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Abstract  Climate model projections indicate that the frequency and magnitude of hydrological extremes will 
increase in a future climate due to increasing concentration of greenhouse gases. Increase in precipitation depth will 
lead to higher peak flows, and will bring floods with higher inundation depths and larger extends. This study 
involves the climate change impact analysis of design storms, peak flows and flooding scenario for the Clearview 
Creek drainage area located in Southern Ontario, Canada. First, the storm depths for different return periods and 
durations were calculated from the observed rainfall data and the North American Regional Climate Change 
Assessment Program (NARCCAP) climate simulations. The storm depths were calculated by using the best fitted 
distribution among twenty seven distributions. The design storm depths calculated from the observed and climate 
model simulated data are used as input into an existing Visual OTTHYMO model of the study area for flow 
simulation. The simulated peak flows for 24hr Storm of different return periods are used as input in the HEC-RAS 
model for hydraulic analyses. Frequency analysis results show that the storm depths are predicted to increase 
significantly under future climate. Simulated flow results show an increase of peak flows ranging from about 26 % 
to 64% for 2yr and 100yr return periods at the outlet of the Creek. Finally, the analyses of flooding scenario revealed 
an average increase of water surface elevation and extents by 30 cm and 37.1 m, respectively, for a 100 year return 
period flood. It is also revealed that the variability of flow simulated by hydrologic model and flow area simulated 
by the hydraulic analyses tool are much higher than the variability of the storm depths under future climate condition. 
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1. Introduction 
The anthropogenic gas emissions is now higher than 

ever, and more than half of the observed increase in global 
average surface temperature from 1951 to 2010 was 
caused by the anthropogenic increase in GHG 
concentration and other anthropogenic forcing together 
[25]. Climate change studies revealed that warming trends 
are linked to global hydrological cycle [1], such as 
increase in extreme precipitation [10,32]. The potential 
increase of rainfall events can lead to an increase in rain 
generated flood [1,31,45,50,51]. Flood is one of the 
greatest natural disasters to human society and it severely 
affects the social and economic development of a country. 
Its adverse impact includes loss of life and property, 
environmental degradation and shortage of food, energy, 
water and other basic needs. Flood management strategy 
continuously evolved in many flood prone countries over 
time. The flood management strategy has gradually shifted 
from narrow focus on structural flood control measures to 
a combination of structural and non-structural flood 
control measures and further to Integrated Flood 
Management (IFM). Flood risk map is one of the effective 
non-structural measures widely used by many countries 

around the world.  In Canada, the federal government in 
conjunction with provinces invested millions of dollars to 
control flood by building structural measures in 1950s, 
1960s and 1970s. But after the extensive flood damage 
across Canada in the early 1970s, it was realized that 
prevention of flood and non-structural measures are 
needed to reduce flood damage. This realization made the 
federal government to initiate the Flood Damage 
Reduction Program [16]. The main activities under this 
program are identifying, mapping and designating flood 
risk area and then applying policies to discourage 
development in the flood risk area. After designation of 
flood risk area, both federal and provincial governments 
do not build or support any flood vulnerable development 
in such areas. The flood standards used to define flood 
limit in Ontario are (i) flood resulted from a rainfall 
actually experienced during a major storm such as the 
Hurricane Hazel storm that struck Southern Ontario on 
October 15, 1954 (ii) 100 year return period flood and (iii) 
an observed flood event, and 100 year flood is the 
minimum acceptable regulatory flood standard [46]. The 
regulatory flood limit for Clearview Creek, the study area 
for this study, is the water level produced by a 100 year 
return period flood. In absence of adequate streamflow 
records, rainfall data is used to simulate stream flows. 
When flow is simulated from a specific return period 
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storm, the commonly made assumption is that storm of a 
specific frequency produces streamflows of the same 
frequency. Credit Valley Conservation uses a 24 hour 100 
year return period storm depth for flood mapping study for 
this study area. The storm depths are calculated from the 
historic rainfall time series without consideration of 
climate change impact. This study aims to investigate the 
climate change impact on hydrological processes by 
analyzing storm depths and storm flows, and impact on 
hydraulics by analyzing water level and flooding scenario 
addressing the climate change impact. 

The design storm depths are calculated employing 
statistical analyses on observed rainfall time series based 
on the assumption of a stationary climate, but the Earth is 
now in a nonstationary climate [3,27,38]. Owing to this 
nonstationary, sustainability of non-structural flood 
management measures such as flood mapping would 
benefit from calculating storm depth addressing the 
climate change impact. A number of studies have been 
conducted recently to calculate storm depths of different 
duration and return period addressing the impact of 
climate change, but maximum three probability 
distributions were used to fit the annual maximum 
precipitation time series for calculating storm depths by 
employing frequency analysis. As example, [39] used the 
Log-Pearson Type III, some studies [17,35] used 
generalized extreme value, [56] used Extreme value type I 
(EV I), [55] used Gumbel and generalized extreme value 
for storm depth calculation. Considering the importance of 
selection of probability distribution, twenty seven 
distributions were tested using two statistical tests for 
observed, NARCCAP current and future datasets, and the 
best fitted distribution was used for frequency analysis to 
calculate design storm depths. 

The North American Regional Climate Change 
Assessment Program (NARCCAP) provides high 
resolution climate scenarios created from multiple GCMs 
and RCMs to facilitate climate change impact assessment. 
Climate change impact study using climate model 
simulations should consider multiple projections to 
address the inherent uncertainty in climate projections 
[37]. In this study, six RCM+GCM pairs provided by 
NARCCAP were used for storm depth calculation to 
address the uncertainty in the climate projections.  The 
precipitation dataset from NARCCAP are available as 
gridded data, and are areal average not point estimates [4]. 
Some studies applied delta change factors to precipitation 
time series [e.g., [2,45,48,49]], and others applied it to 
design storm depth [17,56]. The delta change method was 
applied to transpose design storm depth calculated from 
gridded NARCCAP data to Toronto Pearson Airport 
meteorological station to remove the systematically 
difference between climate model simulated and observed 
precipitation. 

