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Water management activities are currently predicated on the assumption of a stationary 

climate. This research investigated the range of hydrologic impacts resulting from the 

most recent climate change projections for an area within the Lake Simcoe watershed 

for 2041-70. Eighteen general circulation models (GCMs) were selected to represent 

the mean and extreme projections of three greenhouse gas emission scenarios (RCP 

2.6, RCP 4.5, and RCP 8.5). Changes in average annual temperature and precipitation 

ranged from +1 to +5 °C and -2% to +19%, respectively. Hydrologic modelling found 

that annual recharge rates deviated from the historical record by -2.2% to +20.5%, 

evapotranspiration increases ranged from +0.9% to +14.4% and the 7Q20 decreased for 

most scenarios. The results of this research further understanding of projected climate 

change impacts in southern Ontario, which include higher winter recharge rates, higher 

evapotranspiration rates, earlier peak streamflow, and a decrease in the 7Q20. 
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1 Introduction 

1.1 Problem 

Ontario’s Clean Water Act produced a comprehensive, multi-barrier approach to 
safeguarding drinking water in Ontario, Canada (Government of Ontario, 2017). The 
Source Water Protection (SWP) planning process which developed as part of this multi-
barrier approach is an important, preventative component in the provision of safe 
drinking water. SWP plans are policy documents, derived from technical assessment 
reports (ARs) which are informed by a variety of groundwater and surface water 
modelling methods to assess the long-term sustainability of groundwater takings and 
define vulnerable areas surrounding drinking water intakes (Government of Ontario, 
2017; LSRCA et al., 2018). These assessment methodologies rely on historical climate 
data and are thus premised on the assumption of a stable climate (Earthfx Inc., 2013). 

Conversely, the impacts of anthropogenic climate change are already being felt globally, 
through shifting seasonal patterns as well as changes in temperature, precipitation and 
frequency of extreme weather events (IPCC, 2014, 2018). Understanding the impacts 
that climate change may have based on the most current scientific knowledge is critical 
for decision-makers, including those involved in the SWP planning process. The major 
aspects of the SWP planning process for groundwater systems involve the development 
of sub-watershed water budgets and the delineation of vulnerable areas, which include 
ecologically significant groundwater recharge areas (ESGRAs) and wellhead protection 
areas (WHPAs) for groundwater systems (Government of Ontario, 2017). Historical 
climate data is currently integrated into these assessments, potentially diminishing their 
relevance in future years as changing climate patterns modify the hydrologic cycle 
(McBean & Huang, 2017; UN Water, 2010). 

1.2 Background 

Research is currently being taken throughout the world to assess the impacts of climate 
change for groundwater systems. However, there exist several practical considerations 
that affect the representation of the future climate in climate change impact assessment 
studies. Uncertainty arises for several reasons, including as a result of the structure of 
general circulation models (GCMs), greenhouse gas emission scenarios, and means of 
representing large-scale GCM outputs at the local scale of interest (via downscaling 
techniques) (Chen et al., 2011b). Other considerations for hydrologic studies include the 
initialization conditions for GCMs (i.e. ensemble members), hydrologic model structure, 
and time period under consideration (Gelfan et al., 2017; Kay et al., 2009).  

Given the nature of studying projected impacts, it is impossible to fully eliminate the 
uncertainty associated with studies into the hydrologic impacts of climate change. 
However, providing decision-makers with the most complete picture of the range of 
potential impacts is critical. The various contributors of uncertainty have been the 
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explicit subject of several studies, including those by Goderniaux et al. (2011) and Li et 
al. (2016), in efforts to understand the most critical considerations when assessing 
climate change impacts. GCMs are routinely considered to be the greatest source of 
uncertainty in climate change impact studies (Chen, 2011b; Hoan et al., 2018; Kay et 
al., 2009; Prudhomme & Davies, 2009; Wilby & Harris, 2006); however, few hydrologic 
impact studies provide a justification for the selection of the GCMs underpinning climate 
change impact assessments. 

The differing methodologies employed in climate change impact studies obscure trends 
in projected recharge patterns in eastern Canada (Larocque, Levison, Martin, & 
Chaumont, 2019). The effects of changing temperature and precipitation patterns 
resulting from climate change is expected to be more gradual for groundwater systems 
compared with surface water systems, which have a more immediate linkage to such 
patterns (Gamvroudis et al., 2017). However, several studies indicate that the trend of 
warmer winters may lead to changes in snow storage, winter infiltration, and shifts in the 
seasonality of recharge patterns in Ontario (Kurylyk & MacQuarrie, 2013; Oni et al., 
2014; Sultana & Coulibaly, 2011).  

The study area selected for this research is situated adjacent to the north-west portion 
of Lake Simcoe, encompassing the Oro North, Hawkestone, and Oro South Creeks 
sub-watersheds of the Lake Simcoe watershed, as shown in Figure 1.1.  

 

Figure 1.1: Location of study area (ESRI, 2011; ESRI et al., 2011; Statistics Canada, 2016)  

The most recent Tier 2 sub-watershed water budget for the study area resulted in a 
designation of low groundwater stress for all three sub-watersheds (Earthfx Inc., 2013). 
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Population growth is not expected to be significant for this area in the near-term, which 
is currently characterized by relatively low levels of water demand (Earthfx Inc., 2013). 
The current Tier 2 SWP water budget completed for the study area includes an 
assessment of groundwater conditions under several drought scenarios, including two 
years of zero recharge (Earthfx Inc., 2013; Government of Ontario, 2017). However, it is 
of interest to understand the impacts of a changing climate for local hydrologic patterns 
and groundwater resources, as expressed through the lens of the SWP process. It is 
important to understand the range of potential climate change impacts in order to 
understand how aspects of the SWP plans may differ under projected climate change. 

1.3 Objectives 

The study of climate change impacts requires an accounting of the various sources of 
uncertainty. GCMs are broadly considered to contribute the greatest levels of 
uncertainty to climate change impact studies, although downscaling techniques are also 
associated with high levels of uncertainty (Chen et al., 2011a; Kay et al., 2009; 
Prudhomme & Davies, 2009). Overreliance on a small number of GCMs may 
underrepresent the full range of impacts projected by GCMs for a given study area. 
Therefore, the first objective of this study was to examine the full range of GCM 
projected changes to the study area and provide a statistical justification for GCM 
selection. 

Upon GCM selection, this study sought to characterize the range of potential changes to 
the climate and hydrology of the study area, which encompassed the Oro North, 
Hawkestone, and Oro South Creeks sub-watersheds. Climate projections were 
characterized for the period 2041-70 using the monthly change factors resulting from a 
total of eighteen GCMs selected to represent the mean and extreme tendencies of three 
RCP emission scenario groupings (RCP 2.6, 4.5, and 8.5). Hydrologic impacts were 
characterized using a calibrated Precipitation-Runoff Modeling System (PRMS) 
distributed surface water model to assess changes in recharge, actual 
evapotranspiration (AET), and streamflow patterns (Leavesley et al., 1983).  

Annual average recharge conditions under each simulation were applied to a 
MODFLOW-2005 groundwater flow model (Harbaugh, 2005) which had previously 
undergone extensive calibration by Earthfx Inc. (2013). Following the SWP 
methodologies outlined in the Clean Water Act Technical Rules (Government of 
Ontario, 2017), the percent water demand indicator was utilized to characterize 
groundwater stress levels for each sub-watershed within the study area. In this way, an 
envelope of projected long-term changes to the hydrology and groundwater resources 
in the study area were developed to further understanding of projected changes within 
the study area. The primary objectives of this research may be summarized as follows: 

(1) Select GCMs in such a way as to constrain uncertainty resulting from differences 
between the projections of the GCMs and RCP emission scenarios.  
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(2) Apply downscaled climate projections to a calibrated PRMS model to 
characterize the range of projected hydrologic impacts resulting from climate 
change. 

(3) Assess the effect of long-term changes in recharge patterns on groundwater 
resources using the SWP percent water demand indicator for groundwater 
quantity stress. 

1.4 Scope 

The second chapter of this thesis presents a review of the literature related to SWP 
planning, the limitations of the current state of climate change impact studies, climate 
change uncertainty assessments, and projected hydrologic impacts of climate change. 
Chapter 3 presents a detailed description of the overarching study methodology. 
Chapter 4 describes the GCM selection process utilized in this thesis and the 
development of eighteen downscaled sets of climate projections. Chapter 5 details the 
calibration and validation of the PRMS model and characterizes simulated hydrologic 
impacts from climate change. Chapter 6 describes the results of the MODFLOW 
simulations and presents the groundwater stress levels obtained through SWP 
methodology. Key findings and opportunities for future work are presented in the 
seventh and final chapter and supplementary information is provided in the Appendices.   
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2 Literature Review 

2.1 Source Water Protection Planning in Ontario 

In May 2000, a heavy storm event combined with multiple regulatory oversights led to 
Escherichia coli (E. coli) O157:H7 contamination of a municipal well in Walkerton, 
Ontario, leading the Province to subsequently adopt a multi-barrier approach to 
safeguard drinking water and prevent such incidents from occurring in the future 
(LSRCA et al., 2018). The recommendations of the Walkerton inquiry included a multi-
barrier system, comprised of source water protection, treatment, secure distribution 
systems, monitoring and warning systems, and proactive responses to adverse 
conditions (LSRCA et al., 2018). The resulting source water protection (SWP) planning 
process that subsequently evolved consists of technical assessment reports conducted 
on a watershed basis to analyze quantity and quality threats for drinking water systems 
throughout the Province of Ontario (Government of Ontario, 2017; LSRCA et al., 2018).  

Technical assessment reports in support of SWP planning are conducted on a 
watershed basis. The South Georgian Bay-Lake Simcoe Source Protection Region 
studied for the purposes of this thesis consists of four watersheds, the Lake Simcoe, 
Nottawasaga Valley, Severn Sound, and Black-Severn River watersheds, depicted 
below in Figure 2.1 (LSRCA et al., 2015).  

 

Figure 2.1: Watershed boundaries within the South Georgian Bay Lake Simcoe Source Protection 
Region (LSRCA et al., 2018) 

Under the Clean Water Act Technical Rules, the technical assessment reports must 
include a watershed characterization, water budget, groundwater vulnerability 
assessment, delineation of vulnerable groundwater areas (including highly vulnerable 
aquifers, ecologically significant groundwater recharge areas and wellhead protection 
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areas), delineation of surface water vulnerable areas (intake protection zones), 
characterization of vulnerability risk scores for groundwater and surface water zones, 
and a list of potential threats to drinking water quantity or quality (Government of 
Ontario, 2017). The methods and models utilized for technical assessment reports vary 
throughout Ontario. Assessment reports form the technical basis for the SWP plans 
which identify potential threats to drinking water quantity or quality within a given Source 
Protection Region and denote policies to safeguard against potential threats (LSRCA et 
al., 2018). 

Rule 15.3 of the 2017 technical rules under the Clean Water Act permits the usage of a 
climate dataset specified by the Director of the Source Protection Program Branch 
(SPPB) of the Ministry of Environment, Conservation and Parks (MECP) to consider the 
impact of climate change on their region (Government of Ontario, 2017). However, 
lacking further details or specifications regarding how to incorporate the impacts of 
climate change into assessments, SWP activities rely on the assumption of climatic 
stationarity, conducting assessments based on historical climate data. For example, the 
Tier 2 water budget conducted for the study area considered for this research relied on 
historical climate data in its modelling activities characterizing the study area and 
assessing the groundwater quantity stress levels (Earthfx Inc., 2013). A study of the 
neighbouring Ramara Creeks, Whites Creek, and Talbot River sub-watersheds 
considered the impacts of climate change, culminating in the recommendation that 
climate change impacts should be considered as part of subsequent watershed 
assessments (Earthfx Inc., 2014).  

As a result of the technical activities involved in creating the assessment reports and 
SWP plans, the Province has extensively characterized their surface water and 
groundwater systems surrounding drinking water intakes. However, relying on historical 
climate data to characterize the hydrology within a watershed and thus the safety of 
drinking water may no longer be valid in a changing climate (Harris et al., 2013). The 
hydrologic and groundwater models underpinning the SWP planning process allow for 
assessment of that claim. 

2.2 Climate Change in Ontario 

A review of the historical record for 47 climate stations in Ontario found an average 
warming trend in mean temperatures of 0.01 to 0.02 °C per year (Wang et al., 2016). 
Warming was shown to be greater in northern latitudes, for minimum temperatures and 
during winter and spring seasons of the Province (Wang et al., 2016). The majority of 57 
climate stations surveyed in Ontario show an increase in annual precipitation, varying 
between a rate of increase of 1 and 4 millimeters per year (Wang et al., 2016).  

An analysis of historical groundwater trends found a strong linkage between water 
demand and groundwater levels, recommending that socioeconomic considerations be 
applied to impact studies, including water demand and land use (Stoll et al., 2011). 
Findings from a neighbouring Earthfx Inc. (2014) study in the Ramara Creeks, Whites 
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Creek, and Talbot River sub-watersheds include an earlier shift in the timing of 
groundwater recharge, higher annual groundwater recharge, an increase in winter 
streamflow and a decrease in summer streamflow (Earthfx Inc., 2014).  

The UN recommends that, where possible, climate change adaptation should follow a 
“no regrets” approach, reflected in adaptation strategies which are accompanied by co-
benefits for the community (UN Water, 2010). For example, encouraging water re-use 
or water use efficiency can be undertaken immediately with minimal negative 
implications (Crabbé & Robin, 2006). “No regrets” approaches to adaptation improve a 
community’s ability to withstand fluctuations in their water supply due to climate change 
and represent an immediate way to enhance local resilience. 

2.3 Current State of Climate Change Impact Assessments 

A warming Earth has implications for regional climates, which much research seeks to 
understand by downscaling general circulation models to the local scale (Maraun & 
Widmann, 2018). Changes to the hydrologic cycle resulting from climate change are 
expected to be one of the main ways by which the impacts of climate change are 
experienced (UN Water, 2010).  

Climate change adaptation is often discussed with regards to the need to mainstream 
climate change adaptation through existing policies and institutional structures 
(Reinecke & Cantin, 2011). Ontario’s innovations in SWP planning in the past two 
decades provide such an opportunity to integrate the best scientific understanding of the 
future climate into existing SWP frameworks for identifying water supply risks and 
safeguarding Ontario’s drinking water supply. The technical assessments underpinning 
the SWP planning process currently contain language permitting the inclusion of 
projected climate change datasets into the groundwater and surface water models at 
the direction of the SPPB director (Government of Ontario, 2017). Research to support 
climate change adaptation includes the study of the physical science through climate 
model projections, projected impacts (e.g. hydrologic models), and an assessment of 
existing vulnerabilities related to the impacts of climate change (Reinecke & Cantin, 
2011). UN Water (2010) suggests that adaptation strategies at all levels of government, 
from local to global, are required to respond to climate change and recommends “no 
regrets” strategies, where possible, which benefit communities while simultaneously 
increasing resiliency to climate change impacts (IPCC, 2014, 2018; UN Water, 2010).  

