land cover.

Vancouver area is 136.5 km? and the population of the city in 2016 (based on the most recent census
year) is 2.55 million [36]. The average annual precipitation for the 1951-1980 period is 1569 mm [34],
which shows the city has the highest precipitation depth among the three cities. The PIR for Vancouver
according to the available land cover (from 2014) is 0.64, which is higher than Montreal but lower
than Toronto. In addition, this indicates that the land cover of Vancouver is largely dominated by
impervious land cover.

2.2. Geospatial Data Used for Generating the HHI

Our analysis in this study was conducted based on geospatial analysis. The HHI model was
developed using Python and the ArcPy package was used to perform the analysis. The data used to
estimate HHI included:

e  Meteorological station data: To estimate rainfall intensity

e  Surficial geology: To estimate the depth to restrictive layer and the hydraulic conductivity
e  Groundwater tables: To estimate the depth to groundwater

e Digital Elevation Model (DEM) data: To estimate the slope

All geospatial data used in this study are publicly available and were downloaded from various
open data sources [37-43]. All datasets were converted into raster format with a ground resolution
of 5m X 5 m (to align with the digital elevation model of Toronto). This resolution was used as
the reference resolution for this research.

The raster maps that were derived from these data were overlaid using Equation (1) [25] to
generate the HHI. HHI ranks the cells (i.e., the pixels of the raster data) by their runoff generation
potential. Thus, cells with higher HHI generate higher volume and peak runoff flow rate. Ranking
the cells based on HHI values highlights the cells that are the main source of runoff generation. On this
basis, we can target the high HHI cells for LID implementation, and thereby effectively maximize
runoff reduction [25]. Since the demand for implementation of LID corresponds to the HHI values,
site with higher HHI values are considered as sites with higher demand for LID [25]. The HHI index
accounts for seven variables, as presented in Equation (1).

HHL — [Ri - ((KS)]' N (Ki)j) N (nj X ((Dg)j N (Dr)j))] X [1 + (tan 5)0'385] for Rj > Ks;
] 0 for Rj < Ksj

M

In Equation (1), j is the cell number; HHI; is HHI at cell j; R;is rainfall intensity (mm/h) at cell j;
(Ks); is saturated hydraulic conductivity of the surficial soil (mm/h) at cell j; (K;); is the hydraulic
conductivity of impervious areas (e.g., roads, parking lots, and building rooftops) at cell j, which is set
equal to zero for impervious cells; n; is the soil porosity at cell j; (Dg); and (Dy); are, respectively, depth
to groundwater (mm) and depth to the first restrictive soil layer (mm) at cell j; and S is the terrain slope
(degrees) at cell j [25].
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2.3. Developing Scenarios for Investigating the Integrated Effect of Climate Change and Urbanization

2.3.1. Climate Change Scenarios

The pattern of the effective rainfall (rainfall with losses deducted) can have a significant influence
on the runoff hydrograph [44]. The pattern is typically determined by selecting the position of
the maximum rainfall block (in the hyetograph) and rainfall duration [45]. For hydrological modeling
of a catchment, it is important to determine the duration of the rainfall to which flood generation is
assumed to occur [46]. Generally, for catchments above 40 km?, the effective daily rainfall duration is
in the order of 12 h (with the time of concentration between 4 and 12 h); for catchments larger than
500 km?, or slow-reacting catchments, a sub-daily distribution is not needed. Smaller catchments
are reactive to short but intensive rainfall events in producing their highest peaks [46]. For example,
the recommended duration is 10 min inlet time for small (micro-scale) catchments, whereas the actual
time of concentration should be used for larger-scale catchments, according to the Wet Weather Flow
Management Guidelines for Toronto [47]. In this study, the catchments were generally small and,
therefore, shorter durations (less than the time of concentration) were used for the analysis. However,
due to the lack of such fine resolution data for all three cities, a duration of 60 min was used for effective
rainfall for each city for the HHI analysis. In addition, a 10-year return period (RP) was selected
because this is the most extreme scenario suggested by Canadian guidelines for the design of small
wet weather systems including LID. The RPs suggested by these guidelines include 2 [47-49], 5 [48],
or 10-year [47,50].

For the projected IDF data, we used the IDF_CC Tool 4.0 (Computerized Tool for the Development
of Intensity-Duration-Frequency Curves under Climate Change—Version 4.0) [51]. The available
range of IDF data available through this tool are the years 2006-2100. Generating IDF curves based
on stationary historical data cannot capture the changing climate conditions; thus, this tool uses two
other models: Global Climate Models (GCMs) and Regional Climate Models (RCMs) [52]. Both GCMs
and RCMs need spatial and temporal downscaling, which relies on the historically observed data for
the time-period of observations [52]. Downscaling links GCM/RCM grid scales and local study areas
for the generation of IDF curves under changing climate conditions. For temporal downscaling of
precipitation data, a modified version of the equidistant quantile-matching (EQM) method is used in
this tool. For spatial downscaling, the tool utilizes a statistical downscaling method. The first future
climate that this tool provides is for the period 20062036 (referred to as Scenario 2036 in this study),
which was selected as our first future scenario [53]. In addition, projections for the period 2036-2066
(referred to as Scenario 2066 in this study) as the mid-term scenario and the period 2066-2096 (referred
to as Scenario 2096 in this study) for the long-term period were also selected. Data from the Canadian
Climate Model (CanESM 2) were selected from among several available climate models within the tool.
The tool generates the IDF for three different values of the Representative Concentration Pathways
(RCP) [54] including RCP2.6, RCP4.5, and RCP8.5. The comparison of IDF for these three RCPs for
various RPs (2, 5, 10, 25, 50, and 100) provided by the tool shows that the lower the RP the smaller is
the difference between IDFs with different RCPs [51]. Thus, for the RPs of 2-10 years, the difference
between IDF for different RCPs is almost negligible. Thus, we selected the 10-year RP and the highest
RCP (8.5 W/m?) to derive the projected IDF values for the selected scenarios (2036, 2066, and 2096).