Climate change impact on river/stream flow has been 
investigated by a number of researches using different 
climate model simulations in the last decades, most of the 
study focused on continuous simulation of river flow for 
comparatively big and rural catchments [52,53]. There are 
very few studies which investigated the impact of climate 
change on storm flow in urban areas using design storm as 
input in an event-based hydrologic modeling tools. 
However, studies investigated the effect of climate change 
on urban-catchment scale storm water runoff using long-

term simulation revealed significant increase of peak 
flows in different areas. [54], for example, found a 
significant increase up to 80% for the average peak flows 
under climate change scenarios of 2030-2059 in the Bronx 
River watershed in New York City. The increase of peak 
flow will heighten the flood risk under future climate 
condition. [14] reported that, under future climate, the 
extent of flood will be larger and will increase the level of 
risk to public infrastructure in the Upper Thames River 
basin in Canada. They also indicated insignificant 
differences of flood lines between current and future 
scenario for 100 yr return period flood due to steep slope 
in some areas, despite the difference in water surface 
elevation of approximately 40cm. This study used a single 
event hydrologic model simulation software Visual 
OTTHYMO for flow simulation and a hydraulic modeling 
tool - the Hydrologic Engineer Center’s River System 
Analysis System (HEC-RAS) software for flooding 
scenario analyses. To achieve the objectives, the following 
main activities were carried out in this research: 
performing frequency analyses to compute storm depths 
for observed, NARCCAP current and future datasets; 
transposing design storm depth calculated from gridded 
NARCCAP data to Toronto Pearson Airport 
meteorological station using delta change factor; 
simulation of peak flows for different return period using  
the Visual OTTHYMO rainfall runoff model; simulation 
of hydraulic metrics using HEC-RAS hydraulic model; 
and analyses of storm depths, flows and flooding 
scenarios under current and future climate conditions. 

2. Study Area and Data 

2.1. Study Area 
The study area, Clearview Creek drainage area which is 

under the jurisdiction of Credit Valley conservation, is 
located mostly in the City of Mississauga and also in the 
Town of Oakville, Southern Ontario, Canada. The study 
area has undergone significant urban growth in recent 
years, and the climate of this area can be characterised by 
humid-continental. The climate of the study area is 
represented by the meteorological data of Pearson 
International Airport station. Based on the meteorological 
data from 1981 to 2010 observed at Toronto Lester B. 
Pearson International Airport, the daily average 
temperature over the year is 8.2°C. The extreme 
maximum temperature 38.3°C and minimum temperatures 
- 31.3 °C were observed on 25 August 1948 and 4 January 
1981, respectively.  The total yearly precipitation, rainfall 
and snowfall at this area are 785.9 mm, 681.6 mm and 
108.5 cm respectively based on the data from 1981-2010 
[13]. The total area draining from the Clearview Creek 
drainage area to the Lake Ontario is about 478.66 ha. 

2.2. Observed Meteorological Data 
This study used the rainfall time series for 30 years, 

from 1971 to 2000, observed at Toronto Lester B. Pearson 
International Airport meteorological station with a latitude 
and longitude of 43°40'38.000" N and 79°37'50.000" W 
respectively. The hourly observed rainfall time series were 
obtained from Ontario Climate Center, Environment 
Canada. The Intensity-Duration-Frequency curves used by 
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city of Mississauga and Credit Valley Conservation for 
development studies for the study area were originally 
derived from the observed rainfall data taken from the 
Pearson International Airport.  Therefore, the observed 
rainfall data at this meteorological station were used to 
calculate the design storm depths for observed/baseline 
scenario in this study.  

2.3. NARCCAP Climate Data 
This study used the climate data sets collected from the 

North American Regional Climate Change Assessment 
Program [36,37,44]. NARCCAP is a coordinated multi-
model numerical experiment [37] that provides climate 
projections for several RCM+GCM pairs at similar spatial 
resolutions over identical periods covering the 
conterminous United States and most of Canada. It 
provides all the data at a gridded horizontal resolution of 
50km and time span 33 years for both current (1968-2000) 
and future (2038-2070) period. The first three years of 
data, spin-up periods [34] has been discarded in this study. 
NARCCAP data permits assessment of climate change 
impact by comparing the climate of mid twenty-first 
century with that of twentieth century. Every future 
simulation in NARCCAP follows greenhouse gas and 
aerosol concentration based on A2 emission scenario 
described in the Special Report on Emissions Scenarios 
(SRES) [43]. The data are stored in the NetCDF files in 
2D arrays and array dimensions are named "xc" and "yc" 
within the file. The array dimensions (yc, xc) of nearest 

point of Toronto Lester B. Pearson International Airport 
found from the grid cell maps for CRCM, HRM3 and 
RCM3 are (52,100), (59, 105) and (45, 94) respectively. 

The precipitation time series of temporal resolution 3 
hour provided by six different RCM+GCM pairs were 
used in this study. These six pairs includes three RCMs 
and four GCMs, the RCMs are  Canadian Regional 
Climate Model (CRCM) [42], Hadley Regional Model 3 
(HRM3) [26] and Regional Climate Model version 3 
(RCM3) [12,20], and the GCMs are Community Climate 
System Model (CCSM) [8], Third Generation Coupled 
Global Climate Model  (CGCM3) [15], Geophysical Fluid 
Dynamics Laboratory GCM (GFDL) [19] and Hadley 
Centre Coupled Model, version 3 (HADCM3) [21,47]. 
The six RCM+GCM pairs’ data used in this study are 
CRCM+CCSM, CRCM+CGCM3, HRM3+GFDL, 
HRM3+HADCM3, RCM3+CGCM3 and RCM3+GFDL.  

3. Methodology 
The procedure used in this study involves (1) storm 

depths calculation under current and future climate 
condition; (2) transforming storm depths into runoff using 
a hydrological model, and (3) transforming runoff into 
water surface elevation required to develop flooding 
scenario under current and future climate condition using 
a river system analyses tool. 

3.1. Design Storm 

Table 1. Best fitted distribution for NARCCAP data for different duration [ Case 1 (current x, future √), case 2 (current *, future +)] 

 CrcmCcsm CrcmCgcm3 Hrm3Gfdl Hrm3Hadcm3 Rcm3Cgcm3 Rcm3Gfdl 
Distribution 3 6 12 24 3 6 12 24 3 6 12 24 3 6 12 24 3 6 12 24 3 6 12 24 
Normal x x           √  √ x      x   
LogNormal      + √  x   x             
Galton                *         
Exponential    x     √ x              x 
Gamma      x x       √ *    +      
Pearson III             +            
LogPearson III                  +  +  +   
Gumbel EV 1 Max *√  x√  √ √  √      x     x√    x  
EV2-Max  √+      x         x√ *  x√ √   √ 
Gumbel EV 1 Min                         
Weibull          √   *            
GEV Max                         
GEV Min  *     +               *   
Pareto   +       * +     +         
L-Moments Normal           x  x  x    * *     
L-Moments Exponential    √            √         
L-Moments EV1 Max     x   +      *         *  
L-Moments EV2 Max +           √     * √      + 
L-Moments EV1 Min                         
L-Moments EV3 Min                         
L-Moments GEV Max            +         +   * 
L-Moments GEV Min   * *+ + * *  *+ + *√ *  +   +    *    
L-Moments Pareto     *          +      x    
GEV-Max (k spec.)        *          x    √ +  
GEV-Min (k spec.)                         
L-Moments GEV-Max (k spec.)                       √  
L-Moments GEV-Min (k spec.)                         