An important actor in furthering global understandings of climate change impacts is the 
Intergovernmental Panel on Climate Change (IPCC). The IPCC is a leading authority on 
climate science and has published five main assessment reports describing the current 
global understanding of climate science, potential global impacts, and critical knowledge 
gaps in the field (IPCC, 2014). The IPCC states affirmatively that the climate system is 
warming as a result of anthropogenic influences, particularly as the result of greenhouse 
gas emissions since 1750 (IPCC, 2013). 
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Figure 2.2: Observed changes in global surface temperature between 1901 and 2012 (IPCC, 2013) 

Observational changes extend beyond warming of the atmosphere and oceans, to 
include lessening snow and ice, higher sea levels and higher greenhouse gas 
atmospheric concentrations (IPCC, 2013). Underpinning the IPCC assessment reports 
is the work of the climate modelling community, who contribute climate model data to 
form the Coupled Model Intercomparison Project, currently made available in its fifth 
phase (CMIP5) (IPCC, 2013; Pierce et al., 2009). The model output from CMIP5 
generation climate models were utilized in the fifth IPCC assessment report and the 
IPCC Special Report on the Impacts of Global Warming of 1.5°C above pre-industrial 
levels (IPCC, 2014, 2018). CMIP5 encompasses the work of over 20 modelling groups, 
comprising over 50 models (Taylor et al., 2012) which are made available to the broader 
research community by the World Climate Research Programme (2017). The general 
circulation models (GCMs) included in CMIP5 are considered to have improved from 
previous generations, exemplified by improvements in their representation of large-
scale processes, some extreme events, and the El Niño-Southern Oscillation (ENSO) 
(IPCC, 2014). However, there is higher confidence in the abilities of GCMs to simulate 
surface temperature than the ability to simulate precipitation patterns, since the latter 
are limited by the current state of knowledge, particularly regarding cloud processes 
(IPCC, 2014).  

The uncertainties associated with GCM projections stem from uncertainties in physical 
processes and the internal variability of the climate system (Murphy et al., 2004). The 
latter can be minimized by considering multiple members of the same climate model, 
initialized to different conditions, then averaged to reduce the impact of internal 
variability (Murphy et al., 2004). Another consideration is the uncertainty present 
between GCMs within the CMIP5 multi-model ensemble. Where a justification is 
provided, GCMs may be selected due to their skill in representing the historical climate, 
due to their ability to represent the range of projected climate changes depicted by the 
multi-model ensemble, or by a combination of both measures (Lutz et al., 2016). In 
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considering the range of climate projections, one report prepared for the Province of 
Ontario proposed a percentile method, in which models projecting average annual 
temperature and precipitation changes at the 5th, 25th, 50th, 75th, and 95th percentiles 
from the entire set of available GCM model outputs under all emission scenarios were 
selected (EBNFLO Environmental & AquaResource Inc., 2010). Another common 
method is to consider all models to be of equal quality and average all available GCM 
projections, to produce the multi-model ensemble mean (Murphy et al., 2004; Pierce et 
al., 2009).  

Available model output considers experimental runs completed with atmosphere-ocean 
global climate models (AOGCMs) over both short- and long-term time scales driven by 
the representative concentration pathway (RCP) emission scenarios (Taylor et al., 
2012). Emission scenarios describe potential levels of greenhouse gas and aerosol 
emissions, reflecting plausible scenarios which can be correlated to various 
socioeconomic, environmental, and technological trends (Moss et al., 2010). The former 
scenarios detailed in the IPCC Special Report on Emissions Scenarios (SRES) were 
formed along four “storylines”, selected in a multi-disciplinary fashion to represent 
potential, realistic pathways depicting the trends outlined above, linked to the resulting 
greenhouse gas emission levels (Nakićenović et al., 2000). Each of the SRES scenarios 
outlined a different economic and globalization trajectory. For example, the A2 storyline 
describes a world of high population growth and uneven economic growth across 
regions, whereas the B1 storyline depicts a world of low population growth, with a focus 
on global solutions to sustainability challenges (Nakićenović et al., 2000). Although the 
SRES scenarios can help connect global trends directly to GCM projections, the 
logistical challenge of defining socioeconomic trends in sequence with greenhouse gas 
emissions led to the adoption of the current representative concentration pathways 
(RCP) scenarios (Moss et al., 2010). The four RCP scenarios describe realistic future 
radiative forcings, which can be understood as the discrepancy between radiation into, 
and out of, the atmosphere, resulting from changes in the composition of the 
atmosphere due to cumulative greenhouse gas emissions (Moss et al., 2010). Defining 
emission scenarios in terms of radiative forcings allows for socioeconomic analysis to 
be performed in conjunction with impact assessments (Moss et al., 2010). 

Table 2.1: Summary of the four RCPs considered in CMIP5 [adapted from Moss et al. (2010)] 

 
Radiative 
forcing 

Concentration 
(p.p.m.) 

Pathway 
description 

RCP 2.6 ~ 3 W/m2 (peak) ~490 CO2-eq. Peak and decline 

RCP 4.5 ~4.5 W/m2 ~650 CO2-eq. 
Stabilization 

without overshoot 

RCP 6.0 ~6 W/m2 ~850 CO2-eq. 
Stabilization 

without overshoot 

RCP 8.5 >8.5 W/m2 >1,370 CO2-eq. Rising 
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Although the resolutions of GCMs have improved (IPCC, 2013), the aim of GCMs to 
simulate weather output for the entire globe has resulted in a compromise with grid 
scale size, with individual model outputs separated by hundreds of kilometers (EBNFLO 
Environmental & AquaResource Inc., 2010). Thus, several techniques have been 
developed to downscale the GCM data, that is to make it applicable at the scale of 
study (EBNFLO Environmental & AquaReosurce Inc., 2010; Maraun & Widmann, 2018). 
Downscaling techniques can be grouped into dynamical techniques, such as regional 
climate models (RCMs) and statistical techniques (EBNFLO Environmental & 
AquaResource Inc., 2010). RCMs represent the local physical characteristics of the 
smaller study area and are driven by a GCM, enabling resolutions of 40 to 50 km 
(EBNFLO Environmental & AquaResource Inc., 2010; Maraun & Widmann, 2018). 
There are several different methods of statistically downscaling GCM data to link GCM 
projected changes in climate to an observed climate station record, the most common of 
which are summarized below. 

Table 2.2: Overview of common statistical downscaling techniques 

Method Description 

Change factor 
method 

Involves perturbing observational climate data by monthly 
change factors, computed as the difference (temperature) or 

ratio (precipitation) of change between GCM output for a 
future and historical time period (Chen et al., 2011a). 

Stochastic 
weather 

generators 

GCM-projected changes in the mean and variability of local 
climates, including the probability of wet and dry days are 

applied to stochastic weather generators, resulting in 
synthetic future period climate data that represents GCM 
projected changes (e.g. LARS-WG) (Semenov & Barrow, 

2002). 

Statistical 
regression 
methods 

Assesses relationships between regional predictor variables 
and local predictands through regression methods and 

applies GCM projected changes using these relationships 
(e.g. SDSM) (Wilby et al., 2002). 

All downscaling techniques, regardless of their complexity have different strengths and 
limitations. While simple in application, the change factor method only considers 
changes in the mean climate, maintaining historical variability characteristics in the 
future dataset (Chen et al., 2011a; EBNFLO Environmental & AquaResource Inc., 
2010). Stochastic weather generation considers changes in the mean and variability, 
however have been critiqued for their limited ability to capture all aspects of changes, 
particularly to simulate extremes (EBNFLO Environmental & AquaResource Inc., 2010; 
Maraun & Widmann, 2018). Statistical regression methods have the advantage of 
considering empirical relationships between physical variables, although such methods 
may be limited by the number of predictors considered and are underpinned by the 
assumption that derived empirical predictor-predictand relationships hold under future 
conditions (Wilby et al., 2002). The selection of downscaling method is one of several 
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critical decisions in designing a climate change impact study. Studies which aim to 
understand the impacts of climate change for water resources generally follow a similar 
methodology to that outlined in Figure 2.3. 

 

Figure 2.3: General methodology for hydrologic climate change impact studies 

Uncertainty is implicit in the modelling chain outlined in Figure 2.3 and features 
prominently in most climate change impact studies. Recent studies have demonstrated 
an interest in understanding the relative significance of decisions made regarding each 
element of the modelling chain, to provide clarity regarding best practices for climate 
change impact studies. As such, there is currently no universally accepted methodology 
for conducting climate change impact studies, although guidelines do exist (e.g. 
EBNFLO Environmental & AquaResource Inc., 2010). As a result, methodologies 
between studies vary greatly, creating difficulties for comparability and the identification 
of regional trends (Larocque et al., 2019). This poses a challenge for water system 
managers seeking to understand the impending climatic changes at the regional scale. 

2.4 Sources of Uncertainty in Climate Projections 

The application of computational models to represent changes in the global climate is 
limited by natural climate variability, incomplete knowledge of natural process, available 
computing power and lack of observational data (Hennemuth et al., 2013). The methods 
of climate change impact studies often follow a top-down approach, propagating 
uncertainty throughout the sequence of modelling. Recent studies have shown 
improvements with regards to the number of sources of uncertainty being considered. 
Chen et al. (2011b) describe the uncertainty chain for hydrologic studies as 

RCP Emission 
Scenarios

General 
Circulation 

Models 
(GCMs)

Downscaling

Hydrologic 
Model

Climate 
Change 
Impacts
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encompassing emission scenario, GCM structure and parameters, GCM initialization 
conditions, downscaling technique, hydrologic model structure, and hydrologic model 
parameters. Some studies carry the explicit objective of understanding which 
component of the uncertainty chain contributes the greatest level of uncertainty to 
overall interpretation of climate change impacts. Table 2.3 summarizes the methods 
and conclusions of such studies, particularly focusing on which sources of uncertainty 
were explicitly considered. Sources of uncertainty focus on those considered most often 
by climate change impact studies, considering selection of GCMs, RCP or SRES 
emission scenario(s), and downscaling techniques. The time scale and location of the 
study under consideration are also noted. 
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Table 2.3: Summary of studies seeking to understand the greatest contributor of uncertainty to the climate change modelling chain 

Citation Study Area 
Time 

Periods 
Indicator of 

Change 
Climate 
model(s) 

Emission 
Scenario(s) 

Downscaling 
Method(s) 

Greatest 
Source of 

Uncertainty 

Kay et al., 
2009 

Beult, 
Duddon (UK) 

2071-
2100 

Change in 
flood 

magnitude at 
five return 

periods 

HadCM3 
CSIRO-Mk2 

CGCM2 
ECHAM4 

CCSR 

A1F1 
A2 
B2 
B1 

Change 
factor 
RCM1 

GCM or 
RCM 

Prudhomme 
& Davies, 

2009 

South Tyne, 
Ithon, Thet, 

Medway 
(UK) 

2071-
2100 

River flows 
HadCM3 
CGCM2 
CSIRO 

A2 
B2 

SDSM2 
RCM1 GCM 

Wilby & 
Harris, 2006 

River 
Thames (UK) 

2071-
2100 

CDFs of low 
river flows 

CGCM2 
CSIRO Mk2 

ECHAM4 
HadCM3 

A2 
B2 

Change 
factor 

SDSM2 

GCM 

Kurylyk & 
MacQuarrie, 

2013 

Otter Brook 
(New 

Brunswick) 
2046-65 Recharge 

CGCM3 
CSIRO Mk3.0 

MIROC 3.2 
HIRES 

CRCM 4.2.3 

B1 
A1B 
A2 

RCM1 
DT3 

HMLR4 

Downscaling 
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Chen et al., 
2011b 

Manicouagan 
5 Basin 

(Quebec) 

2081-
2100 

Various (7) 
indicators 
related to 

mean annual 
hydrograph 

CGCM3 
CSIRO 
GFDL 
MPI 

MIROC3 
MRI 

A2 
B1 

Bias 
Correction 
Change 
Factor 

Weather 
Generator 

SDSM2 

GCM 

Holman et 
al., 2009 

Coltishall 
(UK) 

2011-40 
2041-70 

Mean annual 
potential 
recharge 

HadRM3 
A1F1 

B1 

RCM1 

Change 
Factor 

Weather 
Generator 

Downscaling 

Hoan et al., 
2018 

Srepok River 
Basin 

(Vietnam) 

2015-
2040 

Streamflow 
CanESM2 

CNRM-CM5 
HadGEM2-AO 

RCP 2.6 
RCP 4.5 
RCP 8.5 

Change 
Factor 

Quantile 
Mapping 
SDSM2 

GCM 

1Regional Climate Model; 2Statistical Downscaling Model; 3Daily Translation Method; 4Hybrid Multivariate Linear 

Regression 
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The majority of studies with the explicit purpose of studying uncertainty reviewed in 
Table 2.3 concluded that differences arising from GCM structure contributed the 
greatest level of uncertainty to hydrologic climate change impact studies (Chen et al., 
2011b; Hoan et al., 2018; Kay et al., 2009; Prudhomme & Davies, 2009; Wilby & Harris, 
2006). For some studies, the projections of one GCM was found to skew the results, 
leading some researchers to present their results both with and without that GCM 
(Gelfan et al., 2017; Kay et al., 2009). Hoan et al. (2018) selected three GCMs for use in 
their study due to the prevalence of those GCMs in the literature for similar impact 
studies in the southeast Asian region, however such justifications for GCM selection are 
rare. Time scale has also been understood to impact the results, with the statistical 
characteristics of GCMs becoming increasingly different from those of the historical 
record towards the end of the 21st century (Gelfan et al., 2017).  

The other studies reviewed found that the selection of downscaling technique 
contributed more to the uncertainty envelope (Holman et al., 2009; Kurylyk & 
MacQuarrie, 2013). However, Holman et al. (2009) relied on one GCM, comparing the 
uncertainty of downscaling methods to that associated with the two SRES emission 
scenarios considered. Chen et al. (2011a) systematically studied the uncertainty 
associated with six different downscaling techniques for a Québec basin, finding a 
similar uncertainty envelope resulting from downscaling method and GCM selection. 
Furthermore, several of the studies reviewed found that the downscaling method 
contributed the second highest levels of uncertainty, emphasizing its importance in such 
studies (Chen et al., 2011b; Hoan et al., 2018; Wilby & Harris, 2006).  