Following the derivation of rainfall intensity using the IDF_CC Tool 4.0 at each meteorological
station within or near the cities, the geospatial distribution of rainfall across each city was estimated
using the stations listed in Tables 1-3 for each city. This process was as follows: First, using the IDF
tables, the rainfall intensities for the 10-year RP and 60 min duration were derived. Second, a geospatial
analysis (using Inverse Distance Weighted method, IDW) was used to develop the distribution of
the rainfall intensity across the study areas based on the location of the stations. This resulted in 12
different rainfall distribution maps (four for each city for the selected years including historical IDF
and projected IDF for Scenarios 2036, 2066, and 2096).
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Table 1. Projected rainfall intensity for Toronto for Scenarios 2036, 2066, and 2096 [51,55], 60 min
duration, and 10-year RP. The coordinates are in NAD_1983_UTM_Zone_17N.

D Station Name Historical Coordinates Rainfall Intensity (mm/h)
Data Range X (m) Y (m) Historical 2036 2066 2096
1 Oshawa WPCP 1970-2006 6743589 4,859,722 3217 3500 3545 42.12
2 Toronto City 1940-2007 6289882 45836464 3912 4354 4359 4943
3 Toronto-INTL A 1950-2017  610,427.6 4,837,243 3812 4206 4299 47.39
4 But{‘éﬁ’iﬁ A 1986-2007  630,991.4 4,857,614 3750  39.56 39.94 4549
5  Oakville Southeast ~ 1965-1976  610,793.8 4815031 3233 3570 3648 40.10
6 Etobicoke 1964-1980 6185865 4,831,829 3605  39.77 4009 4512
7 Torontg tlr\:[et Res  1966-1987 6166430 4,850,681 3691  40.62 4162 4596

Table 2. Projected rainfall intensity for Montreal for Scenarios 2036, 2066, and 2096, 60 min duration
[51], and 10-year RP. The coordinates are in NAD_1983_UTM_Zone_18N.

Historical . Rainfall I : h

D Station Name Data Coordinates ainfall Intensity (mm/h)
Range X (m) Y (m) Historical 2036 2066 2096
McGill 1906-1992  609,377.3 5,039,448 42.20 45.70 5545 55.70

Mirabel Int. A.  1976-2008  575,554.5 5,057,840 32.41 33.70 4093  41.58
P.E.T. Int. A. 1943-2014  598,491.9 5,035,934 34.90 36.66 4537  45.66
St Hubert A. 1956-1995  623,396.3 5,041,931 34.60 3642 4499  44.81
Jean Brebeuf 1969-1984  609,377.3 5,039,448 32.50 3391 4170 4214
Lafontaine 1973-1991  609,338.6 5,041,670 32.35 3346 41.63  41.99
Jar Bot 1977-1989  613,143.1 5,047,295 39.35 39.54 50.80 49.64
Valleyfield 1986-1998  570,587.7 5,014,450 32.61 3499 4120 41.62

L’Assomption  1963-2017  621,983.8 5,074,136 36.28 3829 4744 4743

O | X[ | |G| =W =

Table 3. Projected rainfall intensity for Vancouver for Scenarios 2036, 2066, and 2096 [51,56], 60 min
duration, and 10-year RP. The coordinates are in NAD_1983_UTM_Zone_10N.

Historical : : :
D Station Name Data Coordinates Rainfall Intensity (mm/h)
Range X (m) Y (m) Historical 2036 2066 2096
1 UBC 1958-1990  481,806.10 5,455,276 14.35 1498 1560 16.84
2 Lynn Creek 1964-1983  497,822.00 5,468,587 19.89 21.05 2194 23.65

3 Ladner Bchpa  1963-1978  503,651.30 5,436,349 11.02 11.68 1199 13.04

Surrey
Kwantlen Park

5 Buntzen Lake  1969-1983  509,436.00 5,469,707 21.30 2235 2343 25.03

1962-1999  510,200.90 5,448,586 15.79 16.59 1727  18.53

2.3.2. Urban Growth Scenarios

The projected land cover of each city was required to investigate the influence of future urbanization
on runoff generation potential. To develop these projected scenarios, there were several limitations due
to inconsistent and/or complete lack of data for the study periods. To account for the inconsistencies in
the land cover categories, we generalized the land covers into three categories: impervious (buildings,
roads, parking lots, and other paved surfaces), pervious (tree canopies, parks, golfs, grass shrubs,
bare earth, etc.), and water body (lakes, ponds, streams, etc.). For example, in Toronto, all trees (street,
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park, and forest trees) are considered as one category (tree canopy), whereas, in other two cities, trees
are not distinguished from other green spaces, and are part of open spaces or park areas. Thus, due to
this inconsistency, comparing the land covers directly for each city is not feasible. Tables 4-6 illustrate
these differences for each city. These tables show 8 categories of land cover for Toronto and Montreal
and 13 for Vancouver, each with a different taxonomy.