Design storm depths were calculated for different 
duration (3h, 6h, 12h and 24h) and six different return 

periods (2yr, 5yr, 10yr, 25yr, 50yr and 100yr) for historic 
observations and climate model simulations for current 
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and future period.  NARCCAP provided precipitation time 
series of 3h resolution were aggregated into 3-, 6-, 12- and 
24 h duration on an annual basis. Then time series of 
annual maximum rainfall depth were generated by 
determining the yearly maximum value for each duration 
from the aggregated time series. Frequency analysis was 
performed on these annual maximum time series data of 
each duration to calculate storm depths. Two tests, 
Pearson chi-square test and Kolmogorov-Smirnov, were 
used to test the goodness of fit of each distribution among 
twenty seven distributions as shown in Table 1. 
Environment Canada uses Gumbel Extreme Value 
distribution to fit the annual extremes of rainfall for the 
study area for developing IDF curves. Therefore, Extreme 
Value type 1 (EV1) was used for frequency analyses 
together with the best fitted distribution. Each distribution 
was tested for its goodness of fit following the attained 
percentage of the parameter “a”, and the distribution that 
attained the highest percentage of a for a particular time 
was selected for frequency analyses for that time series. 

The percentage value of ‘a’ for Chi-square test 
(equation 1) and Kolmogorov-Smirnov (equation 2) are 
defined by the following two equations: 

 21 ( 1, )attaineda x m k r q= − = − −  (1) 

 21 ( , )attaineda x m q= −  (2) 

where m are the degrees of freedom of chi square test, k is 
the number of bins used in chi square test, r is numbers of 
parameters of the distribution and q is the Pearson 
parameter. The theoretical background of the tested 
distributions is presented in [30]. A statistical analysis 
software, Hydrognomon [30], was used to find the best 
fitted distribution among 27 statistical distributions. 

Three sets of storm depth were calculated for historical 
observation, NARCCAP current and future simulations. 
The three sets are: (1) Case 1: storm depth with best fitted 
distribution tested by Chi-square test (2) Case 2: storm 
depth with best fitted distribution tested by Kolmogorov-
Smirnov, and (3) Case 3: storm depth with Extreme Value 
type 1 (EV1). 

All the NARCCAP dataset are provided at grid scale, 
therefore storm depth values calculated from the 
NARCCAP datasets are for grid scale. The bridging of the 
gridded climate change projections with the historic 
observation at meteorological station is essential for 
climate change impact study at watershed scale. Delta 
change factor can be applied to discrete totals i.e. design 
storm depths [17] to estimate future rainfall intensities at 
the station scale from the estimated values at the model 
grid-scale (both current/historic and future) and at the 
observed station scale (current/historic). The assumption 
in transposing projected future change in climate onto 
point observation is that the areal-to-point relationships of 
precipitation remain constant in future climates [35]. The 
delta change factor application procedure (presented by 
equations 3, 4 and 5) described by [56] was used to 
produce future station-scale intensities/depths: 
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Where, T and d denote return period and duration 
respectively, H and F denote historic and future, and s and 
g denote station and grid respectively. 

Delta change factor was applied to all NARCCAP 
datasets to produce storm depths at station scale under 
future climate condition, and the results are presented in 
the Table 2. 

Two traditionally derived storms have been traditionally 
adopted as representative storm, namely the SCS Type II 
and Chicago distribution [41]. Credit Valley Conservation 
uses 24hr Chicago storm distribution for hydrologic 
modeling for flood line delineation in the study area. The 
Chicago storm was developed by C.J. Keifer and H.H. 
Chu [28] on 25 years of rainfall record for the city of 
Chicago. The storm is generally applied to urban basins 
where peak runoff rates are largely influenced by peak 
rainfall intensities. Design storm depths to be used in the 
hydrologic model were discretized using Chicago 
distribution for a time step of 10 minutes. The peak 
intensity for the storm is computed using the following 
equation: 

 
( )

p C
AI

t B
=

∆ +
 (6) 

The 10-minute intensities are then distributed around 
the peak as r∆t before the peak and (1-r) ∆t after the peak. 
MTO suggested using an r value of 0.38 for all MTO 
districts to provide a consistent application across the 
province.  The IDF parameter values A, B and C were 
obtained from the IDF equation used by City of 
Mississauga [5]. The IDF parameters are presented in the 
Table 3. The intensities before and after the peak were 
calculated using the following equations: 

Before the peak: 
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After the peak:  
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Where, ai  and bi  are intensities, bt  is the time after the 
peak intensity in minute, at  is the time after the peak 
intensity in minute, A, B and C are IDF parameters. A 
sample calculation can be found in MTO Drainage 
Management Manual [41]. 

Discretized design storms for 24hr duration and 2, 5, 10, 
25, 50 and 100 year return period were developed using 
Chicago distribution and IDF parameter listed in the Table 3. 
The temporal distribution of the six return period 
developed using theses IDF parameters were used for both 
observed and NARCCAP storm depths for the study area. 
A sample discretized storm for 24 hour and 100 year 
return period return period is sown in the following Figure 1.  
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Table 2. Design storm depths (in mm) calculated from observed data and NARCCAP future datasets 
Return Period Duration (h) Observed CrcmCcsm CrcmCgcm Hrm3Gfdl 

  Case 1 Case2 Case3 Case 1 Case2 Case3 Case 1 Case2 Case3 Case 1 Case2 Case3 
2yr 2 30.4 30.4 29.9 32.8 32.9 33.6 33.1 33.8 32.5 33.3 35.1 34.7 

 6 34.2 34.6 35.3 33.4 34.3 36.6 36.5 38.5 38.5 46.4 40.8 43.4 

 12 37.9 38.3 40.1 38.4 38.9 40.7 42.2 42.1 44.1 46.2 48.7 53.6 

 24 45.3 44.0 46.2 49.7 50.5 51.1 50.3 48.7 50.5 57.8 57.0 63.4 
5yr 2 39.8 39.8 39.1 42.1 42.2 42.5 40.1 39.6 39.6 45.0 45.8 45.6 

 6 46.9 47.6 49.0 45.6 46.1 50.2 48.7 50.4 51.9 64.8 58.1 63.3 

 12 53.5 52.0 55.0 53.5 52.5 55.0 57.1 54.9 58.6 73.2 72.9 78.3 

 24 58.7 57.5 61.8 64.8 63.4 67.1 66.2 65.2 67.4 81.6 79.5 92.8 
10yr 2 45.4 45.4 45.2 49.2 48.9 49.0 43.9 43.2 44.2 53.2 52.3 52.9 

 6 56.5 57.0 58.1 56.5 56.4 59.4 58.9 58.4 60.8 74.8 74.0 76.5 

 12 65.0 63.1 64.9 64.5 46.7 64.4 67.5 65.4 67.9 97.1 93.5 94.9 

 24 68.9 69.0 72.1 76.5 73.6 77.4 77.0 77.9 78.5 104.6 103.2 113.1 
25yr 2 52.0 52.0 52.9 58.3 57.4 56.5 48.4 48.1 50.2 63.2 60.1 62.1 