The results of these studies indicate that the emission scenarios considered are of less 
importance relative to the number of GCMs and downscaling techniques considered 
(Hoan et al., 2018; Wilby & Harris, 2006), although differences between arising due to 
differences between the emission pathways are expected to become more apparent 
towards the end of the 21st century (Gelfan et al., 2017). Harris et al. (2013) criticized 
the ad-hoc selection of emission scenarios in impact studies as potentially under-
representing the range of projections for decision-makers. Gelfan et al. (2017) reported 
that the impact of stabilizing emission levels under RCP 2.6 had a delayed effect in the 
hydrologic response. Other factors have been studied, including GCM initial conditions 
(Chen & Brissette, 2018), finding that five-member ensembles were representative of 
the internal climate variability. Hydrologic model selection has also been considered as 
a contributor of uncertainty in representing current and future hydrologic systems. 
Poulin et al. (2011) and Velázquez et al. (2013) have reported that hydrologic model 
structure represents another important consideration in climate change impact studies. 
However, Chen et al. (2011b) integrated hydrologic model structure into their 
uncertainty analysis, finding that it contributed less uncertainty than that of GCM 
selection or downscaling techniques. Conversely, hydrologic models have arisen as a 
significant source of uncertainty for areas characterized by reduced water resources 
(Schewe et al., 2014). These findings regarding the contributions of different sources of 
uncertainty may be considered when assessing the results and methodologies of 
climate change impact assessments. 
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2.5 Projected Hydrologic Impacts 

The impacts of climate change are largely expected to be conveyed through changes in 
the hydrologic cycle (UN Water, 2010). Several studies in various geographies, using a 
variety of methods, have attempted to quantify or identify trends in projected changes in 
streamflow, recharge, actual evapotranspiration (AET), and other hydrologic variables. 
However, the diversity of GCMs, emission scenarios, downscaling techniques, and 
hydrologic models considered pose difficulties for discerning trends across multiple 
studies (Larocque et al., 2019). Changes in water supply on an annual and seasonal 
basis may have critical impacts for water scarcity (Schewe et al., 2014). A review of 22 
impact studies across eastern Canada found potential decreases in base flows and 
changing seasonality in recharge patterns resulting from earlier snowmelt (Laroccque et 
al., 2019). The methods and results from several climate change hydrologic impact 
studies across the eastern Canadian provinces have been summarized in Table 2.4. 
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Table 2.4: Summary of climate change impact studies on the hydrology of eastern Canada 

Citation Study Area 
Time 

Period(s) 

Climate 

model(s) 

Emission 

Scenario(s) 

Downscaling 

Method(s) 

Hydrologic 

Model 
Runoff AET Recharge Streamflow 

Oni et al., 

2014 

Beaver and 

Pefferlaw 

River (ON) 

2041-70 

2071-2100 
CGCM3 

A1B 

A2 
SDSM1 HBV 

-35% to 

-25% 
n/a n/a n/a 

Sultana & 

Coulibaly, 

2011 

Spencer 

Creek (ON) 
2046-65 CGCM3.1 A2 

SDSM1 

TLFNs2 

SHE/MIKE 

11 
n/a 

+1% to 

+10% 

-6% to -

0.5% 

+10% to 

+25% 

Kurylyk & 

MacQuarrie, 

2013 

Otter Brook 

(NB) 
2046-65 

CGCM3 

CSIRO Mk3.0 

CSIRO Mk3.5 

MIROC 3.2 

CRCM 

B1 

A1B 

A2 

HMLR3 

DT4 

RCM5 

HELP3 n/a n/a 
-6% to 

+58% 
n/a 

Motiee & 

McBean, 

2017 

Grand River 

Basin (ON) 
2010-50 

GISS 

GFDL 

CCC 

n/a Change Factor Visual-HELP n/a 
+16% to 

+30% 

+7% to 

+12% 
n/a 

Rahman et 

al., 2012 

Canard River 

(ON) 
2041-70 CRCM A2 

Weather 

Generator 

(LARS-WG) 

SWAT +5% n/a n/a +12% 
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Rivard et al., 

2014 

Annapolis 

Valley (NS) 
2041-70 

CRCM4 (five 

ensemble 

members) 

A2 Change Factor HELP3 
+9% to 

+23% 

+5% to 

+9% 

+14% to 

+45% 
n/a 

Jyrkama & 

Sykes, 2007 

Grand River 

(ON) 
40 years n/a n/a 

8 constructed 

scenarios 

correlating to 

IPCC (2001) 

general 

projections 

HELP3 
-12% to 

+10% 

+3% to 

+12% 

+10% to 

+53% 
n/a 

1Statistical Downscaling Model; 2Time-Lagged-Feedforward Neural Networks; 3Hybrid Multivariate Linear Regression; 4Daily Translation Method; 

5Regional Climate Model 
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The magnitude of projected temperature and precipitation changes reported in studies 
summarized in Table 2.4 varied due to considerations of the different sources of 
uncertainty. Warmer annual temperatures were projected, with the largest increases 
occurring during winter months, and annual precipitation rates were generally projected 
to increase (Oni et al., 2014; Sultana & Coulibaly, 2011).  

All hydrologic variables represented in Table 2.4 represent the average annual 
changes, typically defined in relation to a similar simulation under the historical climate 
conditions. Average annual conditions mask the seasonal shifts which are expected for 
snowmelt dominated watersheds (Larocque et al., 2019), though annual trends were 
shown to be quite variable between the studies reviewed. The direction of changes for 
runoff was variable between studies, with some studies projecting a decrease (Oni et 
al., 2014), an increase (Rahman et al., 2012; Rivard et al., 2014), or a range 
encompassing both directions of change (Jyrkama & Sykes, 2007). The direction of 
future changes in annual recharge amounts were also variable, with some studies 
projecting a decrease (Sultana & Coulibaly, 2011), an increase (Jyrkama & Sykes, 
2007; Motiee and McBean, 2017; Rivard et al., 2014), or a range encompassing both 
directions (Kurylyk & MacQuarrie, 2013). Multiple studies have reported shifting 
seasonal patterns, including shifts in peak spring runoff timing (Oni et al., 2014), higher 
spring and winter streamflow (Rahman et al., 2012), and higher, earlier winter recharge 
rates (Jyrkama & Sykes, 2007; Kurylyk & MacQuarrie, 2013; Motiee & McBean, 2017; 
Rivard et al., 2014). Projections regarding evapotranspiration were more 
straightforward, with projected increased annual evapotranspiration rates, particularly 
during the summer months (Jyrkama & Sykes, 2007; Motiee & McBean, 2017; Rivard et 
al., 2014; Sultana & Coulibaly, 2011). Those studies which projected streamflow 
changes also projected increased annual streamflow (Rahman et al., 2012; Sultana & 
Coulibaly, 2011). Although quantifying annual changes in hydrologic conditions is 
limited by current methodological differences, changing seasonal patterns for snowmelt 
dominated watersheds, such as those in eastern Canada, were common to many 
climate change impact studies in the region.  
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3 Study Methodology 

3.1 Introduction 

The purpose of this section is to present an overview of the study methodology followed 
throughout this thesis. The links between the various components of this study are 
presented in Figure 3.1 at the end of this chapter. 

3.2 GCM Selection 

The first objective of this study was to select a representative subset of GCMs from the 
CMIP5 multi-model ensemble. The methods used sought to ensure that the GCMs 
selected for further study represented the full range of climate projections available for 
the Oro North, Hawkestone, and Oro South Creeks sub-watersheds for 2041-70. 
Monthly mean surface temperature and precipitation GCM outputs were obtained from 
the Earth System Grid Federation portal (World Climate Research Programme, 2017) 
for the baseline (1976-2005) and future (2041-70) periods under the historical, RCP 2.6, 
RCP 4.5, and RCP 8.5 simulations. Average annual change factors were computed for 
each variable between the two time periods, considering a total of 80 future projections 
across the three emission scenarios. Z-scores were computed for each emission 
scenario grouping and the GCMs which ranked closest to the 5th, 50th, and 95th 
percentile for both temperature and precipitation projections were selected for further 
study. This resulted in the selection of six GCMs for each of the three emission 
scenarios, encompassing the full range of annual GCM projected changes for the study 
area. 

3.3 Development of Climate Datasets 

Following the GCM selection process, minimum temperature, maximum temperature, 
and precipitation data at the daily time scale was obtained for the eighteen selected 
GCM and emission scenario combinations. Monthly change factors were computed 
between 1976-2005 and 2041-70 for each model and applied to downscale the 
historical climate record for 1976-2005 for the Shanty Bay climate station. This resulted 
in eighteen downscaled climate datasets, projected for 2041-70. 

3.4 Hydrologic Modelling 

An existing PRMS model (Earthfx Inc., 2013; Leavesley et al., 1983) was manually 
calibrated to the Hawkestone Creek streamflow gauge for April 2006 to September 
2010 and validated over water years 2010 to 2015. Eighteen projected climate datasets 
and one historical dataset were then applied to the model, producing recharge, actual 
evapotranspiration and streamflow patterns for nineteen 30-year simulations. Spatially 
distributed recharge files were averaged temporally to obtain average annual recharge. 
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3.5 Groundwater Modelling 

Average annual recharge patterns were applied to an existing MODFLOW-2005 
groundwater flow model (Earthfx Inc., 2013; Harbaugh, 2005) which was run to 
approximate steady state conditions. The post-processing tool Zone Budget (Harbaugh, 
1990) was utilized to delineate the cell-by-cell budget files to provide a summary of 
flows in and out of the three sub-watersheds of interest. Water budgets were then 
computed for the Oro North, Hawkestone, and Oro Creeks sub-watersheds and the 
percent water demand indicator used in SWP planning was calculated as an indicator of 
groundwater stress levels. Figure 3.1 further illustrates the full study methodology 
presented in this thesis
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Figure 3.1: Overview of study methodology 
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4 Climate Projection Development 

4.1 Introduction 

Canada’s climate is warming at roughly twice the global rate due in part to the loss of 
reflective snow and sea ice, with the largest effects of warming occurring during the 
winter and in northern regions (Bush & Lemmen, 2019). Mean annual temperatures 
across Canada have increased by 1.7°C between 1948 and 2016, with warming 
expected to continue under climate change (Bush & Lemmen, 2019). Analysis of the 
historical record has shown that annual mean temperatures across Ontario are 
increasing by 0.01 to 0.02°C per year, with annual precipitation increasing for the 
majority of Ontarian climate stations at a rate between 1 to 4 millimeters per year (Wang 
et al., 2016). Global climate models or general circulation models (GCMs) are used to 
understand trends in future warming and climatic changes under different greenhouse 
gas emission scenarios.  

Although the current suite of GCMs that comprise the fifth phase of the Coupled Model 
Intercomparison Project (CMIP5) have improved from CMIP3, model uncertainties 
persist, resulting from model resolution, the current state of knowledge of some physical 
processes (e.g. cloud processes), and the ability to represent complex processes within 
models (Flato et al., 2013). Natural climatic variability is accounted for in the CMIP5 
models in the ensemble of model simulations initialized from different conditions 
(Murphy et al., 2004; Taylor et al., 2012). CMIP5 data, representing over 50 models 
from more than 20 modelling groups, each having slightly different structure, resulting in 
differing climate projections (Taylor et al., 2012). Such a large array of GCMs requires 
some justification to narrow the number of models considered in a climate change 
study. GCMs may be selected based on past performance (Flato et al., 2013; Pierce et 
al., 2009), although past performance does not necessarily imply the ability to simulate 
future climate (Bush & Lemmen, 2019). Other studies consider the multi-model 
ensemble mean climate in an approach termed ‘model democracy’ in which all models 
are weighted equally (Bush & Lemmen, 2019; Flato et al., 2013; Taylor et al., 2012). 
This research sought to employ a GCM screening process to select a subset of GCMs 
representative of the mean and extreme projections to explore the full range of 
projected climates as defined by the CMIP5 models. 

GCMs comprising the CMIP5 multi-model ensemble represent simulations under four 
Representative Concentration Pathway (RCP) emission scenarios. The RCP emission 
scenarios represent different levels of radiative forcing in relation to different levels of 
greenhouse gas emissions throughout the 21st century, allowing for study of the future 
climate under different global mitigation strategies (Moss et al., 2010).  

The lowest spatial resolution of GCM output is on the order of hundreds of kilometers. 
To make GCM projections relevant at the scales required for regional climate change 
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impact studies, numerous downscaling techniques have been developed which make 
GCM output more applicable for a smaller study area (Taylor et al., 2012). 

Table 4.1: Overview of common statistical downscaling techniques 

Method Description 

Change factor 
method 

Perturbs observational climate data by monthly change 
factors, computed as the difference (temperature) or ratio 
(precipitation) of change between GCM output for a future 

and historical time period (Chen et al., 2011a). 

Stochastic 
weather 

generators 

Applies GCM projected changes in the mean and variability 
of local climates to stochastic weather generators, resulting 

in synthetic future climate data that represents GCM 
projected changes (e.g. LARS-WG) (Semenov & Barrow, 

2002). 

Statistical 
regression 
methods 

Develops statistical relationships between regional predictor 
variables and local predictands through regression methods 

and applies GCM projected changes using these 
relationships (e.g. SDSM) (Wilby et al., 2002). 

Of the methods summarized in Table 4.1, the change factor method is the simplest to 
apply, although it is often critiqued for not considering future changes in temporal 
variability, particularly in relation to precipitation patterns (Holman et al., 2009; Maraun 
& Widmann, 2018). The change factor method captures shifts in mean conditions as 
projected by the GCMs, however retains the other statistical characteristics (e.g. 
variability) of the historical climate dataset (Maraun & Widmann, 2018). This has been 
found to be of greater importance to hydrologic studies in capturing heavy precipitation 
events and droughts during summer months, whereas the change factor method has 
been found to be adequate in reproducing longer events, such as spring snowmelt 
(Chen et al., 2011a). Where extreme events are critical to a study, more complex 
downscaling methods, such as the use of a stochastic weather generator which 
considers projected changes in the mean and variability may be more appropriate 
(Chen et al., 2011a; Holman et al., 2009). The objective of this study was to capture the 
range of GCM uncertainty as GCM selection is often considered to be the greatest 
contributor of uncertainty in climate change impact studies (Chen et al., 2011b). 
Therefore, this research relied on the change factor downscaling method.  

This chapter seeks to fulfill two objectives in relation to this thesis: 
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(1) Screen GCM projections under RCP 2.6, 4.5, and 8.5 and select a subset of 
GCMs which are representative of the full range of projected annual changes 
within each emission scenario. 

(2) Develop downscaled projected climate datasets for 2041-70 for each selected 
GCM. 

4.2 Methodology 

All GCM projections were obtained from the Coupled Model Intercomparison Project 
Phase 5 (CMIP5), through the Earth System Grid Federation (ESGF) portal (World 
Climate Research Programme, 2017). During the initial GCM screening process, 
precipitation (pr) and mean surface temperature (tas) data were obtained at the monthly 
timestep for the baseline (1976-2005) and future (2041-70) periods. A list of all models 
and modelling groups for which monthly projections were obtained through this portal 
can be found in the Appendix A. Where there were multiple versions of the same file, 
the most recent version was downloaded. As files from the ESGF site are available in 
network common data form (netCDF format), the statistical software ‘R’ was used to 
extract data for the domain encompassing the province of Ontario (R Core Team, 
2013). 