Table 4. Land cover data of Toronto at the year 2007 and its projected changes due to the urban growth
for two scenarios.

ID Land Cover Area (km?) Base Scenario 1 Scenario 2
1 Buildings 103 impervious impervious impervious
2 Roads 79.8 impervious impervious impervious
3 Paved surfaces 108 impervious impervious impervious
4 Tree canopy 179.2 pervious pervious impervious
5 Grass shrub 149.4 pervious impervious impervious
6 Agriculture 6.2 pervious impervious impervious
7 Bare earth 4.1 pervious impervious impervious
8 Water bodies 3.8 - - -

Total 633.5
Added impervious 0 8241 1391
Total impervious 290.7 373.1 429.7
Total pervious 338.9 256.6 200.4
PIR 1.17 0.69 0.47

! Pervious lands within a buffer of 500 m from the streams were not converted to impervious.

Table 5. Land cover data of Montreal at the year 2016 and its projected changes due to the urban
growth for two scenarios.

Area

ID Land Cover (ha) Base Scenario 1 Scenario 2
1 Buildings 264.6 impervious impervious impervious
2 Roads 103.5 impervious impervious impervious
3 Paved surfaces 47 impervious impervious impervious
4 Parks and open spaces 41.1 pervious pervious impervious
5 Golf 12.5 pervious impervious impervious
6 Agriculture 6.1 pervious impervious impervious
7 Bare earth 253 pervious impervious impervious
8 Water bodies 124.5 - - -

Total 624.6
Added impervious 0 1951 41.11
Total impervious 415.1 434.6 456.2
Total pervious 85.1 65.3 43.8
PIR 0.21 0.15 0.10

! Pervious lands within a buffer of 500 m from the streams were not converted to impervious.



Water 2020, 12, 1280 8 of 23

Another limitation was that the future urban growth data (which were used to estimate future
urbanization) for the selected years were not available. To address this, we used a systematic urban
growth model to generate this data. In the proposed model, we estimated the future state of cells (i.e.,
locations within each city). Our model is a grid-based discretization method [57] which is different
from conventional urban growth models such as cellular automata (CA), land use/transportation (LUT),
or agent-based (ABM) models [58]. The selection and priority of the “converted lands” were made
based on a combination of three parameters including the hydrological state of the lands (pervious
or impervious) considering the land cover (i.e., pervious lands such as bare earth were selected for
conversion); the functional importance of the land cover (e.g., tree canopy had priority to bare earth for
conversion to impervious cover); and finally the total geometrical area of the selected land cover (e.g.,
tree canopy in Toronto has a significant share in the area of the city which is greater than the area of all
other pervious lands such as grass shrubs, bare earth, etc.). We divided the conversion process into two
steps. In Step 1 (Scenario 1, representing medium urbanization), a few land covers are converted to
impervious surfaces, whereas in Step 2 (Scenario 2, representing high urbanization) more land covers
follow (shown red colored text in Tables 4-6). Subsequently, the corresponding area of conversions is
calculated, leading to different values for different cities. The PIR values for all three cities and scenarios
are presented in Tables 4-6. Overall, as expected, PIR decreases with urbanization in all cities.

Table 6. Land cover data of Vancouver at the year 2014 [59] and its projected changes due to the urban
growth for Scenario 1.

ID Land Cover ,'(\}:':)a Base Scenario 1 Scenario 2
1 Buildings 37.5 impervious impervious impervious
2 Other Built 0.1 impervious impervious impervious
3 Paved 33.3 impervious impervious impervious
4 Coniferous 6 pervious pervious impervious
5 Deciduous 21.8 pervious pervious impervious
6 Barren 1.9 pervious pervious impervious
7 Shrub 0.7 pervious impervious impervious
8 Shadow (considered as shrub) 15 pervious pervious impervious
9 Modified Grass-herb 13 pervious impervious impervious
10 Natural Grass-herb 0.2 pervious impervious impervious
11 Non—\lj)e}:g(;tg stiyonrfhetic 0.1 pervious pervious impervious
12 Soil 0.3 pervious pervious impervious
13 Water 20.1 - - -

Total 136.5
Added impervious 0 13.8 3431
Total impervious 71 84.8 105.3
Total pervious 45.4 31.6 11.1
PIR 0.64 0.37 0.11

! Pervious lands within a buffer of 500 m from the streams were not converted to impervious.