 6 70.4 69.9 69.6 75.3 73.0 70.7 74.5 69.7 72.0 87.0 100.1 93.6 

 12 80.1 79.6 77.3 79.0 77.6 76.2 80.8 81.5 79.5 132.7 123.6 116.1 

 24 83.7 86.6 85.2 93.0 91.6 87.6 91.1 95.8 92.7 145.2 147.2 138.8 
50yr 2 56.5 56.5 58.6 65.6 64.3 62.5 51.2 52.0 54.3 70.0 65.5 68.9 

 6 82.0 80.3 78.1 92.3 87.7 79.3 87.7 79.2 79.9 96.1 123.8 106.1 

 12 91.4 94.0 86.6 89.8 89.4 85.1 90.4 95.3 88.0 162.1 149.5 132.1 

 24 96.0 102.3 94.8 107.1 105.2 96.5 101.4 110.5 103.0 185.9 194.0 157.8 
100yr 2 60.7 60.7 64.3 72.5 71.9 68.2 53.9 55.8 58.6 76.2 70.6 75.7 

 6 94.8 91.2 86.5 114.8 106.8 88.0 102.9 88.8 87.9 105.6 151.0 118.5 

 12 102.7 110.1 95.8 100.4 101.7 93.7 99.9 110.9 96.5 193.6 177.8 148.2 

 24 109.6 120.5 104.4 122.4 116.3 109.9 111.9 126.2 113.5 238.7 256.8 176.8 
Return Period Duration (h) Hrm3Hadcm3 Rcm3Cgcm3 Rcm3Gfdl    

  Case 1 Case2 Case3 Case 1 Case2 Case3 Case 1 Case2 Case3    
2yr 2 26.6 26.4 26.5 42.7 40.8 42.5 36.0 34.9 37.0    

 6 33.4 33.1 33.8 42.3 44.7 46.9 40.3 41.6 44.7    
 12 38.3 38.9 40.8 48.4 47.4 51.2 46.3 47.0 50.0    
 24 41.5 43.6 47.8 56.3 52.0 57.8 57.8 54.0 57.5    

5yr 2 33.4 32.7 32.8 57.8 64.3 59.1 46.8 46.5 52.9    
 6 43.3 44.5 44.3 64.9 71.2 72.5 58.0 58.4 65.0    
 12 52.4 53.2 53.6 73.3 71.1 75.4 61.5 59.3 64.6    
 24 58.4 60.7 64.3 75.1 72.8 80.2 71.6 69.8 76.7    

10yr 2 37.5 37.0 37.0 67.6 77.6 70.0 57.3 57.4 63.8    
 6 50.3 52.1 51.4 85.2 91.3 89.9 74.5 73.8 78.6    
 12 63.1 62.4 62.1 91.9 91.1 91.7 73.6 70.3 73.9    
 24 74.8 74.4 75.2 89.6 92.8 95.2 82.5 84.5 89.3    

25yr 2 42.5 42.6 42.5 79.7 89.0 83.4 76.0 76.4 77.5    
 6 60.0 61.6 60.2 119.6 119.1 111.8 102.5 99.6 96.1    
 12 77.0 73.3 72.7 116.7 121.9 112.6 90.9 88.2 85.6    
 24 101.0 93.5 89.0 111.5 126.2 114.2 100.1 109.0 105.3    

50yr 2 45.9 46.6 46.6 88.6 93.4 93.5 94.1 95.5 87.5    
 6 67.9 69.0 66.8 153.4 141.0 128.1 129.6 124.3 109.0    
 12 87.4 81.7 80.7 135.5 149.6 128.3 105.2 104.9 94.2    
 24 124.5 109.0 99.0 130.1 158.2 128.3 116.3 132.2 117.1    

100yr 2 48.9 50.6 50.6 97.3 94.9 103.4 116.7 120.1 97.4    
 6 76.3 76.1 73.3 195.6 163.6 144.3 163.2 154.1 121.8    
 12 97.8 90.1 88.4 154.2 181.3 143.8 120.9 125.1 102.7    
 24 151.7 125.6 109.1 151.2 197.6 142.3 135.8 160.9 128.9    

 

Figure 1. Chicago storm of 24 hr 100 year for city of Mississauga IDF 
parameters 

Table 3. IDF Parameters of City of Mississauga IDF Curves 
Parameter Return Period 

 2 5 10 25 50 100 
A 610 820 1010 1160 1300 1450 
B 4.6 4.6 4.6 4.6 4.7 4.9 
C 0.78 0.78 0.78 0.78 0.78 0.78 

3.2. Hydrologic Modeling 
The most widely used approach to simulate 

hydrological impact of climate change is done by 
inputting climate projections into a deterministic or 
conceptual hydrological model that contains physically 
based mathematical descriptions of hydrologic phenomena 
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[11,18,22,29,33]. Precipitation data can be inputted into 
the hydrologic model in a form of continuous time series 
data or event-based data such as total rainfall depth. 
Considering the urban hydrological modeling capability, 
this study aimed to use Visual OTTHYMO v3.0 (VO3), 
the third version of the INTERHYMO – OTTHYMO 
hydrologic model simulation software package designed 
for Microsoft Windows OS [6]. It is a single event 
hydrologic model which simulates runoff from single 
storm events. The model is an appropriate design tool for 
use in projects such as watershed studies and stormwater 
management design [40]. The model includes four 
commands for four unit hydrograph options: 
STANDHYD - uses parallel standard instantaneous unit 
hydrographs for impervious and pervious areas of the 
catchment, and this method is recommended for modelling 
urban watersheds with greater than 20% impervious areas; 
NASHYD - uses the Nash instantaneous unit hydrograph 
method; WILHYD - uses the Williams and Hann (HYMO) 
unit hydrograph method; SCSHYD - uses the Nash 
hydrograph method based on SCS parameters and with N 
being five reservoirs. The routing routines available to 
calculate the transformation of a streamflow hydrograph 
are based on the continuity equation and a storage 
discharge relation. The routines use variable storage 
coefficient method, Muskingum-Cunge and storage-
indication method [7]. This study used an existing model 
of the study area developed for current landuse conditions 
using Visual OTTHYMO v3.0, and the model of the study 
area was obtained from the Credit Valley Conservation. 
The model contains 9 sub-catchment areas (shown in the 
Figure 2) with a total area of 478.66 ha, 6 sub-catchments 
were modeled using standard instantaneous unit 
hydrographs (the total impervious areas of which varies 
from 39% to 84%), and other 3 sub-catchments were 
modeled using Nash instantaneous unit hydrograph. The 
rainfall losses were computed by means of modified curve 
number procedures. The routing routine used for channel 
and pipe was variable storage coefficient method, and for 
the storage area was storage-indication method. The 24 
hour duration storm depths of 2, 5, 10, 25, 50 and 100 
year return for observed and future (six RCM+GCM pairs 
and average of six pairs) for case 1 were used as input in 
the hydrologic model for flow simulation. The design 
storm depths were discretized by using Chicago 
distribution as described in the previous section to input as 
design hyetographs in hydrological model. The 24 hour 
design storms used for flow simulation are listed in Table 4. 