Monthly GCM output data were obtained from the CMIP5 multi-model ensemble for 20 
(RCP 2.6), 29 (RCP 4.5), and 31 (RCP 8.5) GCMs (World Climate Research 
Programme, 2017). All models for which data were available for the required time 
periods were considered for the GCM screening process. Average annual temperature 
and precipitation change factors were computed from GCM output data for the study 
area following Equations (4.1) and (4.2). 

𝐶𝐹𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =  �̅�2041−70 − �̅�1976−2005    (4.1) 

𝐶𝐹𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 =
�̅�2041−70

�̅�1976−2005
× 100%     (4.2) 

Annual change factors were grouped by emission scenario and climate variable, for a 
total of six groupings. The assumption of normality was applied to the range of change 
factors for each variable and emission scenario as the coefficients of variation for each 
grouping were below one. Z-scores were used as an indicator of where the projections 
associated with a given model statistically ranked within that model’s respective 
grouping, following Equation (4.3). 

𝑧 =  
𝑥− �̅�

𝑠
    (4.3) 
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All values were found to lie within 2.5 standard deviations of the mean, as indicated by 
the Z-scores associated with each model, and therefore none of the annual projections 
were considered outliers (Rousseeuw & Hubert, 2011). Areas under the Gaussian 
distribution curve were utilized to compute the probability of occurrence for each change 
factor. Models were then selected for each variable which were nearest to the 5th, 50th, 
and 95th percentiles of the groupings. This resulted in the selection of three GCMs, 
representing the mean and tails of each distribution for both temperature and 
precipitation projections of a given emission scenario. Altogether, this resulted in 
eighteen unique combinations of GCMs and emission scenarios.  

Upon selection, daily GCM output data were obtained from the CMIP5 multi-model 
ensemble for precipitation, minimum and maximum temperature for both 1976-2005 and 
2041-70 for the eighteen selected models (World Climate Research Programme, 2017). 
Monthly change factors were computed between the two time periods following 
Equations (4.1) and (4.2). Daily climate data were obtained for the Environment Canada 
Shanty Bay station (Climate ID: 6117684) (Government of Canada, 2019a). Monthly 
change factors were then applied to the historical data, following Equations (4.4) and 
(4.5), in which “d” and “m” denote daily and monthly data. 

𝑇𝑑,2041−70 = 𝑇𝑑,1976−2005 + 𝐶𝐹𝑚,𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  (4.4) 

𝑃𝑑,2041−70 = 𝑃𝑑,1976−2005 × 𝐶𝐹𝑚,𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛  (4.5) 

This resulted in eighteen sets of daily downscaled projected precipitation, minimum 
temperature, and maximum temperature data, representing 2041-70 for the Shanty Bay 
climate station. 

Finally, the ability of the selected GCMs to simulate the historical climate record of the 
Shanty Bay climate station was assessed using the mean absolute error (MAE), root 
mean squared error (RMSE), and coefficient of determination (R2) statistics presented in 
equations (4.6), (4.7), and (4.8). 

𝑀𝐴𝐸 =  
∑ |𝑂𝑖−𝑆𝑖|𝑛

𝑖=1

𝑛
     (4.6) 

𝑅𝑀𝑆𝐸 = √
∑ (𝑂𝑖−𝑆𝑖)2𝑛

𝑖=1

𝑛
     (4.7) 

𝑅2 = [
∑ (𝑂𝑖−�̅�)(𝑆𝑖−�̅�)𝑛

𝑖=1

√∑ (𝑂𝑖−�̅�)2𝑛
𝑖=1 √∑ (𝑆𝑖−�̅�)2𝑛

𝑖=1

]

2

    (4.8) 
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Observed climate data (Oi) were compared to simulated GCM historical data (Si). MAE 
and RMSE values of 0 indicate perfect fit, whereas a R2 value of 1 indicates a perfect fit 
between observed and simulated data. These statistics are commonly used studies 
comparing model simulations to observed values (Taraji et al., 2017) and have been 
used in other studies to compare GCM skill in simulating the historical climate 
(YoosefDoost et al., 2017). Statistics were calculated using monthly GCM and historical 
data for minimum and maximum temperature and precipitation for 1976-2005. 

4.3 Results 

4.3.1 Range of GCM Projections 

Figure 4.1 and Figure 4.2 demonstrate the range of annual projected changes for 
temperature and precipitation patterns across all GCMs screened during the initial GCM 
selection phase.  

 

Figure 4.1: Range of annual change factors for mean surface temperature 
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Figure 4.2: Range of annual change factors for precipitation 

The box and whisker plots presented in Figure 4.1 and Figure 4.2 represent the five-
number summary of projections for each emission scenario, wherein the box is bounded 
to represent the interquartile range, and the whiskers extend to the minimum and 
maximum values (Statistics Canada, 2017). 

4.3.2 GCM Selection 

Using the methods outlined above, a statistically representative subset of six GCMs 
were selected to bound the uncertainty within the set of GCM projections for each 
emission scenario. This method was utilized to ensure that the climate models selected 
for further study covered the full range of available projections for the study area. In the 
figures below, each individual point represents the annual temperature and precipitation 
change factors for a specific GCM. The eighteen GCMs which were selected for further 
study are those which are labelled on the scatter plots in Figure 4.3Figure 4.4Figure 4.5. 
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Figure 4.3: Scatterplot of annual precipitation and mean surface temperature change factors for 
RCP 2.6 

 

Figure 4.4: Scatterplot of annual precipitation and mean surface temperature change factors for 
RCP 4.5 
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Figure 4.5: Scatterplot of annual precipitation and mean surface temperature change factors for 
RCP 8.5 

To ensure that the selected GCMs covered the full extent of available climate 
projections for the study area, the annual change factors for models across all three 
emission scenarios are presented in Figure 4.6, where selected models are again 
labelled. 

 

Figure 4.6: Annual mean surface temperature and precipitation change factors for all GCMs 
considered under the three emission scenarios 
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Figure 4.6 demonstrates that the entire set of eighteen climate models encompasses 
the full range of projected climates, whereas Figure 4.3Figure 4.4Figure 4.5 
demonstrate the annual projections across each emission scenario grouping. Table 4.2 
provides a summary of the eighteen GCMs that were selected for this study, 
accompanied by the criteria that determined their selection. 

Table 4.2: Selected GCMs for further study 

Emission 
Scenario 

GCM 
Rationale for Selection 

Percentile 
Variable of 
selection 

RCP 2.6 

GFDL-ESM2M 5th percentile 

Temperature CSIRO-Mk3-6-0 50th percentile 

MIROC-ESM 95th percentile 

MPI-ESM-LR 5th percentile 

Precipitation CNRM-CM5 50th percentile 

HadGEM2-ES 95th percentile 

RCP 4.5 

GFDL-ESM2M 5th percentile 

Temperature CMCC-CM 50th percentile 

HadGEM2-ES 95th percentile 

INMCM4 5th percentile 

Precipitation HadGEM2-AO 50th percentile 

GFDL-CM3 95th percentile 

RCP 8.5 

INMCM4 5th percentile 

Temperature CMCC-CMS 50th percentile 

HadGEM2-CC 95th percentile 

IPSL-CM5A-MR 5th percentile 

Precipitation MRI-CGCM3 50th percentile 

CMCC-CM 95th percentile 

Table 4.3 summarizes the range of projections across all models considered in this 
screening process, expressed as annual change factors. 

Table 4.3: Summary of annual change factors for selected models 

 Mean Surface Temperature 
Change Factor (°C) 

Precipitation Change Factor 
(%) 

 Minimum Maximum Minimum Maximum 

RCP 2.6 1.03 3.28 99 117 

RCP 4.5 1.26 4.00 101 118 

RCP 8.5 2.14 4.65 98 119 

Notably, denoting the magnitude of projected changes on an annual basis masks 
variation in projected warming and precipitation rates throughout the year. This is of 
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interest as temperature trends in Canada have indicated higher warming trends during 
winter months (Bush & Lemmen, 2019). 

4.3.3 Projected Monthly Changes 

4.3.3.1 Temperature 

Following GCM selection, monthly change factors were computed for each selected 
GCM and used to downscale the historical climate dataset, as per the change factor 
downscaling technique. Figure 4.7Figure 4.8Figure 4.9 illustrate the range of monthly 
change factors across all eighteen selected GCMs. 

 

Figure 4.7: Monthly change factors for minimum temperature for selected GCMs 
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Figure 4.8: Monthly change factors for maximum temperature for selected GCMs 

4.3.3.2 Precipitation 

 

Figure 4.9: Monthly change factors for precipitation for selected GCMs 

Box and whisker plots are constructed using the same methodology as in Section 4.3.1. 
These graphs serve to illustrate the monthly variation of projections within the subset of 
eighteen selected GCMs. 
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4.3.4 Comparison of Historical and Future Projections 

Annual climate data for all selected GCMs are presented below for minimum 
temperature, maximum temperature, and precipitation. Projected, un-downscaled GCM 
output data for 1976-2005 and 2041-70 is displayed alongside annual historical records 
for the Shanty Bay climate station. As the GCM output data represented below has not 
been downscaled, historical GCM outputs are included in each graph to provide an 
indication of GCM biases for the study area. 

4.3.4.1 Minimum Temperature 

 

Figure 4.10: Historical trend and GCM projections for annual minimum temperature under RCP 2.6 
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Figure 4.11: Historical trend and GCM projections for annual minimum temperature under RCP 4.5 

 

Figure 4.12: Historical trend and GCM projections for annual minimum temperature under RCP 8.5 
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4.3.4.2 Maximum Temperature 

 

Figure 4.13: Historical trend and GCM projections for annual maximum temperature under RCP 2.6 

 

Figure 4.14: Historical trend and GCM projections for annual maximum temperature under RCP 4.5 
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Figure 4.15: Historical trend and GCM projections for annual maximum temperature under RCP 8.5 

4.3.4.3 Precipitation 

 

Figure 4.16: Historical trend and GCM projections for annual precipitation under RCP 2.6 
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Figure 4.17: Historical trend and GCM projections for annual precipitation under RCP 4.5 

 

Figure 4.18: Historical trend and GCM projections for annual precipitation under RCP 8.5 
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Table 4.4: GCM performance statistics 

 Minimum Temperature Maximum Temperature Precipitation 

 MAE 

[°C] 

RMSE 

[°C] 

R2 

[-] 

MAE 

[°C] 

RMSE 

[°C] 

R2 

[-] 

MAE 

[mm] 

RMSE 

[mm] 

R2 

[-] 

CSIRO-Mk3-6-0 2.74 3.53 0.91 2.59 3.20 0.93 38.34 49.39 0.00 

CNRM-CM5 2.36 3.08 0.91 2.52 3.14 0.93 39.76 50.66 0.00 

GFDL-ESM2M 3.66 4.54 0.90 3.21 3.89 0.92 37.06 49.28 0.00 

HadGEM2-ES 2.88 3.91 0.90 3.12 4.17 0.92 39.77 50.04 0.00 

MIROC-ESM 4.61 5.26 0.91 3.28 4.05 0.92 45.99 57.92 0.02 

MPI-ESM-LR 2.78 3.51 0.91 2.73 3.38 0.90 45.89 58.79 0.01 

CMCC-CM 2.20 2.96 0.91 2.77 3.37 0.93 46.14 60.10 0.00 

GFDL-CM3 2.87 3.67 0.88 3.29 4.16 0.90 40.79 51.84 0.00 

INMCM4 2.72 3.78 0.85 2.88 3.81 0.88 42.76 54.21 0.00 

HadGEM2-AO 3.58 4.43 0.90 3.33 4.31 0.92 38.76 49.95 0.00 

CMCC-CMS 2.36 3.26 0.90 2.74 3.38 0.91 42.69 56.15 0.00 

HadGEM2-CC 2.36 3.08 0.91 2.52 3.14 0.93 39.76 50.66 0.00 

IPSL-CM5A-MR 6.28 7.19 0.84 3.65 4.59 0.83 44.41 57.11 0.00 

MRI-CGCM3 2.95 3.77 0.89 3.06 3.81 0.92 44.20 57.11 0.00 

*The GCM(s) with the best score for each metric are typed in bold font. 

4.4 Discussion 

Model outputs from a total of 80 combinations of climate models under three different 
emission scenarios were screened in the GCM selection process. This resulted in the 
selection of six GCMs to represent the range of projections within each of three 
emission scenarios. Figure 4.6 demonstrates that the selected GCMs represent the full 
range of annual projections for mean surface temperature and precipitation. The 
statistical method that was used adequately selected GCMs which were representative 
of the mean and extreme tendencies of both temperature and precipitation projections 
for each emission scenario. One caveat of this approach for model selection is that 
averaged annual change factors masked variations in projected changes throughout the 
year.  

Selecting for two variables independently allowed for some similarities, such as the 
CMCC-CM and CMCC-CMS models under RCP 8.5. As Figure 4.3Figure 4.4Figure 4.5 
show, the two models display quite similar projections for both temperature and 
precipitation, yet as CMCC-CM was chosen to represent the 95th percentile for 
precipitation and CMCC-CMS was chosen to represent the 50th percentile for 
temperature, both were selected. Such overlap was permitted as all six models retained 
a variety of projected climate conditions, covering the range of combinations between 
hot, cold, wet, and dry future climates. 



 

 

40 

 

Other methods of model selection, such as selecting based on GCM skill in simulating 
the historical climate have been recommended (Lutz et al., 2016). However, this study 
maintained the concept of “model democracy” through equal weighting of all GCMs. The 
objective of the selection process was to ensure coverage of the full range of GCM 
projections in order to bound GCM uncertainty, which was accomplished.  

This methodology differs from that recommended in (EBNFLO Environmental & 
AquaResource Inc., 2010) and utilized in a similar assessment by Earthfx Inc. (2014) in 
that the methodology presented herein retained the ability to delineate subsequent 
modelling results in terms of the three emission scenarios. This was done to permit 
interpretation of the results with respect to different levels of greenhouse gas emissions 
and associated socioeconomic trends, as related to the RCP emission scenarios. 
Another advantage of this methodology is that it allowed for comparison of the 
uncertainty contributed by the emission scenario and GCMs to the ultimate research 
findings. Understanding how different factors affect the level of uncertainty associated 
with climate change impact assessments is critical for developing best practices. 

Ultimately, the GCMs projected an annual increase in temperature between 1976-2005 
and 2041-70, ranging from 1 to 5 °Celsius. Projected average annual changes in 
precipitation ranged from 98 to 119% of baseline precipitation rates. Expressing results 
in terms of annual changes masked seasonal variability in temperature and precipitation 
changes. Changes in winter temperatures may be of greater interest due to the 
importance of snowmelt timing for regional hydrologic patterns in the study area. 
Monthly change factors were computed as summarized in Figure 4.7Figure 4.8Figure 
4.9, and used to downscale the historical climate record for the Shanty Bay climate 
station. Observed warming trends were projected to continue, with some of the highest 
change factors occurring during winter months. Monthly change factors indicated an 
increase in annual precipitation for the majority of models, although several models 
projected a significant decrease in summer precipitation. 