For Toronto, the impervious area increased by 28% and 48% for Scenarios 1 and 2, respectively.
For Montreal, the impervious area increased by 5% and 10% for Scenarios 1 and 2, respectively.
Lastly, for Vancouver, the impervious area increased by 19% and 48% for Scenarios 1 and 2, respectively.
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In each of these cases, the increase in impervious area is measured by comparison with the base
scenario for each city. The difference among the “added impervious areas” of the cities for the same
scenario is due to two reasons: (1) the limited capacity of the cities in terms of available pervious land
cover; and (2) the inconsistency in the base maps in terms of the types of land cover (as described
above). This limited the consistent conversion for the same scenario for all cities. For example, “grass
shrub” in Toronto does not have a similar land cover type in Montreal (“Golf” can be considered a
similar class), whereas “shrub”, “modified grass herb”, or “natural grass herb” can be considered as
similar cover types in Vancouver.

In the highly urbanized state (Scenario 2), the PIR is 0.47, 0.10, and 0.11 for Toronto, Montreal,
and Vancouver, respectively. These ratios reveal how far the cities are from the highly urbanized
state. Both Montreal and Vancouver have similar PIR values for the most critical condition (i.e.,
Scenario 2) with the lowest pervious land cover, whereas Toronto has a significantly high proportion of
pervious land cover. Overall, in Scenario 2, in all three cities, the area of impervious lands dominates
the pervious area.

To verify that the urban growth scenarios do not overestimate future urban areas, the computed
scenarios described above were compared to a population-based metric. This metric denoted as
the Additional Required Impervious Lands (ARIL) is presented in Equations (2) and (3). ARIL estimates
how much impervious area is needed on top of the base land cover (i.e., current conditions) to
accommodate the projected population in the future. To calculate ARIL, a linear relationship between
population growth and impervious area (km?) was assumed using similar methods proposed in
previous studies (e.g., [60,61]). In addition, we assumed that the population distribution over
impervious lands is homogenous, the population density in the future remains the same, and the future
area of impervious lands is a linear function of the current area and population density. In other words,
future urbanization and urban growth will continue in the future as they are currently.

PPI (capita/ha) = Ppage (capita)/Aipase (km?) )

ARIL = (Px — Ppase)/PPI ®)

where Aiy,g is the area of impervious lands at the base year, Py is the projected population at year x,
Ppase is the population at year b, and PPI is the population per impervious land (Equation (2)).

The projected populations for Toronto, Montreal, and Vancouver are needed to estimate the ARIL
(Table 7). The available data for these projections for each city had several inconsistencies creating a
challenge in data integration, particularly due to missing data for the three future periods. To overcome
this, the missing data were estimated using a linear function to the available data (which included
historical population data for each city as well as projected data for certain future years), for each
city. The project data are specified in Table 7, which also identifies which data were estimated using
the linear function.

Table 7. The projected population for Toronto, Montreal, and Vancouver scenarios 2036, 2066,

and 2096 [35,36,62].
Scenario
Base 2036 2066 2096
2 1 2 2
Population Toronto 2.40 < (year 2007) 3.81 5.10 6.47
(million) Montreal 1.96 3 (year 2016) 2271 2702 3142
Vancouver 2.42 3 (year 2014) 3401 4352 5472

! Based on projected data. 2 Estimated using a linear function. 3 Based on available historical data.
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Based on Equations (2) and (3), PPI in 2007 (the base year) for Toronto is estimated as
8255.9 capita/km?. For Montreal, the PPI calculated in the year 2016, for which both population
and land cover data are available, was estimated as 5159.8 capita/kmz. Vancouver had a PPI of
34,084.5 capita/km? in year 2016, for which both population and land cover data are available. Using
PPI values, the ARIL of each city for all projected years were estimated and are presented in Table 8.
We compared the ARIL against the developed scenarios. This revealed that the added impervious
lands (by converting pervious lands) in two scenarios are not adequate to accommodate the projected
population with an assumption of constant PPI. In all cases, the ARILs in Scenarios 2066 and 2096
are larger than the added impervious area presented in Tables 4—6. From this, we learned that for
the future land cover scenarios, only converting the pervious to impervious lands is not sufficient to
accommodate such projected populations and the PPI needs to increase. In other words, the current
lifestyles will need to be modified in each city to account for the increase in population, e.g., through
the vertical development of buildings (i.e., densification) or an increase in population density.

Table 8. Land cover data of Toronto, Montreal, and Vancouver on the base year (2007, 2016, and 2014,
respectively for each city) and its projected changes due to the urban growth in years 2030, 2066,

and 2096.

Base 2036 2066 2096

ARIL (km?) 0.0 170.8 327.2 493.1
Toronto Total impervious (km?2) 290.7 461.5 788.6 1281.7
Total pervious area (km?) 338.9 168.1 —-159.0 —-652.1
ARIL (km?) 0 60.08 143.61 228.89
Montreal Total impervious (km?) 379.86 439.94 583.55 812.44
Total pervious area (km?) 120.13 60 -84 -312

ARIL (km?) 0 28.75 56.62 89.51
Vancouver Total impervious (km?) 71 99.75 156.38 245.89
Total pervious area (km?) 454 17 -40 -129

2.3.3. Integrated Urban Growth and Climate Change Scenarios

We investigated all possible combinations of our selected urbanization and climate change
scenarios. Using this, the influence of the sole change of any scenario as well as the combined
change of any land cover and climate scenarios can be analyzed. The developed scenarios are labeled
and presented in Table 9.