Table 4. Design storm depths (in mm) used for flow simulation 
Return 
Period 

Obse-
rved 

Crcm 
Ccsm 

Crcm 
Cgcm 

Hrm3 
Gfdl 

Hrm3 
Hadcm3 

Rcm3 
Cgcm3 

Rcm3 
Gfdl 

Aver -
age 

2 45.3 49.7 50.3 57.8 41.5 56.3 57.8 52.2 
5 58.7 64.8 66.2 81.6 58.4 75.1 71.6 69.6 

10 68.9 76.5 77.0 104.6 74.8 89.6 82.5 84.2 
25 83.7 93.0 91.1 145.2 101.0 111.5 100.1 107.0 
50 96.0 107.1 101.4 185.9 124.5 130.1 116.3 127.5 
100 109.6 122.4 111.9 238.7 151.7 151.2 135.8 151.9 

3.3. Hydraulic Modeling 
The Hydrologic Engineer Center’s River System 

Analysis System (HEC-RAS) software [24], that allows to 
perform one-dimensional steady and unsteady flow river 
hydraulics calculations, were used for flooding scenario 

analyses under future climate condition in the floodplain 
of Clearview Creek. The system includes a graphical user 
interface, separate hydraulic analyses components, data 
storage and management capabilities, graphic and 
reporting facilities. HEC-RAS is capable of modelling a 
full network of natural or constructed channels. HEC-RAS 
requires the input of geometric data to represent river 
network/reach, channel cross-section data, and hydraulic 
structure data such as bridge and culvert data.  

 

Figure 2. Hydrologic model schematic for Clearview Creek catchment 

The length of Creek modeled in this study is 2878m. 
The model includes 45 cross-sections and 4 culverts as 
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shown in the Figure 3.  The cross-section number started 
with 0 at the outlet of Creek on the shore of the Lake, and 
the river stations were numbered as the distance from the 
outlet. The cross-section data, high cord and low cord 
elevations for culverts were generated from a high 
resolution digital terrain model (DTM) by using HEC-
GeoRAS [23]. HEC-GeoRAS, an extension for use with 
ArcGIS tools, specifically designed to process geospatial 
data for use with HEC-RAS. It enables the hydraulic 
engineers to create a HEC-RAS import file containing 
geometric data from a digital terrain model (DTM), 
process water surface profile data exported from HEC-
RAS, and perform floodplain mapping. A 1m x 1 m 
resolution DTM was developed employing ArcGIS and 
using a 5m x 5m resolution DTM of the entire catchment 
area and recent survey data adjacent to the Creek obtained 
from Credit Valley Conservation. A 1m x 1 m resolution 
DTM was prepared using the survey data, existing 5m x 
5m resolution DTM was resampled to 1m x 1 m resolution 
DTM, and finally mosaic 1m x 1 m resolution DTM was 
created using DTM from survey data as mosaic operator. 
Then, a RAS GIS file that contains cross-section 
elevations with bank station data, and high cord and low 
cord elevations for culverts was generated from the 
mosaic DTM using HEC-GeoRAS. The geometric data, 
hydraulic structure and flow data were completed in HEC-

RAS. The Manning’s roughness coefficient values, 
expansion and contraction coefficients for the cross-
sections were completed following the Credit Valley 
Conservation’s technical guideline [9] for hydrologic and 
hydraulic analyses. The detail survey data for the culverts 
(location, dimensions, length, height from obvert to top of 
road, photos etc.) were also obtained from the Credit 
Valley Conservation. Some buildings were set as 
obstructed area at cross-section of river stations 520, 2448, 
2500 and 2545. As a mixed flow regime calculation was 
made, the boundary conditions were entered at both 
upstream and downstream ends of the Creek. For steady 
flow boundary condition, the known water surface 
elevation, mean annual water surface elevation (74.8m) 
for Lake Ontario at Mississauga [9] was entered at 
downstream end, and critical depth was selected as 
upstream boundary condition at river station 2878. The 
peak flows simulated for 24 hour storm depths listed in 
Table 4 were used as input in the HEC-RAS model. The 
peak flows at the hydrologic elements 117, 115, 113, 109, 
107, 105, 103 and 101 of the hydrologic model (shown in 
Figure 2 ) were entered at the river station  2878, 2672, 
2297, 1779, 1556, 1001, 419 and 0. The peak flow values 
of observed/baseline, 6 RCM+GCM pairs and average of 
six pairs for steady flow simulation are listed in the Table 5. 

Table 5. Peak flows (m3/s) used for steady flow simulation in HEC-RAS 
 RS 2yr 5yr 10yr 25yr 50yr 100yr  RS 2yr 5yr 10yr 25yr 50yr 100yr 

O
bs

er
ve

d\
ba

se
lin

e 

2878 4.15 6.21 13.07 23.16 31.45 37.95 

Fu
tu

re
 a

ve
ra

ge
 

2878 5.19 13.61 23.52 36.61 49.79 64.33 
2672 5.14 7.23 13.26 23.28 31.45 38.53 2672 6.19 13.80 23.60 36.50 50.81 65.79 
2297 5.77 8.24 13.29 23.34 31.47 38.57 2297 7.02 13.84 23.66 36.84 50.88 66.03 
1779 4.43 6.64 10.82 17.77 23.72 29.07 1779 5.55 11.19 18.01 28.02 37.60 49.52 
1556 5.41 8.28 11.51 18.78 25.01 30.44 1556 6.94 11.91 19.03 29.33 39.19 51.03 
1001 5.25 7.91 12.22 19.51 25.64 31.20 1001 6.58 12.62 19.75 30.10 39.92 51.70 
419 6.27 9.34 12.79 20.22 26.54 32.27 419 7.93 13.21 20.47 31.11 41.11 53.01 