Figure 4.10Figure 4.18 compared the historical record to the downscaled GCM 
projections under each RCP scenario for annual minimum temperature, maximum 
temperature and precipitation. These figures allow for comparison of short-term (30-
year) trends in the historical record to average conditions projected by the envelope of 
GCMs. Variations amongst the three RCP emission scenarios are evident, particularly 
in the case of the higher temperature projections associated with RCP 8.5. 

Three statistics were computed for minimum and maximum temperature and 
precipitation as indicators of ability of each of the selected GCMs to simulate the 
historical record over the baseline period, 1976-2005. CMCC-CC and CNRM-CM5 were 
found to match historical minimum temperatures best, while CNRM-CM5 and CSIRO-
Mk3-6-0 were found to match historical maximum temperatures most accurately. GFDL-
ESM2M received lowest MAE and RMSE scores for precipitation. However, the R2 test 
for precipitation found effectively no correlation between monthly historical and 
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simulated precipitation patterns for any of the GCMs, raising concerns about GCM 
ability to accurately simulate precipitation patterns in this region. 

The development of eighteen projected climate data sets using the methodology 
described herein is not exhaustive. Critically, this study only utilized one downscaling 
technique. This is a limitation of the study as the uncertainty resulting from the choice of 
downscaling technique in hydrologic studies has been shown to be comparable to that 
associated with model selection (Chen et al., 2011a). However, the change factor 
method was deemed appropriate for this study which sought to assess long-term 
changes to the hydrologic regime of the study area, with a focus on uncertainty resulting 
from differences between the GCMs and emission scenarios.  

This study sought to provide a justification for the GCMs underpinning the subsequent 
hydrologic study and to explore the range of projections for the study area using a 
replicable methodology. It is not guaranteed whether the same GCMs would cover the 
full extent of model projections for other locations, although presumably applying this 
methodology to an adjacent watershed would result in the selection of a similar suite of 
models. 

4.5 Conclusions 

Six GCMs were selected for each of three RCP emission scenarios from a total set of 
80 different sets of projections for the Shanty Bay climate station. The methodology 
used to select a representative subset and ensure coverage of the full range of model 
projections for mean surface temperature and precipitation has been outlined and 
deemed appropriate for this study. The selected models project a 1 to 5° Celsius 
increase in annual temperatures and 98 to 119% change in annual precipitation 
patterns for 2041-70, referencing the baseline 1976-2005. 

Daily GCM output data were then obtained for precipitation, minimum and maximum 
temperature for both the baseline and future periods. Monthly change factors were 
computed for each GCM and emission scenario and used to downscale the historical 
dataset for the Shanty Bay climate station. This resulted in eighteen projected climate 
datasets for the future period, which were compared to trends in the historical record.  

The development of eighteen projected climate data sets using the methodology 
described herein is not exhaustive. Critically, this study only utilized one downscaling 
technique. This is a recognized limitation of this study and results should be considered 
with regards to the limitations of the change factor method. 
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5 An Envelope Approach for Assessing Climate Change 
Impacts for Hydrologic Systems within the Lake Simcoe 
(Ontario) Watershed 

5.1 Introduction 

Understanding the impact of climate change on local hydrologic regimes has become a 
pressing concern for many decision-makers. Changes in the hydrologic cycle are one of 
the main ways in which climate change is expected to disrupt human systems (UN 
Water, 2010). Any attempt to characterize the potential impacts of global climate 
change at a scale relevant to decision-making requires considering multiple sources of 
uncertainty. Uncertainty arises through the reliability of the general circulation models 
(GCMs) themselves, the choice of representative concentration pathway (RCP) 
emission scenario, the method of representing large scale GCM projected changes on a 
smaller system through downscaling techniques, and the hydrologic model utilized 
(Holman et al., 2009; Kurylyk & MacQuarrie, 2013; Wilby & Harris, 2006).  

The design of climate change impact studies generally involves propagating 
downscaled climate projections through a hydrologic model. Several studies following 
this design consider more than one downscaling technique (Holman et al., 2009; 
Kurylyk & MacQuarrie, 2013; Sultana & Coulibaly, 2011), emission scenario (Holman et 
al., 2009; Kurylyk & MacQuarrie, 2013; Oni et al., 2014), and GCM (Kurylyk & 
MacQuarrie, 2013). Where multiple GCMs are considered, studies rarely provide 
justification in relation to GCM selection. However, GCMs themselves are broadly 
considered to be one of the greatest sources of uncertainty in climate change impact 
studies (Chen et al., 2011b; Hoan et al., 2013; Kay et al., 2009; Prudhomme & Davies, 
2009; Wilby & Harris, 2006). 

This study sought to characterize the range of projected climate change impacts to the 
hydrologic regime for an area of 1370 km2 located in the north-west corner of Lake 
Simcoe, Ontario through the study of simulated recharge, actual evapotranspiration 
(AET), and streamflow patterns. Asnaashari et al. (2015) demonstrated that decreased 
summer streamflow may result from warmer temperatures under climate change. 
Therefore, the 7-day average low flow with a 20-year return period (7Q20) statistic was 
calculated from streamflow data for each historical and future climate change simulation 
to provide a measure of projected changes in low flow conditions. 

5.2 Methodology 

5.2.1 Study Area 

This work was conducted in partnership with the Lake Simcoe Region Conservation 
Authority (LSRCA) to study the potential effects of climate change on the Oro North, 
Oro South, and Hawkestone Creeks sub-watersheds. The sub-watersheds are adjacent 
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to the north-west portion of Lake Simcoe, encompassed geographically by the 
Township of Oro-Medonte and the City of Orillia (Earthfx Inc., 2013). These three sub-
watersheds are significantly impacted by the nearby Oro Moraine, an area of significant 
recharge, which provides flow to the north-west portion of Lake Simcoe (Earthfx Inc., 
2013). Therefore, the Precipitation-Runoff Modeling System (PRMS) surface water 
model that had been previously developed by Earthfx Inc. (2013) extended beyond the 
sub-watershed boundaries to include the Oro Moraine, where the model boundary is 
shown in Figure 5.1. 

 

Figure 5.1: Model boundary (Environment and Climate Change Canada, 2018; ESRI, 2011; ESRI et 
al., 2011; Government of Canada, 2019a; Government of Canada, 2019b; Statistics Canada, 2016) 

Aside from the north-west portion of Lake Simcoe, two small lakes, Bass Lake and Little 
Lake, are encompassed within the model area, along with several streams (Earthfx Inc., 
2013). The Oro Moraine is the most significant physiographic feature within the model 
area. It is primarily comprised of sand and gravel, resulting in higher recharge rates than 
the rest of the study area, which contains sandy and silty material (Earthfx Inc., 2013). 
Elevations are lowest in stream valleys, including the Coldwater and Willow Creeks and 
along the shoreline of Lake Simcoe (Earthfx Inc., 2013). 

5.2.2 Hydrologic Modelling 

5.2.2.1 Model Description 

This study made use of a GSFLOW model previously developed for the purposes of 
conducting a Tier 2 water budget assessment for the Oro North and South and 
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Hawkestone Creeks sub-watersheds as part of Ontario’s Source Water Protection 
(SWP) planning program by Earthfx Inc. (2013). This work employed a version of 
GSFLOW that had been modified previously to better characterize urban hydrology, 
GSFLOWurban (Marchildon, 2017). GSFLOW is an integrated hydrologic model which 
combines USGS MODFLOW and PRMS software and is described by Markstrom et al. 
(2008). PRMS is a modular, deterministic, distributed watershed model (Markstrom et 
al., 2008). PRMS was utilized for the purposes of this chapter to characterize the 
hydrologic response within the study area under various climate change scenarios.  

The effects of various input land use and climate conditions can be simulated using 
PRMS to assess changes to the hydrologic regimes, including streamflow, recharge, 
and AET patterns (Markstrom et al., 2008). Hydrologic response units, as related to the 
physical characteristics and land use patterns were previously characterized for the 
study area based on topography, vegetation, soil type, land use, and surficial geology 
(Earthfx Inc., 2013). The 1370 km2 study area was discretized into 50-meter square 
cells, resulting in 740 rows and 740 columns (Earthfx Inc., 2013). The previous Earthfx 
Inc. (2013) study had utilized five Environment Canada climate stations within or near 
the study area. However, the final report noted that temperature data and monthly 
rainfall rates were quite similar between the five stations, except for the Orillia TS 
station, which typically had higher rainfall values (Earthfx Inc., 2013).  

Since the Earthfx Inc. (2013) study and Environment Canada climate normals depict 
relatively similar climatic conditions over the study area, this study relied on the Shanty 
Bay weather station to represent the climate of the study area. The Shanty Bay climate 
station was selected for its complete 30-year climate record and proximity to the sub-
watersheds, as shown in Figure 5.1 (Government of Canada, 2019a). The 
meteorological inputs to PRMS that were applied in this study included minimum 
temperature, maximum temperature and precipitation at the daily time step, where solar 
radiation was computed by a PRMS module (Leavesley et al., 1983; Markstrom et al., 
2008).  

PRMS computes a water and energy balance for each cell at each daily time step 
(Leavesley et al., 1983). PRMS modules simulate snowmelt, evaporation, and other 
hydrologic processes as summarized in Figure 5.2. 
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Figure 5.2: Diagram of key processes in PRMS (Markstrom et al., 2008) 

The snowpack is modeled as a two-layered system, in which incoming and reflected 
solar radiation, heat from precipitation, sublimation, latent and sensible heat and inter-
layer conduction are incorporated into the snowpack energy balance calculations 
(Leavesley et al., 1983). Further details regarding the theoretical basis for the PRMS 
model are described by Leavesley et al. (1983) and Markstrom et al., (2008). 

5.2.2.2 Model Calibration 

The PRMS surface water model parameters were calibrated using streamflow gauge 
data for the Hawkestone Creek at Hawkestone (02EC020) streamflow gauge (Oak 
Ridges Moraine Groundwater Program, 2018). This gauge served as the calibration 
targets from April 2006 to September 2010, which included both wet and dry years. 
Calibration focused on the optimization of parameters which have been shown to 
influence evapotranspiration, snowmelt, baseflow, and runoff processes (Markstrom, 
Hay, & Clark, 2016). A manual calibration was performed, with the Nash-Sutcliffe 
efficiency coefficient (NSE), percent bias (PBIAS) and root-mean-square-error 
observation standard deviation ratio (RSR) serving as performance indicators for the 
Hawkestone Creek gauge at the monthly time step. The equations for each calibration 
statistic are presented in Equations (5.1), (5.2), and (5.3) (Moriasi et al., 2007). 
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𝑁𝑆𝐸 = 1 −  [
∑  (𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑠𝑖𝑚)

2
𝑛
𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑚𝑒𝑎𝑛)

2𝑛
𝑖=1

]    (5.1) 

𝑅𝑆𝑅 =  
𝑅𝑀𝑆𝐸

𝑆𝑇𝐷𝐸𝑉𝑜𝑏𝑠
=

[√∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑖

𝑠𝑖𝑚)
2𝑛

𝑖=1 ]

[√∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑚𝑒𝑎𝑛)

2𝑛
𝑖=1 ]

   (5.2) 

𝑃𝐵𝐼𝐴𝑆 =  [
∑ (𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑠𝑖𝑚)×100𝑛

𝑖=1

∑ 𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖=1

]    (5.3) 

The model was validated for water years 2011 to 2015, using the same statistical 
indices of performance at the monthly time step.  

Model verification also considered the ability of the PRMS model to accurately simulate 
snow depth. PRMS snowpack water equivalent was simulated over water years 2006-
15 and compared to available historical records (Environment and Climate Change 
Canada, 2018). The Oro Medonte (ONR-3011) station was the only station within the 
study area with observational data over the simulation period, consisting of 56 snow 
water equivalent measurements between water years 2006-15 (Environment and 
Climate Change Canada, 2018). The Oro Medonte station is located at 44.56°N, 
79.66°W (Environment and Climate Change Canada, 2018), as shown in Figure 5.1. 
Observations were compared to simulated values graphically and using the mean 
absolute error (MAE), root mean squared error (RMSE) and coefficient of determination 
(R2) statistics previously described in Chapter 4. 

5.2.3 Climate Change Simulations 

The fully calibrated model was then applied to the north-west corner surrounding Lake 
Simcoe, Ontario. The objective of the study was to assess the effect of a changing 
climate on the local hydrology. Therefore, nineteen PRMS simulations were conducted 
– once using historical data for water years 1976-2005 and eighteen times for water 
years 2041-70, using the previously compiled projected climate data sets. 

The 7-day low flow with a 20-year return period (7Q20) statistic was calculated for each 
simulation for Hawkestone Creek. Following methodology outlined by Haan (2002) and 
the Interagency Advisory Committee on Water Data (1982), annual minimum 7-day 
averaged streamflow values were calculated for each water year in the simulation. The 
Log Pearson Type III distribution is often utilized to describe series of low flows (Haan, 
2002; Winterstein et al., 2007), as this distribution considers the mean, standard 
deviation, and skew of the log-transformed data. The frequency factor, K, was 
determined by interpolating to the skew of each dataset from a frequency factor table in 
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Haan (2002), considering an exceedance probability of 0.95 (non-exceedance 
probability of 0.05), corresponding to a 20-year return period. The frequency factor, 
mean, and standard deviation corresponding to each simulation were then applied to 
Equation (5.4) and the antilog was taken to produce the 7Q20 corresponding to each 
simulation, as adapted from Haan (2002) and described in Equation (5.5),. 

𝑌20 = �̅� + 𝑠𝑌𝐾20    (5.4) 

𝑋20 = 𝑎𝑛𝑡𝑖𝑙𝑜𝑔(𝑌20) = 10𝑌20   (5.5) 

The 7Q20 for each simulation were then compared with that of the historical simulation. 

5.3 Results 

5.3.1 Model Calibration 

The results of the PRMS model calibration and validation are tabulated below in Table 
5.1. Monthly performance statistics include the Nash-Sutcliffe efficiency (NSE), percent 
bias (PBIAS) and root-mean-square-error observation standard deviation ratio (RSR). 

Table 5.1: Monthly performance statistics for the Hawkestone Creek streamflow gauge 

 Calibration Validation 
Performance rating 

(Moriasi et al., 2007) 

Optimal Value 

(Moriasi et al., 

2007) 

NSE 0.82 0.60 
C: Very good 

V: Satisfactory 
1 

PBIAS 

[%] 
2.01 2.72 

C: Very good 

V: Very good 
0 

RSR 0.42 0.62 
C: Very good 

V: Satisfactory 
0 

*C=Calibration; V=Validation 
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Figure 5.3: Calibration and validation results 

Overall, the calibration is quite good for the Hawkestone Creek gauge and validation 
further emphasizes that the model may be considered satisfactory in representing local 
conditions, as demonstrated by the statistics in Table 5.1. The simulated and observed 
snowpack water equivalent are displayed in Figure 5.4. 