Table 9. The 12 combinations of climate change and urbanization scenarios.

Climate Change
Base Year Sc 2036 Sc 2066 Sc 2096
L Sc00 (base land cover) C-base-00 C-2036-00 C-2066-00 C-2096-00
Urbanization
Scenarios Sc01 (medium urbanized) C-base-01 C-2036-01 C-2066-01  C-2096-01
5c02 (highly urbanized) C-base-02 C-2036-02 C-2066-02 C-2096-02

3. Results

A brief comparison of climate condition and urbanization under different scenarios is presented
in Figures 2 and 3. The mean rainfall intensity of the cities shows that the rainfall intensity of Toronto
is slightly higher than that of Montreal and more than double the rainfall intensity of Vancouver.
However, Vancouver has a maximum average annual rainfall of 1569 mm, about 90% higher than
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Toronto and 50% higher than Montreal. Overall, the trend of projected mean rainfall intensity presents
an increase in the intensity of rainfall in the future for each city for each future period. However,
there is an exception for Toronto in Scenario 2066, where the intensity is shown to remain almost
constant compared to the previous scenario (2036). This is similar to Montreal for Scenario 2096
compared to the previous scenario (2066). Note that the variability of rainfall intensity is higher in
Montreal compared to the other two cities.

Obase 82036 02066 E2096

50
P
5| = é%

25

20 = égé@

15
10

Intensity (mm/hr)

Toronto Montreal Vancouver

Figure 2. Comparison of rainfall intensity (for the 60 min duration and 10-year RP event) for the three
cities in selected years.

Toronto
100

===y
Vancouver Montreal

A greencity --e--base —e—Sc1 —#--Sc2

Figure 3. Normalized ratio of impervious area to the city area (water bodies excluded) for Toronto,
Montreal, and Vancouver.

Figure 3 presents an overall comparison of all urbanization scenarios for the three cities. If zero
impervious surface is defined as the “green city”, Figure 3 shows that Toronto (for the base scenario) is
the closest to the “green city” and Montreal is the most urbanized city (closest to 100% impervious cover).
As expected, the two projected scenarios (Scl and Sc2 representing medium and high urbanization)
move each city further away from the “green city”.

For the HHI, first, a general comparison of the three cities is presented in Figure 4 which shows
the current state (C-base-00, i.e., the base climate and the base urbanization scenarios) as well as
the worst-case scenario (C-2096-02, i.e., Scenario 2096 climate and high urbanization, Scenario 2).
Note that, as identified above, the C-base-00 comparison has some limitations: the base land cover for
these cities is not for the same year, while the rainfall intensity is based on available historical data
(which differs for each city).

This comparison was made based on the mean and frequency of HHI in each city. Figure 4 shows
the normalized histogram of HHI for each city for the two scenarios listed above; a low HHI value
represents a lower demand for LID, and a higher value represents a higher demand. Generally, there a
higher demand for LID in Montreal, with a slight difference compared to Toronto, and Vancouver
has the lowest demand for LID. The mean HHI values for the C-base-00 and C-2096-02 scenarios



Water 2020, 12, 1280 12 of 23

range from 46.2 to 58.2 (a 26% increase) for Toronto, from 44.0 to 56.4 (a 28.2% increase) for Montreal,
and from 21.3 to 25.1 (a 17.8% increase) for Vancouver.

1.00

—— Toronto (C-base-00)
0.75 - - -Montreal (C-base-00)
-------- Vancouver (C-base-00)
—— Toronto (C-2096-02)

- - -Montreal (C-2096-02)

Normalized cell count
o
N
(=]

-------- Vancouver (C-2096-02)

Figure 4. Normalized (to the maximum overall cell count of the three cities) histogram of HHI of
comparing the current state (C-base-00) and the worst-case scenario (C-2096-02) among Toronto,
Montreal, and Vancouver.

Toronto and Montreal present a similar pattern in response to climate change and urbanization.
For example, in both cities, a significant proportion of the C-2096-02 histograms is higher than an HHI
value of 50, which shows a higher demand for LID compared with the C-base-00 scenarios. In addition,
there is a general change towards a higher frequency of HHI for the C-2096-02 from the C-base-00
scenario. In Vancouver, if an HHI value of 25 is used for comparison, the histogram does not show
that the proportion of the C-2096-02 histogram for values greater than 25 has changed. Both the initial
and final HHI values for Vancouver are much lower than both Toronto and Vancouver. The C-2096-02
demand is higher, as expected, for Vancouver, but with lower variance than the C-base-00 scenario.

The HHI values for all three cities are visualized in maps presented in Figures 5-7. As expected,
all scenario results indicate that climate change and urbanization increase the HHI and, thus, the runoff
generation potential in each city, leading to a higher demand for LID for source control. Climate change
also significantly impacts HHI more than urbanization in Toronto and Montreal. This can be due
to two reasons: first, Montreal is already highly urbanized and, thus, the room for future change in
land cover is limited; and, second, while Toronto has a high share of pervious land cover, most of
the natural soil has low permeability (clayey silt till or silty clay to silt till [63]), thus increasing the HHI
further. Therefore, considering the current state of the land cover of these cities, urbanization has
a lower effect than the change in the magnitude of rainfall intensity. Vancouver (results are shown
in Figure 7) responded to the integrated climate change and urbanization similarly to the other two
cities (an increase of HHI), but with lower values of HHI overall. The difference between the sole
effect of urbanization and climate change in this city was not as significant as the other two cities.
This is because Vancouver has a lower rainfall intensity compared to the other two cities, so the HHI
value is about half the values for Toronto and Montreal, which decreases the effect of climate change.
Note that Vancouver is more pervious compared to the other two cities, thus it has more room for
urbanization (Figure 3).