0 6.42 9.57 13.00 20.55 26.97 32.78 0 8.12 13.45 20.81 31.63 41.77 53.83 

C
rc

m
Cc

sm
 

2878 4.81 10.18 18.16 29.54 36.58 46.44 

C
rc

m
Cg

cm
 

2878 4.91 11.20 18.47 28.24 35.07 39.33 
2672 5.77 10.47 18.27 29.58 36.47 47.21 2672 5.87 11.43 18.59 28.41 35.05 40.00 
2297 6.55 10.52 18.33 29.67 36.82 47.43 2297 6.65 11.48 18.66 28.50 35.24 40.09 
1779 5.14 8.90 14.33 22.28 28.01 35.08 1779 5.24 9.56 14.56 21.37 26.29 30.10 
1556 6.44 9.56 15.20 23.52 29.33 36.74 1556 6.55 10.23 15.43 22.56 27.61 31.53 
1001 6.08 10.26 15.91 24.18 30.11 37.34 1001 6.20 10.94 16.13 23.21 28.29 32.26 
419 7.36 10.79 16.49 25.05 31.13 38.57 419 7.50 11.67 16.73 24.09 29.21 33.37 

0 7.53 11.02 16.76 25.46 31.64 39.19 0 7.66 11.66 17.00 24.49 29.69 33.91 

H
rm

3G
fd

l 

2878 6.07 21.77 35.10 60.86 86.54 115.37 

H
rm

3H
ad

cm
3 

2878 3.59 6.16 17.03 34.90 48.06 64.20 
2672 7.10 21.82 35.27 62.19 88.40 117.64 2672 4.55 7.18 17.17 34.87 48.83 65.66 
2297 8.07 21.87 35.43 62.35 89.05 118.25 2297 5.20 8.18 17.24 35.05 48.91 65.90 
1779 6.49 16.78 26.89 46.51 66.72 89.87 1779 3.82 6.59 13.56 26.15 36.19 49.42 
1556 8.10 17.76 28.20 48.01 68.60 92.61 1556 4.72 8.22 14.38 27.46 37.86 50.93 
1001 7.73 18.49 29.00 48.53 69.60 94.72 1001 4.60 7.85 15.09 28.14 38.50 51.60 
419 9.14 19.15 29.97 49.87 71.21 97.16 419 5.46 9.27 15.66 29.04 39.68 52.90 

0 9.36 19.47 30.47 50.66 72.29 98.68 0 5.59 9.50 15.91 29.53 40.31 53.73 

R
cm

3C
gc

m
3 

2878 5.81 17.25 27.24 39.40 51.30 63.90 

R
cm

3G
fd

l 

2878 6.07 14.89 22.26 34.30 42.35 54.74 
2672 6.82 17.36 27.41 40.03 52.40 65.37 2672 7.10 15.05 22.42 34.28 42.82 55.83 
2297 7.76 17.43 27.50 40.11 52.41 65.59 2297 8.07 15.10 22.48 34.46 43.01 56.10 
1779 6.21 13.69 20.64 31.06 38.97 49.19 1779 6.49 12.09 17.20 25.72 32.21 41.63 
1556 7.77 14.52 21.79 31.47 40.46 50.70 1556 8.10 12.87 18.19 27.08 33.64 43.17 
1001 7.38 15.23 22.48 32.20 41.23 51.35 1001 7.73 13.57 18.92 27.77 34.33 43.81 
419 8.78 15.81 23.36 33.30 42.40 52.66 419 9.14 14.13 19.61 28.66 35.53 45.10 

0 8.99 16.06 23.73 33.83 43.08 53.48 0 9.36 14.39 19.93 29.14 36.11 45.80 
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Figure 3. Geometric data schematic showing cross-section and culvert locations 

4. Results and Discussion 

4.1. Design Storm 
Frequency analyses were performed on a total of 52 

annual maximum time series including 4 observed, 24 
NARCCAP current and 24 NARCCAP future dataset. The 
best fitted distribution among twenty seven distributions 
for annual maximum time series of four durations for 
NARCCAP current and future datasets are listed in the 
Table 1. Among the 96 selection for 48 NARCCAP 
datasets shown in the Table 2, L-Moment GEV Min was 
selected 15 times (the highest), that is 15.6% of the total 
selection and Gumbel EV1 Max was selected for 11 times 
that is 11.5% of the total selection. This reveals the 
importance of selection of appropriate distribution for 
calculation of storm depths considering climate change 
impact. The storm depths calculated from observed data 
and NARCCAP datasets are presented in Table 2. The 

delta change factor was applied to get the storm depths 
under future climate condition. The storm depths for all 
six RCM+GCM pairs show a significant increase in the 
future. All the data in the Table 2 are plotted as scatter 
plot on a graph (Figure 4) whose abscissa and ordinate are 
the values observed and NARCCAP future storm depths 
respectively. The abscissa and ordinate are plotted on the 
same scale and 45 degree line is drawn to facilitate 
interpretation of the scatter plot. The linear trendlines 
including the trendline equations and the dispersion of 
data (indicated by the R2 values) above the 45-degree line 
reveal that the increase of storm depths under future 
climate is higher for higher values. The higher values of 
storm depths may either represent storm depths for higher 
return period or higher duration.  The linear trendlines also 
show that the overall increase in storm depths is highest 
for case 1 (when the distributions were identified by Chi-
square test), and lowest for case 3 (when frequency 
analyses was performed using Gumbel EV1 Max). 

 

Figure 4. Scatterplot of design storm depths calculated from observed data and NARCCAP future datasets 
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The percentage difference between storm depths 
calculated from observed data and NARCCAP future 
averages for four durations and six return periods are 
presented in the Figure 5, Figure 6 and Figure 7. These 
figures show significant increase of storm depths for all 
durations and return period; overall, the storm depths 
increase with the increase in return period. For example, 
storm depths of 24 hour duration for 2yr, 25yr and 100yr 
return period increased by 15.3%, 27.8% and 38.6% for 
case 1; 15.8%, 27.7% and 36% for case 2 and 18.4%, 
22.8% and 24.6% for case 3. These figures also show that 
the storm depths increase with the increase in duration 
overall. For example, storm depths of 2yr return period for 
3hr, 6hr, 12hr, 24hr duration increased by 12.1%, 13.2%, 
14.3% and 15.3% for case 1; 11.9%, 12.2%, 14.5% and 
15.8% for case 2 and 15.3%, 15.2%, 16.5% and 18.4% for 
case 3. The highest increase of 38.6% was observed for 
24hour duration and 100 year return period storm depths 
for case 1.  Therefore, the storm depths calculated in case 
1 will be used as input in the hydrological model for flow 
simulation. The box plots in the Figure 8 shows the 
relative change (ratio of NARCCAP future storm depths 
of 6 RCM+GCM models and storm depths from observed 
data)) of storm depths for different durations and return 
period. It is revealed from the figure that the variability of 
relative change increase with an increase in return period 
and decrease with an increase in storm duration overall. 