 

Figure 5.4: Observed and simulated snowpack water equivalent 

Further analysis of observed and simulated snowpack resulted in a MAE of 45.3 
millimeters, RMSE of 59.1 millimeters, and R2 of 0.532. 
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5.3.2 Projected Hydrologic Impacts 

The model outputs of interest included recharge, AET, and streamflow patterns for the 
study area. The effects of varying the climate inputs is examined with respect to the 
overall annual rates as well as temporal aspects. Figure 5.5Figure 5.6Figure 5.7 depict 
the range of annual basin recharge rates over water years 2041-70 against those 
simulated in the historical simulation. The grey bar represents the range of simulated 
values for each year, across all climate scenarios, whereas the black line represents the 
simulated results for the historical time period, water years 1976-2005. 

 

Figure 5.5: Annual simulated recharge rates under RCP 2.6 

 

Figure 5.6: Annual simulated recharge rates under RCP 4.5 

150

200

250

300

350

400

450

500

R
e
c
h
a
rg

e
 (

m
m

)

Historical

150

200

250

300

350

400

450

500

R
e
c
h
a
rg

e
 (

m
m

) Historical



 

 

50 

 

 

Figure 5.7: Annual simulated recharge rates under RCP 8.5 

Table 5.2 provides a summary of the annual recharge rates, averaged over the relevant 
30-year period in relation to the climate scenario that informed the selection of each 
GCM. 

Table 5.2: Summary of average annual recharge rates 

 RCP 2.6 

[mm/yr] 

RCP 4.5 

[mm/yr] 

RCP 8.5 

[mm/yr] 

Historical 268 

Temperature 

5th 

percentile 

279 GFDL-ESM2M 278 
GFDL-

ESM2M 
249 INMCM4 

Temperature 

50th 

percentile 

321 
CSIRO-Mk3-6-

0 
297 CMCC-CM 307 

CMCC-

CMS 

Temperature 

95th 

percentile 

264 MIROC-ESM 300 
HadGEM2-

ES 
317 

HadGEM2-

CC 

Precipitation 

5th 

percentile 

262 MPI-ESM-LR 263 INMCM4 252 
IPSL-

CM5A-MR 

Precipitation 

50th 

percentile 

276 CNRM-CM5 287 
HadGEM2-

AO 
291 

MRI-

CGCM3 
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Precipitation 

95th 

percentile 

304 HadGEM2-ES 309 GFDL-CM3 323 CMCC-CM 

 

Range of 

changes (as 

percentage 

of historical 

rate) 

-2.2 to 19.8% -1.8 to 15.2% -7.4 to 20.5% 

The utilization of the change factor method is evident in annual recharge patterns, 
through the similar patterns of inter-annual variation. The band of disagreement 
between GCMs is the highest for RCP 8.5 in most years, owing possibly to the more 
extreme characteristics of RCP 8.5 climate projections, such as more pronounced 
increases in winter temperatures. Temporal characteristics of simulated recharge 
patterns are presented in Figure 5.8,Figure 5.9, andFigure 5.10. 

 

Figure 5.8: Average monthly basin recharge rates under RCP 2.6 
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Figure 5.9: Average monthly basin recharge rates under RCP 4.5 

 

Figure 5.10: Average monthly basin recharge rates under RCP 8.5 

Recharge patterns are critical in considering the effects of climate change for 
groundwater flow. PRMS simulations also produced information relating to AET rates 
and streamflow throughout the study area. The range of model outputs for annual AET 
rates across the study area are presented in Figure 5.11Figure 5.12Figure 5.13. 
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Figure 5.11: Average annual basin AET rates under RCP 2.6 

 

Figure 5.12: Average annual basin AET rates under RCP 4.5 

400

450

500

550

600

650

700

A
c
tu

a
l 
E

v
a
p
o
tr

a
n
s
p
ir
a
ti
o
n
 (

m
m

)

Historical

400

450

500

550

600

650

700

A
c
tu

a
l 
E

v
a
p
o
tr

a
n
s
p
ir
a
ti
o
n
 (

m
m

)

Historical



 

 

54 

 

 

Figure 5.13: Average annual basin AET rates under RCP 8.5 

Table 5.3 relates the simulated AET rates to the selection rationale for the GCMs 
considered in this study. 

Table 5.3: Summary of simulated average annual AET rates 

 RCP 2.6 

[mm/yr] 

RCP 4.5 

[mm/yr] 

RCP 8.5 

[mm/yr] 

Historical 491 

Temperature 

5th 

percentile 

509 GFDL-ESM2M 519 
GFDL-

ESM2M 
508 INMCM4 

Temperature 

50th 

percentile 

532 
CSIRO-Mk3-6-

0 
535 CMCC-CM 562 

CMCC-

CMS 

Temperature 

95th 

percentile 

552 MIROC-ESM 553 
HadGEM2-

ES 
548 

HadGEM2-

CC 

Precipitation 

5th 

percentile 

496 MPI-ESM-LR 506 INMCM4 508 
IPSL-

CM5A-MR 

Precipitation 

50th 

percentile 

533 CNRM-CM5 529 
HadGEM2-

AO 
535 

MRI-

CGCM3 
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Precipitation 

95th 

percentile 

537 HadGEM2-ES 545 GFDL-CM3 550 CMCC-CM 

 

Range of 

changes (as 

percentage 

of historical 

rate) 

0.9 to 12.4% 3.0 to 12.5% 3.4 to 14.4%  

Monthly streamflow for Hawkestone Creek represents that of the average annual 
hydrograph produced from each 30-year simulation. Evidence of shifting seasonality for 
streamflow patterns is apparent in Figure 5.14Figure 5.15Figure 5.16, through 
increased winter streamflow, offset by lowered spring streamflow. 

 

Figure 5.14: Simulated average monthly streamflow for Hawkestone Creek under RCP 2.6 
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Figure 5.15: Simulated average monthly streamflow for Hawkestone Creek under RCP 4.5 

 

Figure 5.16: Simulated average monthly streamflow for Hawkestone Creek under RCP 8.5 

Although changes in the magnitude of peak flow are not directionally clear for the 
Hawkestone Creek, the timing of peak flow is shown to shift earlier in the year. Such 
changes are quantified in Table 5.4Table 5.5. 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

S
tr

e
a
m

fl
o
w

 (
m

3
/s

)

GCMs

Historical

0

0.2

0.4

0.6

0.8

1

1.2

1.4

S
tr

e
a
m

fl
o
w

 (
m

3
/s

)

GCMs

Historical



 

 

57 

 

Table 5.4: Summary of simulated average peak streamflow for Hawkestone Creek 

 RCP 2.6 RCP 4.5 RCP 8.5 

Historical 7.1 

Temperature 

5th 

percentile 

8.1 GFDL-ESM2M 7.9 
GFDL-

ESM2M 
5.2 INMCM4 

Temperature 

50th 

percentile 

10.5 
CSIRO-Mk3-6-

0 
7.9 CMCC-CM 7.4 

CMCC-

CMS 

Temperature 

95th 

percentile 

6.6 MIROC-ESM 6.4 
HadGEM2-

ES 
8.4 

HadGEM2-

CC 

Precipitation 

5th 

percentile 

6.7 MPI-ESM-LR 7.0 INMCM4 6.9 
IPSL-

CM5A-MR 

Precipitation 

50th 

percentile 

6.5 CNRM-CM5 7.0 
HadGEM2-

AO 
9.3 

MRI-

CGCM3 

Precipitation 

95th 

percentile 

7.6 HadGEM2-ES 7.8 GFDL-CM3 8.7 CMCC-CM 

 

Range of 

changes (as 

percentage 

of historical 

rate) 

-7.9 to 48.6% -9.4 to 11.8% -27.0 to 31.6% 

Table 5.5: Summary of simulated average date of peak streamflow for Hawkestone Creek 

 RCP 2.6 RCP 4.5 RCP 8.5 

Historical 17-Mar 

Temperature 

5th 

percentile 

15-Mar GFDL-ESM2M 02-Mar 
GFDL-

ESM2M 
20-Feb INMCM4 

Temperature 

50th 

percentile 

04-Mar 
CSIRO-Mk3-6-

0 
01-Mar CMCC-CM 09-Feb 

CMCC-

CMS 
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Temperature 

95th 

percentile 

14-Feb MIROC-ESM 02-Feb 
HadGEM2-

ES 
03-Feb 

HadGEM2-

CC 

Precipitation 

5th 

percentile 

10-Mar MPI-ESM-LR 06-Mar INMCM4 31-Mar 
IPSL-

CM5A-MR 

Precipitation 

50th 

percentile 

20-Mar CNRM-CM5 12-Feb 
HadGEM2-

AO 
05-Mar 

MRI-

CGCM3 

Precipitation 

95th 

percentile 

16-Feb HadGEM2-ES 24-Feb GFDL-CM3 12-Feb CMCC-CM 

 

Range 14-Feb to 20-Mar 02-Feb to 06-Mar 03-Feb to 31-Mar 

A further index considered in streamflow analysis was the low-flow 7Q20 statistic, which 
is summarized in Table 5.6. 

Table 5.6: Low flow statistic (7Q20) for Hawkestone Creek 

 RCP 2.6 

[m3/s] 

RCP 4.5 

[m3/s] 

RCP 8.5 

[m3/s] 

Historical 0.102 

Temperature 

5th 

percentile 

0.096 GFDL-ESM2M 0.098 
GFDL-

ESM2M 
0.076 INMCM4 

Temperature 

50th 

percentile 

0.112 
CSIRO-Mk3-6-

0 
0.093 CMCC-CM 0.101 

CMCC-

CMS 

Temperature 

95th 

percentile 

0.081 MIROC-ESM 0.090 
HadGEM2-

ES 
0.092 

HadGEM2-

CC 

Precipitation 

5th 

percentile 

0.091 MPI-ESM-LR 0.091 INMCM4 0.086 
IPSL-

CM5A-MR 

Precipitation 

50th 

percentile 

0.091 CNRM-CM5 0.084 
HadGEM2-

AO 
0.100 

MRI-

CGCM3 
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Precipitation 

95th 

percentile 

0.096 HadGEM2-ES 0.096 GFDL-CM3 0.107 CMCC-CM 

5.4 Discussion 

The PRMS model calibration achieved an NSE of 0.82, PBIAS of 2.01% and RSR of 
0.42, all of which are considered very good, according to the guidelines of Moriasi et al. 
(2007). The validation results were also satisfactory, which allowed this study to 
proceed with confidence in the model’s ability to represent local conditions satisfactorily. 
Figure 5.4 demonstrates that the calibrated PRMS model matched high snowpack 
depths well, while underestimating the snowpack in water years 2010, 2012, and 2013. 
This is a limitation of the PRMS model which would affect both subsequent historical 
and climate change simulations.  

The percentage deviation from historical recharge rates ranged from -2.2 to 19.8%, -1.8 
to 15.2%, and -7.4 to 20.5% for RCP scenarios 2.6, 4.5, and 8.5, respectively. As 
shown in Table 5.2, lower precipitation climate scenarios were linked with a decrease in 
average annual recharge rates. 

Monthly recharge results indicate that across all emission scenarios, projected 
increases in annual recharge may be attributed to increased winter recharge, offset 
partially by lower spring recharge rates. These results are of potential significance for 
decision-makers, as these results indicate a shift in the timing of hydrologic patterns, 
whereas historical conditions are generally relied on for decision making.  

As previously noted, all GCMs under all emission scenarios predicted an increase in 
temperature, allowing for characterization of the direction of the simulated change in 
AET. Annual AET rates for 2041-70 increased for all models and emission scenarios, 
corresponding with projected warmer temperatures for the study area. The degree of 
change was subject to variability amongst the GCMs and between the emission 
scenarios. Projected annual average AET rates deviated from historical rates by a 
range of 0.9 to 12.4%, 3.0 to 12.5%, and 3.4 to 14.4% for RCP scenarios 2.6, 4.5, and 
8.5, respectively. There was much overlap between the ranges of AET projections from 
each emission scenario, due to significant GCM uncertainty within each scenario. Thus, 
this study indicates that uncertainty associated with the GCMs is greater than that of the 
emission scenarios.  

Changes in streamflow between the historical and climate change scenarios were 
compared for Hawkestone Creek. The averaged thirty-year period hydrographs indicate 
an earlier shift in peak streamflow, particularly under the high emission scenario (RCP 
8.5). Further analysis of the average annual Hawkestone Creek streamflow graphs 
indicated an earlier occurrence of peak streamflow for sixteen of eighteen climate 
change simulations, shifting by more than a month for some models. This finding is 
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supported by similar studies. A review of climate change impacts in Canada by Bonsal 
et al. (2019) found that peak streamflow has undergone an earlier shift throughout 
recent decades and Asnaashari et al. (2015) reported an earlier shift in spring peak 
streamflow under an MRI-CGCM2 climate scenario, becoming more pronounced for 
later time horizons. The direction of change in the magnitude of peak streamflow 
changes was unclear, ranging from -27.0 to +48.6% across the various climate change 
simulations.  

Table 5.6 shows that sixteen of the eighteen projected climate scenarios resulted in a 
reduction in 7-day low flows (7Q20), compared to the historical simulation. The 7Q20 low 
statistic deviated from that of the historical record by -25.5% to +9.8%. This poses 
additional ecological concerns, as decreased streamflow could have negative 
implications on stream functions, including water quality and habitat functions for 
aquatic life (LSRCA & Bradford, 2011). 

5.5 Conclusions 

A previously developed PRMS model for the area encompassing the Oro South, Oro 
North and Hawkestone Creeks sub-watersheds was obtained from the LSRCA. This 
model was manually calibrated to the Hawkestone Creek streamflow gauge for April 
2006 to September 2010 and validated over water years 2010 to 2015. The NSE, RSR, 
and PBIAS obtained at a monthly time step were 0.82, 0.42, and 2.01 for calibration and 
all validation statistics were considered acceptable. 

The calibrated PRMS model was applied to the study area for a total of nineteen 
simulations. The eighteen future (2041-70) scenarios developed in Chapter 4, as well as 
the historical (1976-2005) climate data for minimum and maximum temperature and 
precipitation comprised a total of nineteen input climate data files to a surface water 
model. Compared with the historical run, thirteen of the eighteen GCMs projected an 
increase in annual recharge rates. Higher recharge rates were associated with an 
earlier shift in recharge patterns, characterized by an increase in recharge during the 
winter months. The simulated increase in winter recharge can likely be attributed to 
warmer winters resulting in decreased snowpack and earlier snowmelt. Actual 
evapotranspiration was projected to increase for all GCMs and emission scenarios 
across the basin. Changes in streamflow were also characterized for the Hawkestone 
Creek gauge, indicating potential earlier shifts in peak streamflow under climate change. 
Such effects were most pronounced under RCP 8.5, the highest emission scenario. 