Figure 8 compares the histogram of HHI for each city, for each urbanization scenario, for the four
climate periods. The results show that, with time (from the base time to 2096), the HHI values increase
(i.e., have a higher mean), i.e. the histograms shift to the right, which indicates higher runoff generation
potential and, thus, an increase in demand for LID for source control. This shift is the lowest for
Vancouver compared with the other two cities. There is an exception in the observed trend in Toronto
for the 2066 scenario for which the mean HHI change compared with the previous scenario (2036) is
minor due to the similarity of the rainfall intensity of these scenarios. Likewise, in Montreal, Scenario
2096 has slightly followed the overall pattern because the rainfall intensity in this scenario has not
increased compared with the previous scenario (2066). In addition, with urbanization, the number of
cells (i.e., locations within the cities) generating runoff is increasing as well. This is because pervious
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areas have been converted to impervious areas—and thus, are generating runoff in areas that did not

under the base urbanization scenario (resulting in higher peaks of the histograms).

High PIR Low
T
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C-2036-02
s
g
5
*é C-2066-00
g

Future

HHI []o0-25 [l 25-50 [[]50-75 [l 75-100 [ |city

Figure 5. The HHI maps for Toronto under different climate (base year, 2036, 2066, and 2096) and land
cover scenarios (base, Scenario 1, and Scenario 2).
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Figure 6. The HHI maps for Montreal under different climate (base year, 2036, 2066, and 2096) and land
cover scenarios (base, Scenario 1, and Scenario 2).
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Figure 7. The HHI maps for Vancouver under different climate (base year, 2036, 2066, and 2096)
and land cover scenarios (base, Scenario 1, and Scenario 2).
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Figure 8. Normalized histograms of HHI (to the maximum HHI frequency of the cities) comparing
the same urbanization scenarios (base, Scenario 1, and Scenario 2) and different Climate scenarios (base,
2036, 2066, and 2096) for: (a) Toronto; (b) Montreal; and (c) Vancouver.
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Figure 9 shows a comparison of the climate change scenarios (i.e., rainfall intensity) for each
city versus the different urbanization scenarios. This figure demonstrates that the change in climate
has a relatively minor impact on the HHI frequency, as compared to the results shown in Figure 8.
An increase in urbanization results in an increase in the frequency of HHI as well as an increase in the
number of cells generating runoff; this is more evident in Toronto and Vancouver than in Montreal.
While the increasing rainfall intensity for each city results in higher HHI values for each urbanization
scenario, the change is relatively smaller than the effect illustrated in Figure 8.
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Figure 9. Normalized histograms of HHI (to the maximum HHI frequency of the cities) comparing
the same climate scenarios (base, 2036, 2066, and 2096) and different urbanization scenarios (base,
Scenario 1, and Scenario 2) for: (a) Toronto; (b) Montreal; and (c) Vancouver.

A comparison of all scenarios was conducted to determine the influence of urbanization and climate
change on the magnitude of the area of sites that have a high demand for LID (referred to as high
demand sites, HDS). To do this, the area of sites that have a value of HHI greater than a threshold value
was calculated. The threshold was set at an HHI value of 50 for Toronto and Montreal and an HHI
value of 20 for Vancouver (these values are the approximate mean HHI value for the C-base-00 scenario
for each city). The area of HDS (AHDS) sites, the count of cells with an area of 25 m?, was calculated
for all scenarios and compared to AHDS of the baseline C-base-00 scenario. This comparison is shown
in Figure 10.
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Figure 10. The total count of cells with HHI greater than the mean HHI for Toronto, Montreal,
and Vancouver.

Overall, in Figure 10, all three cities show an increasing trend of AHDS under integrated
climate change and urbanization as well as the sole effect of these scenarios. The overall pattern
under the climate change only scenarios is similar to the corresponding rainfall patterns in Figure 2.
For Toronto, urbanization seems to have a slight effect on AHDS, e.g., starting from 1.4 million cells for
C-base-00 and reaching 2.5 million cells for C-base-02. In contrast, an increase in rainfall intensity due
to climate change has a significant influence on increasing AHDS, e.g., the AHDS is 11.5 million cells for
C-2096-00 and rises to 16.9 million cells for C-2096-02. Montreal presents similar behavior as Toronto;
the AHDS of this city also has a notable increase with time for different climate scenarios. However,
Vancouver’s responses to climate change are similar to the impact of urbanization (from 1.2 million to
1.9 million cells in both cases) and are lower than in the other two cities. The reason is related to the low
rainfall intensity of this city, which is a key difference between Vancouver and the other two cities.