The overall uncertainty of the design storm for 
NARCCAP climate data was assessed using the co-
efficient of variation (CV). For a given duration and return 
period, CV is calculated as the ratio between the standard 
deviation of NARCCAP storm depths to the 
corresponding mean values.  CV was compared to assess 
the inter-model variability for different duration and return 
period for storm depths calculated from NARCCAP data 
sets under future climate conditions. The CV calculated 
for storm depths from 6 RCM+GCM pairs under future 
climate are presented in the Figure 9, Figure 10 and Figure 11. 
Overall the variability increases with an increase in return 
period and decrease with an increase in duration. For 
example, CV of 24 hour duration for 2yr, 25yr and 100yr 
return period are 11.2%, 17.1% and 27.2 % for case 1; 8%, 
18.3% and 30.4% for case 2 and 9.7%, 17.2% and 18.4% 
for case 3. The CV of 2yr return period for 3hr, 6hr, 12hr, 
24hr duration are 14%, 12.3%, 9.1%  and 11.2% for case 1, 
12.4%, 10.5%, 9.3% and 8.3% for case 2, and 13.9%, 
11.5%, 10.9% and 9.7%  for case 3. 

 

Figure 5. Difference between observed and NARCCAP future average 
storm depths for case 1 

 

Figure 6. Difference between observed and NARCCAP future average 
storm depths for case 2 

 

Figure 7. Difference between observed and NARCCAP future average 
storm depths for case 3 

 

Figure 8. Box-plots of relative change calculated from observed and NARCCAP future storm depths 



10 American Journal of Water Resources  

 

 

Figure 9. Comparison of CV of future storm depths for different return 
period and duration for case 1 

 

Figure 10. Comparison of CV of future storm depths for different return 
period and duration for case 2 

 

Figure 11. Comparison of CV of future storm depths for different return 
period and duration for case 3 

4.2. Storm Flow 
The increase in flows under future climate condition 

(difference between flows from observed and NARCCAP 
future average storms of 24 hour duration) at hydrologic 
element 101, 1003 and 1005 are presented in Figure 12.  
The hydrologic element 101 is the outlet of the catchment, 
and 1003 and 1005 are two sub-catchments with nearly 
same area of 23.26 and 25.82 ha. The sub-catchment 1003 
was modeled as a highly urbanized area using standard 
instantaneous unit hydrographs as its total impervious area 
is about 84% , and the sub-catchment 1005 was modeled 
as a rural catchment using Nash instantaneous unit 
hydrograph. Analysis of flows at the outlet presents the 
hydrologic impact on the entire watershed, and the 
analysis of flows at two sub-catchments represent the 

response of climate impact in catchment with different 
landuse conditions. Flows from observed and NARCCAP 
future average storms at the outlet and two sub-catchments 
are presented in Figure 13, 14 and 15. Like increase in 
storm depths, percentage differences of the peak flow 
increase with an increase in return period overall. For 
example, increase of peak flows for 2yr, 25yr and 100 yr 
return period are 26.46%, 53.94% and 64.22% at the 
outlet, 21.69%, 32.93% and 51.61% for the sub-catchment 
area 1003, and 30.41%, 44% and 56.13% for the sub-
catchment area 1005. The analyses of storm depths and 
peak flow results revealed that the percentage increase in 
peak flows are much higher than that of storm depths 
under future climate condition. The increase of storm 
depths of 24 hour duration and 2yr, 25yr and 100yr return 
period are 15.3%, 27.8% and 38.6%, those are 26.46%, 
53.94% and 64.22% for peak flow at the outlet of the 
catchment. It is shown in Figure 14 and Figure 15 that the 
peak flows in the sub-catchment 1003 are much higher 
than the peak flows in the sub-catchment 1005. This is a 
common phenomenon that area with higher impervious 
area produces a higher peak flow. Figures 14 and 15 
present that the peak flows for 2yr, 25yr and 100yr return 
period in sub-catchment 1003 are 2.72 m3/s, 5.85 m3/s and 
7.87 m3/s for baseline scenario and 3.31 m3/s, 7.78 m3/s 
and 11.93 m3/s for future scenario; those are 0.22 m3/s, 
0.62 m3/s and 0.93 m3/s for baseline scenario and 0.28 
m3/s, 0.9 m3/s and 1.45 m3/s for future scenario in sub-
catchment 1005. However, it is shown in Figure 12 that 
increase in peak flows under future climate condition in 
sub-catchment 1005 is higher than that in the sub-
catchment 1003 - increase in storm depths of 24 hour 
duration and 2yr, 25yr and 100yr return period in the sub-
catchment 1003 are 21.69%, 32.93% and 51.61 %, and the 
increases are 30.41%, 44% and 56.13 % in the sub-
catchment 1005. The box plots in Figure 8 shows the 
relative change (NARCCAP future storm depths/observed 
storm depths) of storm depths for different durations and 
return periods. It is revealed from the figure that the 
variability of relative change increase with an increase in 
return period and decrease with an increase in storm 
duration overall. The box plots in Figure 16 shows the 
relative change (ratio of future peak flow from 
NARCCAP future storm depths of 6 RCM+GCM models 
and peak flow from observed storm depths) of storm 
depths for  different return periods. It is revealed from the 
figure that the variability of relative change increases with 
an increase in return period overall if the outlier is also 
considered. Figure 8 and Figure 16 also show that the 
variability in relative change for peak flows is higher than 
the storm depths overall.  The relative change of the 24 
hour 100 year storm depths varies from 1.02 to 2.18 for 
six RCM+GCM data, and the relative change for flow of 
corresponding storms varies from 1.03 to 3.01. 

Similar to storm depths, the overall uncertainty of the 
peak flows for NARCCAP climate data was assessed 
using the co-efficient of variation (CV). CV was 
compared to assess the inter-model variability of the peak 
flows resulted from 24 hour storm depths of different 
return period calculated from six RCM+GCM pair data 
sets  under future climate conditions. The CVs calculated 
for peak flows at the outlet (101), and sub-catchments 
1003 and 1005 are presented in Figures 17, 18 and 19. The 
CVs for storm depths are also presented in the Figures.  
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Figure 12. Flow difference for observed and NARCCAP future average 
storms 

 

Figure 13. Flows from observed and NARCCAP future average storms 
at hydrologic element 101 (outlet of the catchment) 

 

Figure 14. Flows from observed and NARCCAP future average storms 
at hydrologic element 1003 

 

Figure 15. Flows from observed and NARCCAP future average storms 
at hydrologic element 1005 

 

Figure 16. Box-plots of relative change of flows from observed and NARCCAP future storm depths 

Like the storm depths, the variability of the peak flow 
increases with an increase in return period. Figures 17, 18 
and 19 show that the variability of peak flows are much 
higher than that of storm depths. The CV for peak flows 
of 100 year return period are 39.1%, 32.5% and 35.7% in 
the outlet, the sub-catchment 1003 and the sub-catchment 
1005, respectively, and the CV for 24hour storm of 100 
year return period is 27%. The figures also show that the 
variability is higher in case of the sub-catchment 1005 
than in case of the sub-catchment 1003- the CV for 2 yr, 
25yr and 100yr return period are 19.8%, 24.8% and 35.7% 
respectively  in the sub-catchment 1005, those are 13.9%, 
21.9% and 32.5% respectively in the sub-catchment 1003.  