Annual changes in recharge for the study area, averaged over water years 2041-70 
deviated from the historical rate by -2.2% to 20.5%. Much of the increase in recharge 
rates likely came from an increase in winter recharge and reduction of later spring 
recharge, due to warmer winters projecting a shift in seasonality. These results align 
with a review article of studies to characterize recharge patterns in eastern Canada 
under climate change which found no clear trend in projected recharge conditions due 
to uncertainty in climate projections, although warmer winters are expected to cause 
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shifts in the seasonality of recharge patterns (Larocque et al., 2019). All models 
projected an increase in average annual AET rates, ranging from 0.9% to 14.4%. This 
aligns with the fact that all GCMs project hotter temperatures in all months of the year 
for the study area. Sixteen of the eighteen projected climate change scenarios predicted 
a decrease in low streamflow for Hawkestone Creek, as measured by the 7Q20 statistic. 
Sixteen of eighteen models also projected an earlier shift in the timing of peak spring 
streamflow. The direction of change in the magnitude of peak streamflow was unclear, 
ranging from -27.0 to +48.6%.  

This study emphasizes the importance of considering multiple GCMs in climate change 
impact assessments, as differing climate projections has been shown to result in 
significantly different hydrologic impacts. The results of this study indicate that 
uncertainty between GCMs was greater than that between RCP emission scenarios for 
changes in recharge and AET patterns. GCMs are often considered the greatest source 
of uncertainty in climate impact studies, however few studies provide a justification for 
the GCM(s) selected.  

Critically, this study does not incorporate multiple downscaling techniques. The change 
factor method applies projected changes in mean monthly conditions but does not 
incorporate projected changes in intra-annual variability or account for inter-annual 
variability over the 30-year period (Goderniaux et al., 2011). Thus, while the IPCC 
projects an increase in extreme storm events, which would likely lead to greater runoff 
and reduced recharge, the effects of increasing variability in precipitation patterns were 
not accounted for in this analysis (IPCC, 2014). Through characterizing the range of 
projected recharge, AET, and streamflow projections for the study area, this study 
emphasizes that more attention should be paid to climate model selection when 
conducting a climate change impact study. 
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6 Groundwater Quantity Stress Assessment under Climate 
Change 

6.1 Introduction 

This chapter extends the previous analysis of the impacts of climate change on surface 
water hydrology to consider groundwater impacts through the lens of Ontario’s Source 
Water Protection (SWP) planning process. The Technical Rules for Ontario’s Clean 
Water Act currently do not provide guidance regarding the consideration of climate 
change impacts to the plans (Government of Ontario, 2017). As a result, the modelling 
techniques underpinning the current SWP plan for the source protection area 
encompassing the study area of this thesis rely on historical climate data (Earthfx Inc., 
2013; LSRCA et al., 2015, 2018). However, a Tier Two water budget assessment, 
which necessitates the consideration of drought periods, has previously been conducted 
for this study area (Earthfx Inc., 2013).  

The impacts of climate change are expected to be more gradual for groundwater 
systems than surface water systems which have a more immediate link to changing 
precipitation and temperature patterns (Gamvroudis et al., 2017). However, the effects 
of projected climate change for groundwater systems is not evident across current 
studies conducted for eastern Canada, owing in part to differences between the 
methodologies of available climate impact studies (Larocque et al., 2019). Viewed 
through the guise of SWP planning, climate change could result in changes to the 
groundwater water budgets and the delineation of vulnerable areas, which include the 
ecologically sensitive recharge areas (ESGRAs) and wellhead protection areas 
(WHPAs) (Government of Ontario, 2017). This chapter focuses on the range of changes 
in the monthly and annual groundwater stress levels relating to the groundwater water 
budgets under various recharge conditions associated with the climate change 
simulations described in Chapters 4 and 5.  

The SWP Technical Rules specify that stress assessments be conducted on a sub-
watershed basis and that the groundwater model must represent the recharge patterns 
pertinent to changing meteorological conditions (Government of Ontario, 2017). The 
study area encompasses three sub-watersheds, Oro South, Hawkestone, and Oro 
North Creeks, which are located adjacent to the north-west corner of Lake Simcoe 
(Longstaff et al., 2013). 
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Figure 6.1: Model and sub-watershed boundaries (ESRI, 2011; ESRI et al., 2011; Statistics Canada, 
2016) 

Water demand in these sub-watersheds is largely tied to municipal, unserviced, 
agricultural, and Permit to Take Water (PTTW) takings (Earthfx Inc., 2013). Absent 
larger water takers, consumptive water demand within the study area is relatively low. 
The primary objectives of this chapter are as follows: 

(1) Apply the nineteen spatially distributed recharge files developed in Chapter 5 
to the MODFLOW groundwater flow model for the study area. 

(2) Assess the impact of climate change on groundwater stress levels using the 
methods prescribed for the SWP planning process. 

6.2 Methodology 

6.2.1 Model Description 

GSFLOW is an integrated groundwater-surface water model, comprised of PRMS and 
MODFLOW-2005 models. In this chapter, the model was run in ‘MODFLOW only’ 
mode, using the MODFLOW-NWT solver (Harbaugh, 2005; Niswonger et al., 2011). 
The groundwater flow model used in this study had previously undergone extensive 
calibration using a variety of transient and steady state data sources, as documented in 
Earthfx Inc. (2013).  

The MODFLOW model previously developed to characterize the study area consisted of 
350 rows and 343 columns, discretized into 100-meter grid cells, with a local origin of 
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595000 E and 4916500 N, referencing UTM Zone 17 (NAD83) co-ordinates (Earthfx 
Inc., 2013). Below the surface, the study area is comprised of alternating aquifer and 
aquitard layers, which have been previously characterized into seven layers and 
incorporated into the model by Earthfx Inc. (2013). Further information regarding the 
groundwater flow model and its development are described by Earthfx Inc. (2013). 

One of the outputs from the PRMS simulations described in Chapter 5 were spatially 
distributed recharge data files correlating to each of the nineteen simulations. This data 
was temporally averaged over the thirty-year simulation to obtain the spatially 
distributed average long-term recharge. Averaged annual recharge rates were then 
incorporated into the unsaturated zone flow (UZF) module of the MODFLOW model 
(Harbaugh, 2005). Due to MODFLOW convergence issues, simulations were conducted 
under quasi steady state conditions. That is, the model was provided steady state 
inputs, and simulations were run in transient mode for a sufficiently long period to 
stabilize and approximate steady state conditions. Successful approximation of steady 
state conditions was denoted by negligible changes in groundwater storage during the 
final time steps (Freeze & Cherry, 1979) and a percent discrepancy less than 0.1%. 

6.2.2 Model Verification 

While the MODFLOW model had previously been extensively calibrated (Earthfx Inc., 
2013), the steady state groundwater heads from the historical simulation were verified 
against observational data from the Water Well Information System (WWIS) records for 
Ontario (MECP, 2013). All well records located within the study bounds between water 
years 1976-2005 were considered, totaling 1867 observation points. Simulated heads 
were extracted from the binary MODFLOW output heads file using the 
‘MFBIN2RASTER’ utility program (Banta et al., 2008). WWIS observations describe the 
static water level at the time of observation (MECP, 2013) and have been noted to have 
quality limitations (Earthfx Inc., 2013). However, as Figure 6.2 shows, the WWIS 
database contains extensive spatial coverage and was therefore used to assess steady 
state model performance. 
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Figure 6.2: Locations of WWIS observational data within model bounds (ESRI, 2011; ESRI et al., 
2013; MECP, 2013) 

Model performance was evaluated using mean absolute error (MAE), root mean 
squared error (RMSE), the coefficient of determination (R2), PBIAS, and Nash-Sutcliffe 
efficiency coefficient (NSE) previously described in Chapters 4 and 5. 

6.2.3 Groundwater Stress Assessment 

The three sub-watersheds of interest within the study area, Oro North, Hawkestone, and 
Oro South Creeks, were delineated using the provincial integrated hydrology dataset 
(Ontario Ministry of Natural Resources, 2013) and the hydrology tools of ESRI ArcMap 
software (ESRI, 2011). Zone Budget, a MODFLOW post-processing tool, was then used 
to compute the water budgets for the Oro North, Hawkestone, and Oro South Creeks 
sub-watersheds from the MODFLOW cell-by-cell budget output (Harbaugh, 1990). 
Groundwater stress levels were computed following the Clean Water Act Technical 
Rules (Government of Ontario, 2017). The percent water demand equation has been 
adapted from the Technical Rules and is presented in Equation (6.1) (Government of 
Ontario, 2017). 
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑 =  
𝑄𝑑𝑒𝑚𝑎𝑛𝑑

𝑄𝑠𝑢𝑝𝑝𝑙𝑦−𝑄𝑟𝑒𝑠𝑒𝑟𝑣𝑒
× 100%     (6.1) 

Where: 

 𝑄𝑑𝑒𝑚𝑎𝑛𝑑 = Groundwater consumptive use. 

 𝑄𝑠𝑢𝑝𝑝𝑙𝑦 = Sum of annual recharge and all other groundwater inflows. 

 𝑄𝑟𝑒𝑠𝑒𝑟𝑣𝑒 = Component of baseflow discharge reserved for ecological needs. 

Qreserve is estimated as 10% of the annual average groundwater discharge rate to 
surface features. The Qsupply and Qreserve terms were obtained from the groundwater 
model outputs and discretized for the three sub-watersheds using Zone Budget. Qdemand 
was obtained from the future consumptive demand estimated previously by Earthfx Inc. 
(2013) for the purposes of a water budget assessment for the study area and 
summarized in Table 6.1. Unserviced water demand refers to water withdrawals outside 
of areas covered by municipal wells and Permit to Take Water (PTTW) takings refer to 
takings by campgrounds, golf courses and other takings for which permits have been 
obtained (Earthfx Inc., 2013). Municipal water takings were increased from current rates 
by 10% to represent future water demand as no significant population growth was 
expected in the sub-watersheds (Earthfx Inc., 2013). Future unserviced water demand 
was obtained from the Tier 1 Water Budget and Water Quantity Assessment for the 
study area (Earthfx Inc., 2013). Further details regarding the estimation of future 
groundwater consumptive demand are documented in the Tier 2 Water Budget study 
(Earthfx Inc., 2013). Future water demand was considered for the percent water 
demand calculation. 

Table 6.1: Estimated annual future groundwater consumptive demand [adapted from Earthfx Inc. 
(2013)] 

Sub-

watershed 

Municipal 

(m3/day) 

Unserviced 

(m3/day) 

PTTW 

(m3/day) 

Agricultural 

(m3/day) 

Total Annual 

Future 

Groundwater 

Consumptive 

Demand  

(m3/day) 

Oro North 26 247 183 41 497 

Hawkestone 17 127 155 27 326 

Oro South 292 450 17 36 795 
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Future groundwater consumptive demand was highest in the Oro South sub-watershed. 
The percent water demand indicator was then compared with the values summarized in 
Table 6.2 to assign a groundwater stress level to each sub-watershed. 

Table 6.2: Groundwater stress levels (Government of Ontario, 2017) 

Groundwater Stress 

Level 

Annual Percent Water 

Demand (%) 

Maximum Monthly 

Percent Water Demand 

(%) 

Low <10 <25 

Moderate 10-25 25-50 

Significant >25 >50 

The percent water demand was computed on an annual and monthly basis. Since the 
groundwater flow model simulations provided steady state outputs, monthly variations 
resulted from monthly fluctuations in the consumptive water demand. 

6.3 Results 

6.3.1 Model Verification 

Model verification considered a total of 1867 observational data points available for the 
historical (1976-2005) MODFLOW simulation. The results of the model verification 
process are presented graphically in Figure 6.3 and the statistics are summarized in 
Table 6.3. 
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Figure 6.3: Observed and simulated heads 

Figure 6.3 displays simulated and observed heads for each layer, where the black, 45° 
line represents the perfect fit. 

Table 6.3: Groundwater head statistics 

Statistic Value 

MAE [m] 21.4 

RMSE [m] 27.0 

R2 0.77 

PBIAS [%] -9.11 

NSE [-] 0.42 

The statistics and accompanying graph indicate that the groundwater model 
overestimated groundwater heads, particularly in lower model layers. 

6.3.2 Groundwater Stress Assessment 

Results from the sub-watershed groundwater stress assessments are presented on an 
annual and monthly basis. Both assessments reference the same, steady state 
MODFLOW simulations, with fluctuations throughout the year in the monthly 
groundwater stress assessments, being indicative of monthly fluctuations in 
consumptive demand only. Figure 6.4 displays results from the groundwater stress 
calculations on an annual basis, whereas Figure 6.5Figure 6.6, andFigure 6.7 display 
the monthly results for each sub-watershed. Results across the eighteen GCM 
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simulations are displayed as box plots for each sub-watershed and contrasted against 
the results from the historical simulation. Box plots are developed such that the box 
represents the interquartile range and the whiskers extend to the minimum and 
maximum values (Statistics Canada, 2017). 

 

Figure 6.4: Annual percent water demand results under historical and range of GCM simulations 

 

Figure 6.5: Monthly percent water demand results under all simulations for Oro North Creeks 
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Figure 6.6: Monthly percent water demand results under all simulations for Hawkestone Creeks 

 

Figure 6.7: Monthly percent water demand results under all simulations for Oro South Creeks 

Although groundwater stress levels are higher during the summer months, all annual 
and monthly stress levels are significantly below the 10% threshold. As per the technical 
rules, this indicates low groundwater stress levels for all three sub-watersheds under 
both historical and projected climates (Government of Ontario, 2017). Table 6.4 
summarizes the results of the annual percent water demand calculation for the historical 
and GCM simulations. 
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Table 6.4: Summary of annual percent water demand calculations 

  Annual Percent Water Demand (%) 

Emission 

Scenario 
Simulation Oro South Hawkestone Oro North 

 Historical 2.16 0.76 0.78 

RCP 2.6 

CNRM-CM5 2.11 0.75 0.76 

CSIRO-Mk3-6-0 1.99 0.65 0.67 

GFDL-ESM2M 2.12 0.74 0.75 

HadGEM2-ES 2.05 0.69 0.70 

MIROC-ESM 2.20 0.79 0.79 

MPI-ESM-LR 2.18 0.78 0.79 

RCP 4.5 

CMCC-CM 2.05 0.70 0.71 

GFDL-CM3 2.06 0.68 0.69 

GFDL-ESM2M 2.12 0.74 0.75 

HadGEM2-AO 2.14 0.73 0.73 

HadGEM2-ES 2.07 0.70 0.70 

INMCM4 2.16 0.78 0.79 

RCP 8.5 

CMCC-CM 1.99 0.65 0.66 

CMCC-CMS 2.04 0.68 0.69 

HadGEM2-CC 2.08 0.67 0.67 

IPSL-CM5A-MR 2.22 0.81 0.82 

INMCM4 2.25 0.83 0.83 

MRI-CGCM3 2.10 0.71 0.72 

Monthly percent water demand values across each sub-watershed and simulation are 
presented in Appendix B. 