To further investigate the sole effect of urbanization and climate change on each city, the normalized
histogram of the worst case climate change scenario (C-2096-00) versus the worst case urbanization
scenario (C-base-02) was compared, as presented in Figure 11. As concluded above, in response to
the effects of climate change, Toronto and Montreal present an increase of HHI value with a shift
of the histograms to the right, whereas this shift is lower in Vancouver. In terms of urbanization,
it is evident that in all three cities the frequency of HHI has increased (i.e., higher peaks). As mentioned
above, this increase is due to the increase in the number of cells that are generating runoff (non-zero
runoff cells).

Toronto Montreal Vancouver
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Figure 11. Normalized histograms of HHI (to the maximum count of three cities) of base scenario
(C-base-00), the worst case of only the climate change scenario (C-2096-00) and the worst case of only
urbanization (C-base-02) for the three cities (Toronto, Montreal, and Vancouver).

The trend of the mean HHI values for each city for all scenarios was also analyzed and is presented
in Figure 12. The base scenario (C-base-00) shows that Toronto has a high HHI with a mean of 46.2.
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The mean HHI increases to 57.7 (a 24.9% increase) due solely to climate change (C-2096-00) and slightly
rises to 46.6 (a 0.9% increase) solely with urbanization (C-base-02). The integrated influence of climate
change and urbanization raises HHI to 58.2 (C-2096-02) (a 26.0% increase). These results show that in
Toronto the increase in mean HHI is due to climate change rather than urbanization. This is because
the city has a high rainfall intensity and the natural soil has low permeability. The consequence of
increasing the HHI is that the total area of sites that need LID is increasing (since more sites are
generating runoff). In this respect, the AHDS of C-base-00 for this city is 1.4 million cells (0.2% of
the city area) and reaches 11.5 million cells (8.4 times higher than the C-base-00) with the change of
climate (C-2096-00). On the other hand, the AHDS growth is 78.6% by reaching 2.5 million cells with
urbanization (C-base-02). The integrated effect of climate change and urbanization increases AHDS to
16.9 million, which is 12.3 times higher than AHDS of the current state.
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Figure 12. Comparing the trend of mean HHI of all twelve scenarios in Toronto, Montreal,
and Vancouver.

Montreal has a mean HHI of 44.0 in the state of the base scenario. This value rises to 56.4 with
only climate change (a 28.2% increase) and remains almost unchanged with only urbanization. The
integrated effect of climate change and urbanization causes the increase of HHI value to the 56.4
(a 28.2% increase), which reveals the significant and dominant effect of climate change on HHI in
Montreal. The highly urbanized land cover of Montreal leaves limited room for more urbanization;
thus, the land cover of this city has a limited change in Scenarios 1 and 2. Thus, HHI in Montreal is
more sensitive to climate change scenarios rather than urbanization. Regarding AHDS, in the base
scenario, Montreal has AHDS of 1.0 million cells, which increases to 15.6 million cells with only climate
change and 1.2 million cells with only urbanization. The AHDS for this city rises to 17.1 million cells in
the integrated climate change and urbanization scenario.

The mean HHI value for Vancouver at the base scenario is 21.3, and this increases with climate
change to 25.1 (a 17.8% increase) and remains unchanged with urbanization. The mean HHI rises to
25.1 (a 17.8%) for the integrated climate change and urbanization scenarios. The AHDS for this city at
the current state is 1.2 million cells (0.9% of the city area), which increases to 1.9 million cells (1.6 times
higher than the C-base-00) for only climate change scenarios and to 1.9 million cells (1.6 times higher
than the C-base-00) for only urbanization scenario. The integrated climate change and urbanization
scenario raises AHDS to 3.1 million cells, i.e., 2.5 times higher than the AHDS of the base scenario.
The near-equal values of AHDS under the climate and urbanization scenarios indicate that the effect of
both factors on HHI is similar. Although the mean HHI of urbanization scenarios remained the same,
the increase of frequency of HHI has increased the overall AHDS.
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4. Discussions

An overall comparison of the cities reveals the fact that the demand for LID (which is estimated
using the HHI) in Toronto and Montreal is relatively similar and is about twice the demand for LID in
Vancouver. This growth in demand is represented via AHDS: the AHDS increases from 2.5% to 16.8%,
from the base scenario (C-base-00) to the worst-case scenario (C-2096-02), respectively, for all three
cities, which indicates that all cities similarly respond to the integrated climate change and urbanization
scenarios. The highest growth in AHDS is for Montreal (16.8 times higher than the C-base-00),
followed by Toronto (12.3 times higher than the C-base-00), and last Vancouver (2.5 times higher than
the C-base-00). The growth in LID demand is also shown in the increase of the mean HHI values, which
increased by 26%, 28.2%, and 17.8% in Toronto, Montreal, and Vancouver, respectively. In addition,
we showed that the demand for LID highly depends on the rainfall intensity rather than the overall
mean annual rainfall. Vancouver, which has the highest mean annual precipitation among the selected
cities, has the lowest demand for LID, which is due to its low rainfall intensity.

Generally, we showed that, if we retain the land cover as it is in these three cities, climate change
will cause an increase in demand for LID since the runoff generation potential for each city will increase.
With climate change only, urbanization only, and an integrated change of both, the three cities showed
similar behavior: an increase in HHI, which indicates an increase in runoff generation potential, as has
been reported in previous studies [64-70].