Figure 17. CV of future storm depths and flows for 24 hour storms at 
hydrologic element 101 (outlet of the catchment) 
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Figure 18. CV of future storm depths and flows for 24 hour storms at 
hydrologic element 1003 

 

Figure 19. CV of future storm depths and flows for 24 hour storms at 
hydrologic element 1005 

4.3. Hydraulic Analyses 
The hydraulic metrics –water surface (W.S.) elevation, 

top width (top widths of the wetted cross section) and area 
(flow area of the entire cross-section including ineffective 
flow) were obtained from profile output table in HEC-
RAS model and were used for the assessment of climate 

change impact on flooding. An increase in W.S. elevation 
and top widths represent an increase in flood inundation 
depth and extents under future climate condition. The 
increase of W.S. elevation and top widths are the 
differences of the values simulated for the flows resulted 
from the storm depths of observed data and averages of 
the six  RCM+GCM pair climate data (listed in the Table 5). 
These metrics were analyzed for three stations – one near 
the most upstream of the Creek (river station 2674), one 
near the most downstream of the Creek (river station 357) 
and one in the middle of the Creek (river station 1665) and 
the results are shown in  Figure 20. Increase in W.S. 
elevation and top widths were also calculated for all 45 
cross-sections and averages (average of the increases at 45 
cross-sections) are shown Figure 20. This figure shows 
that increase in W.S. elevation and top widths varies 
significantly among the cross sections. The increase in 
W.S. elevation for 2yr, 25 yr and 100 yr return period flow 
are 6cm, 13cm and 20 cm at river station 2674 ; 12cm, 45 
cm and 67 cm at river station 357; and 7cm, 21cm and 
28cm at river station 1465 respectively. The increase in 
top widths for  2yr, 25 yr and 100 yr return period flow are 
8.2m, 21.9m and 39m at river station 2674;0.4m, 4.4 m 
and 124.7m at river station 357; and 5.5 m, 7.7m and 
10.5m at river station 1465 respectively. The only reason 
of this variation is the shape of the cross-section. Average 
of increase in W.S. elevation and top widths of all cross 
sections show overall increase of inundation depths and 
extent along the Creek.  The increase in W.S. elevation for  
2yr, 25 yr and 100 yr return period flow are 6 cm, 22cm 
and 30cm respectively, and the increase in top widths are 
4m, 23.7m and 37.1 m respectively. A map showing the 
flood line for 100 year return period flood for the current 
period and future period is presented in Figure 21. The 
blue and red line represents the flood line for the 100 year 
return period flow from observed data and average of six 
NARCCAP RCM+GCM pairs data sets respectively. 

 

Figure 20. Increase of W.S. elevation and top width (top left, top right, bottom left and bottom right represent station 2674, 357, 1465 and average of 45 
stations) along the Creek 
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Figure 21. Flood line map for a section of Clearview Creek (orthophoto courtesy of the Credit Valley Conservation) 

The CVs of flow area for six RCM+GCM pair data 
under future climate were calculated for all 45 cross-
sections and averages (average of the CVs at 45 cross-
sections) and are shown Figure 22. The CVs for 24hr 
return period storms and corresponding flows at the outlet 
for different return period are also presented in Figure 21. 
The figure shows that the variability of flow area is much 
higher than the variability of storm depths, but the 
differences among variabilities in flow and in flow area 
are very small overall. For example, the CVs for 100 year 
return period stom depths, flows and flow area are 27.2%, 
39.1% and 39.4 % respectively. 

 

Figure 22. CV of storm depths, flows at outlet and average of flow areas 
at all cross-sections 

5. Conclusions 
This study investigated the climate change impact on 

design storms, peak flows and flooding scenario using 
NARCCAP climate simulations based on A2 emission 
scenario described in the Special Report on Emissions 
Scenarios (SRES) for Clearview Creek drainage area 
located in Southern Ontario, Canada. A statistical analysis 
software, Hydrognomon, hydrologic modeling tool Visual 
OTTHYMO and a river system analyses tool HEC-RAS 
were used for design storm depth calculation, simulation 
of flows and hydraulic metrics. The procedure followed 
and the findings of this study are concluded as follows: 

Frequency analysis was performed on data from six 
RCM+GCM pairs by using the best fitted distribution 
among twenty seven distributions. Pearson chi-square test 
and Kolmogorov-Smirnov were used to test the goodness 

of fit of each distribution.  L-Moment GEV Min was 
selected 15.6% of the total selections for NARCCAP data 
sets. The linear trendlines show that the overall increase of 
storm depths is highest when the distributions were 
identified by Chi-square test (case 1). The percentage 
increase (difference of average of storm depth from six 
model and observed data) for 24hr100yr storm depths is 
also highest for case 1. The storm depths of case 1 were 
used for flow simulation.  A novel finding of this study is 
that there is a significant increase in storm depths for all 
durations and return period under future climate 
conditions, and the percentage increase in storm depth 
increases with an increase in return period and duration. 

Peak flows using 24 hours storms of different return 
period were analysed, and the results show that the peak 
flow increase with a range of 26 % to 64% for 2yr and 
100yr return period at the outlet of the Creek. Results also 
revealed that the peak flows from a catchment with higher 
impervious area are much higher than that for a catchment 
with a low impervious area, but the percentage increase in 
peak flows under future climate condition is less in a 
catchment with higher impervious area. The percentage 
increases of peak flows are much higher than that of storm 
depths under future climate condition. 

Higher peak flows will result in increased flood 
inundation depths and extents in the Clearview Creek 
catchment area. Analysed hydraulic metrics simulated by 
HEC-RAS show an average increase in water surface 
elevation and extents (top widths of wetted cross sections) 
are 30 cm and 37.1 m for a 100 year return period flood 
overall. The spatial variability of the metrics along the 
Creek is very significant due to the shape of the cross 
sections. The increases in the metrics for other return 
period are also noteworthy.  

The analysed CV values indicate that variability of flow 
simulated by Visual OTTHYMO and flow area simulated 
by HEC-RAS are much higher than the variability of the 
storm depths under future climate condition, and the 
difference between flow and flow area variability is 
insignificant overall. The box plot results indicate that the 
variability of relative change of storm depths increase with 
an increase in return period, and variability of relative 
change of storm depths decrease with the increase of 
duration. The box plot results also indicate that the 
variability in relative change for peak flows is higher than 
the storm depths overall. 
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The changes in urban stormwater runoff resulting from 
the effect of climate change will have important 
implication for selecting approaches for urban flood 
management measures. This study provides some 
information and knowledgebase that could be used for 
future development in the Clearview Creek catchment 
area as well as other Lake Ontario tributaries of similar 
characteristics.  
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