However, the standalone effects of climate change and urbanization were different for these
cities. Toronto and Montreal were more sensitive to climate change compared with urbanization,
and Vancouver was sensitive to both factors. Thus, depending on the rainfall intensity and the extent of
urbanization in the study area the dominance of these two factors varies. Which factor is likely to have
a greater influence on runoff generation has been reported in previous studies. Some studies found
that urbanization likely exerts a greater impact on runoff than climate change [65,71-73], whereas other
studies confirmed that climate change impact dominates the urbanization in runoff change [67,69,70].
Our finding is that the key factor is the rainfall intensity. Based on this, climate change dominates
urbanization levels wherein the rainfall intensity is high (e.g., Toronto and Montreal) and adversely
wherein the rainfall intensity is low (e.g., Vancouver). It is notable that, if the land cover of the study
area is already impermeable (such as Toronto and Montreal), the dominance of climate change increases.
In this context, the room for further urbanization is limited and climate change is the only factor that
can alter the runoff.

In this study, we investigated the effect of poor urbanization by converting pervious land covers
to impervious. By poor urbanization, we mean urban development by increasing impervious surfaces
without either decreasing imperviousness in other locations or implementing LID. Therefore, for future
research, we suggest the study of more city-scale cases such as areas with both high permeability
and runoff intensity (which were not included in three case studies) to further investigate the dominance
of urbanization and climate change.

In addition, in contrast to the poor urbanization scenarios, a study on smart urban growth [13]
is recommended. From the hydrological point of view, smart growth consists of measures such
as preventing urban sprawl in future development (e.g., poor urban planning such as designing
wide streets) [13] as well as using integrated stormwater management strategies such as LID [74].
Smart growth is related to the early stages of urban planning [74] and strategies that need to be
considered for future development. LID techniques, a component of smart growth, can be a solution
for both pre- and post-development conditions, i.e., they can be retrofitted into highly urbanized areas
or be designed in the initial planning stages of new developments. Cities similar to Montreal that are
already highly urbanized have limited options for new developments wherein LID can be installed;
however, LID can be retrofitted into existing areas. Retrofitting LID broadly across the city will help
reduce the negative impacts of poor urbanization by increasing the overall permeability of the city.
Cities such as Toronto, which are not as highly urbanized and have low permeability of the natural
soil, have a high demand for LID. Thus, for this city, smart growth for future development as well as
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retrofitting existing areas with LID are both viable options. For Vancouver, which has a low demand for
LID compared to the other two cities, the actual need for LID should be investigated in more detail
using detailed design studies and hydrological modeling. However, similar to the other two cities,
smart growth is suggested, since there is demand for LID and the impervious land cover in the city is
dominant (61% of the city area).

Overall, the future urban growth (increase in the proportion of impervious surfaces) needs to
be limited in order to reduce the runoff generation potential, and, hence, the risk of urban floods.
Additionally, where possible, the current impervious land cover should be converted to natural,
permeable surfaces. The increase in permeability (through the use of LID techniques) will help reduce
runoff generation and offset the impacts of urbanization and climate change impacts.

5. Conclusions

In this study, we investigated the effect of climate change and urbanization on urban runoff
generation potential using a geospatial framework for three Canadian cities (Toronto, Montreal,
and Vancouver). The analysis was performed using a recently developed geospatial index (called HHI)
using publicly available data. Four climate change scenarios (base, 2036, 2066, and 2096) and three
urbanization scenarios (base land cover, Scenario 1, and Scenario 2) were developed. The HHI was
estimated for the three cities for the 12 integrated climate change and urbanization scenarios.

In our study, we showed that climate change increases the mean HHI of the study area while
urbanization raises the frequency of HHI. The extent of these changes varied based on the study area.
Those with high rainfall intensity (Toronto and Montreal) showed a more significant increase in mean
HHI compared with the study area with low rainfall intensity (Vancouver). In addition, the current
impermeableness and room for further development within a city affected the extent of increasing
the frequency of HHI.

The results agree with previous findings on the influence of climate change and urbanization
on increasing the runoff and hence, the demand for LID. However, the magnitude of the effect of
climate change and urbanization on the HHI varied in each city, which is also in agreement with
results of previous studies. For example, in cities such as Toronto and Montreal with high rainfall
intensity and low permeability, climate change is a dominant factor compared with urbanization.
This is different from Vancouver that has low rainfall intensity climate change and urbanization level.
In this city, HHI is sensitive to both factors. We also concluded that Toronto and Montreal have a higher
demand for LID and this increases significantly with climate change and urbanization. Vancouver
has a lower demand for LID and a lower rate of HHI change with the scenarios. The results of this
study provide us with an insight into the contribution and the effect of climate and urbanization on
the demand for LID.

These results, and the proposed methods, can be used in flood management, urban planning and for
the sustainable development of cities. It is notable that, in addition to the rainfall and urbanization,
HHI accounts for hydraulic conductivity, depth to the groundwater, and depth to the soil restrictive
layer such as bedrock. In this study, we only investigated the effect of climate and urbanization on HHI
and demand for LID, whereas modification of those parameters (hydraulic conductivity and depth to
groundwater) in the future is possible and should also be studied.
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