6.4 Discussion 

Figure 6.3 and Table 6.3 indicate that the groundwater model overestimated 
groundwater heads, particularly in lower model layers. This may be attributed in part to 
biases in the WWIS observational data (Earthfx Inc., 2013). Considering these results 
combined with those of a previous calibration (Earthfx Inc., 2013), the model was 
considered adequate for the purposes of this research. 

Spatially distributed recharge under historical conditions and eighteen different sets of 
climate projections were applied to a groundwater flow model and the model output was 
analyzed through the lens of the SWP groundwater quantity stress assessment. 
Through the SWP lens, the impacts of climate change on this groundwater system are 
shown to be minimal for the future horizon 2041-70, when considering long-term 
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impacts. The percentage water demand, which is an indicator of groundwater quantity 
stress, was found to be below the low threshold for both annual and monthly conditions 
across the Oro North, Hawkestone, and Oro South sub-watersheds. The greatest 
monthly stress levels occurred during the summer months, corresponding with the 
highest rates of consumptive water demand.  

The percentage water demand indicator varied minimally between climate datasets due 
to the low, constant numerator. The monthly groundwater stress levels between GCM 
projections ranged from 0.32 to 1.13%, 0.27 to 1.01%, and 1.42 to 2.34% for the Oro 
North, Hawkestone, and Oro South Creeks sub-watersheds, respectively. The higher 
groundwater stress levels of the Oro South Creeks sub-watersheds are linked in part to 
the higher rates of consumptive demand in the sub-watershed. 

The low groundwater stress levels obtained through this study result from several 
factors. Consumptive water demand is relatively low in the study area, even during 
summer months. The steady state approach to assessing groundwater stress has 
implicit limitations since water levels would be expected to fluctuate throughout the year. 
A previous Tier 2 water budget assessment that considered a 2-year drought condition 
(i.e. two years of zero recharge) found that although water levels were lowered during 
this extreme period, all wells were capable of meeting the groundwater demand (Earthfx 
Inc., 2013). This is an indication of the robustness of the Oro North, Hawkestone, and 
Oro South Creeks groundwater system to match consumptive demand. Simulations 
corresponding to higher annual recharge rates were associated with lowered 
groundwater stress, when assessed via steady state modelling methods.  

These results do not imply that the impact of climate change is negligible. The results of 
this chapter coupled with those of Chapter 5 demonstrate that changes in the surface 
hydrology, streamflow patterns and groundwater flow patterns are likely to result from 
climate change. While the sub-watersheds considered in this chapter were shown to 
retain their low groundwater stress levels, the same is not necessarily true for other sub-
watersheds across the province and elsewhere, with differing levels of consumptive 
demand, land use patterns, and current availability of groundwater resources. Although 
the methodology followed in this study was coherent with the requirements for a Tier 1 
water budget assessment under Ontario’s SWP process (Government of Ontario, 
2017), the seasonal changes in recharge patterns outlined in Chapter 5 underscore the 
importance of also assessing climate change using transient models. To illustrate this, 
Figure 6.8 displays the differences in projected monthly recharge patterns. 
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Figure 6.8: Monthly recharge rates under historical and projected climates 

While winter recharge is projected to increase, the average quantity of recharge is 
projected to decrease significantly during spring and marginally during summer months 
for some GCMs. This illustrates a significant limitation of the methodology presented in 
this chapter. While steady state groundwater stress levels are not projected to increase 
under most climate scenarios, transient modelling would extend this analysis to 
consider changing temporal patterns of recharge for the study area. Due to 
computational constraints, transient modelling was not undertaken in this research. As 
summer months experience the largest water withdrawal rates, it is critical for future 
assessments to consider projected changes in groundwater levels during summer 
months under climate change. 

The assessment that was performed herein considered long-term changes, averaged 
over time to allow for the consideration of multiple climate models and emission 
scenarios. Further study of transient effects, changing land use patterns, and the 
inclusion of a weather generator or other downscaling methods are recommended. 
Additionally, it has been recommended that climate change impact studies consider 
integrated groundwater-surface water models, which would further strengthen the 
connection between the surface and groundwater aspects of the study area (Larocque 
et al., 2019). Overall, this study demonstrated the projected long-term changes to 
groundwater quantity stress resulting from an envelope of climate change projections, 
as characterized through the lens of the SWP percent water demand indicator. 
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6.5 Conclusions 

The resulting spatially distributed recharge patterns obtained through the work 
described in Chapter 5 were applied to a MODFLOW groundwater flow model and used 
to characterize the groundwater water budget for the Oro North, Hawkestone, and Oro 
South Creeks sub-watersheds. The SWP indicator of groundwater quantity stress, 
percentage water demand, was shown to be low with minimal variation between the 
different GCM projections. For the thirteen GCMs associated with higher annual 
recharge rates, annual and monthly groundwater stress levels were projected to 
decrease, relative to the historical conditions. Transient, integrated modelling methods 
may better capture aspects of shifting seasonality and the potential for lower summer 
recharge rates indicated in Chapter 5. 

The monthly percent water demand between GCM projections ranged from 0.32 to 
1.13%, 0.27 to 1.01%, and 1.42 to 2.34% for the Oro North, Hawkestone, and Oro 
South Creeks sub-watersheds, respectively. All annual and monthly groundwater stress 
levels were significantly below the SWP 10% threshold, indicating that all sub-
watersheds exhibit low levels of groundwater stress (Government of Ontario, 2017). The 
highest levels of groundwater stress were obtained during summer months, where rates 
of consumptive demand were higher. However, transient modelling methods may be 
more appropriate for assessing the groundwater stress levels throughout the year, 
particularly during summer months which correspond with the lowest recharge rates. 

These results should not be understood to mean that the impacts of climate change will 
necessarily be minimal. Chapter 5 has described various changes to surface water 
hydrology under projected climate change, including changes in recharge and AET 
rates, streamflow, and aspects of shifting seasonal patterns for this study area. It is 
recommended that these hydrologic impacts are considered for further study under 
transient modelling conditions. 

Future studies could improve on this work by considering integrated surface and 
groundwater modelling methods, transient simulations, and alternative downscaling 
techniques. While the SWP planning process permits steady state groundwater 
modelling techniques for this assessment (Government of Ontario, 2017), greater 
attention to the temporal aspects of groundwater modelling may increase confidence in 
the planning process, particularly when considering the projected seasonal shifts 
resulting from climate change.  
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7 Conclusions 

7.1 Key Findings 

This study sought to investigate the practical considerations for considering climate 
change projections as part of Ontario’s current source water protection (SWP) planning 
process through a case study in the Oro North, Hawkestone, and Oro South Creeks 
sub-watersheds. The greatest level of consideration was given to general circulation 
model (GCM) selection. Historical climate records from 1976-2005 and eighteen climate 
projection datasets representing the extreme and mean projections of the RCP 2.6, 4.5, 
and 8.5 emission scenarios for 2041-70 were applied to a PRMS distributed surface 
water model. Average annual simulated recharge was then applied to a MODFLOW 
groundwater model and groundwater quantity stress levels were characterized through 
the SWP percent water demand indicator.  

The methodology used to select GCMs was shown to be capable of representing the full 
range of the 80 GCM projections considered for the study area. This method provides a 
justification for the characterization of future climate conditions which is often absent 
from climate change impact studies and represents the full range of climate projections. 
The change factors of selected GCMs ranged from 1 to 5 °C and 98% to 119% for 
annual mean temperature and precipitation, respectively. Several models projected 
higher warming for minimum temperatures and during winter months. More than half of 
selected GCMs project a decrease in summer precipitation and an increase in winter 
precipitation. Eighteen projected climate datasets were developed to study the impact of 
this envelope of climate projections. 

An existing PRMS model was manually calibrated to the Hawkestone Creek streamflow 
gauge for April 2006 to September 2010 and validated over water years 2010 to 2015. 
The NSE, RSR, and PBIAS obtained at a monthly time step were 0.82, 0.42, and 2.01 
for calibration and all validation statistics were considered acceptable. Over the 30-year 
simulation, thirteen of the eighteen GCMs projected an increase in annual recharge 
rates, in relation to the historical simulation, ranging from -2.2% to 20.5%. Shifting 
seasonality was evidenced, through higher winter recharge rates, which were offset by 
decreases in spring recharge rates. Actual evapotranspiration rates were projected to 
increase relative to the historical simulation for all eighteen GCMs and emission 
scenarios considered, ranging from 0.9% to 14.4%. An earlier shift in peak streamflow 
for Hawkestone Creek was projected, although changes in the magnitude of streamflow 
ranged from -27.0% to +48.6%. Changes to the 7Q20 statistic ranged from -25.5% to 
+9.8%, relative to the historical record, with decreases projected for sixteen of the 
eighteen climate change simulations. The impact of GCM selection was found to be 
more significant than that of emission scenario on the study results, although 
differences between emission scenarios may be more significant for later time periods 
than that considered in this study.  
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Spatially distributed recharge patterns from each of the nineteen PRMS simulations 
were averaged temporally to produce average annual recharge inputs to the pre-
calibrated MODFLOW groundwater model. Previously characterized future water 
demand for the Oro North, Hawkestone, and Oro South Creeks sub-watersheds was 
considered in assessing groundwater stress levels. The monthly SWP indicator, percent 
water demand, between GCM projections ranged from 0.32 to 1.13%, 0.27 to 1.01%, 
and 1.42 to 2.34% for the Oro North, Hawkestone, and Oro South Creeks sub-
watersheds, respectively. The highest levels of groundwater stress were obtained 
during summer months, where rates of consumptive demand were higher.  

Steady state conditions, as permitted under the SWP planning process may not be an 
appropriate means of assessing climate change impacts, particularly potential drought 
conditions during summer and other seasonal shifts presented in these results. This 
study indicated projected seasonal shifts, which may necessitate greater consideration 
of the temporal effects of climate change. Transient modelling methods may be more 
appropriate for assessing groundwater stress levels, since steady state methods mask 
seasonal fluctuations in recharge rates throughout the year. Climate change projections 
indicated shifting seasonality and the potential for lower summer recharge rates, the 
effects of which were not captured through steady state groundwater modelling 
methods. 

This study presented a methodology for ensuring full representation of the range of 
climate projections for the study area under the various GCMs and emission scenarios. 
An initial GCM screening process may be a useful step in climate change impact 
studies, as GCMs were shown to vary significantly in their projections. This research 
underscores the significance of considering multiple GCMs in climate change impact 
assessments. Significantly different hydrologic impacts were obtained when considering 
the projections of different individual GCMs. The range of recharge and AET projections 
associated with the GCMs within a given emission scenario was shown to be much 
greater than that between emission scenarios. However, differences between emission 
scenarios may be greater for time periods nearer to the end of the 21st century (Gelfan 
et al., 2017). 

Long-term projected trends in temperature, precipitation, recharge, AET, and 
streamflow patterns were characterized for the Oro North, Hawkestone, and Oro South 
Creeks sub-watersheds for 2041-70 to complement the current body of knowledge 
regarding climate change impacts in the Province. These results may be interpreted 
alongside similar studies to provide further insights into the range of projected impacts 
resulting from climate change.  
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7.2 Opportunities for Future Work 

Recommendations for future work resulting from this study are summarized below: 

(1) The GCM(s) considered can have significant impacts on study results. 
Climate change impact studies should consider multiple GCMs and provide 
justification for GCM selection, such as a screening process. The selection 
process employed in this study could be compared with a selection process 
based on model skill in simulating the historical climate. 

(2) The effect of multiple downscaling techniques on the results should be 
assessed and the uncertainty associated with different downscaling methods 
should be compared with the uncertainty associated with GCM selection. 

(3) Integrated surface-subsurface, transient modelling should be considered to 
fully characterize seasonal groundwater availability, particularly when 
evaluating potential climate change risks. 

a. Future studies should explicitly examine the effects of climate change on 
groundwater availability during summer months. 

(4) Other anthropogenic drivers of water stress could be considered, including 
changing water demand and land usage. 

(5) Further climate change impact studies should be undertaken in different 
locations throughout the Province to enhance understanding of projected 
climate change impacts across Ontario. 

(6) Further assessments should consider how projected climate change may 
affect other aspects of the SWP plans, including the delineation of vulnerable 
areas. 
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APPENDIX A: CMIP5 GCMS 

All GCM output data was obtained from the CMIP5 multi-model ensemble (World 
Climate Research Programme, 2017). 

Table A. 1: Summary of the modelling groups whose CMIP5 GCM output data was used in this 
research 

GCM Modelling group Historical RCP 

2.6 

RCP 

4.5 

RCP 

8.5 

ACCESS1-0 Commonwealth Scientific and 

Industrial Research Organization 

(CSIRO) and Bureau of 

Meteorology (BOM), Australia 

X  X X 

ACCESS1-3 X  X X 

CanESM2 Canadian Centre for Climate 

Modelling and Analysis 

X X X X 

CMCC-CESM Centro Euro-Mediterraneo per I 

Cambiamenti Climatici 

X   X 

CMCC-CM X  X X 

CMCC-CMS X  X X 

CNRM-CM5 Centre National de Recherches 

Météorologiques / Centre Européen 

de Recherche et Formation 

Avancée en Calcul Scientifique 

X X X X 

CSIRO-Mk3-6-0 Commonwealth Scientific and 

Industrial Research Organization in 

collaboration with Queensland 

Climate Change Centre of 

Excellence 

X X X X 

GFDL-CM3 NOAA Geophysical Fluid Dynamics 

Laboratory 

X X X X 

GFDL-ESM2G X X X X 

GFDL-ESM2M X X X X 

GISS-E2-H NASA Goddard Institute for Space 

Studies 

X X X X 

GISS-E2-H-CC X  X X 

GISS-E2-R X X X X 

GISS-E2-R-CC X  X X 

HadGEM2-AO National Institute of Meteorological 

Research/Korea Meteorological 

Administration 

X X X X 

HadGEM2-CC Met Office Hadley Centre 

(additional HadGEM2-ES 

X  X X 

HadGEM2-ES X X X X 
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realizations contributed by Instituto 

Nacional de Pesquisas Espaciais) 

INM-CM4 Institute for Numerical Mathematics X  X X 

IPSL-CM5A-LR Institut Pierre-Simon Laplace X X X X 

IPSL-CM5A-MR X X X X 

IPSL-CM5B-LR X  X X 

MIROC5 Atmosphere and Ocean Research 

Institute (The University of Tokyo), 

National Institute for Environmental 

Studies, and Japan Agency for 

Marine-Earth Science and 

Technology 

X X X X 

MIROC-ESM Japan Agency for Marine-Earth 

Science and Technology, 

Atmosphere and Ocean Research 

Institute (The University of Tokyo), 

and National Institute for 

Environmental Studies 

X X X X 

MIROC-ESM-

CHEM 

X X X X 

MPI-ESM-LR Max-Planck-Institut für Meteorologie 

(Max Planck Institute for 

Meteorology) 

X X X X 

MPI-ESM-MR X X X X 

MRI-CGCM3 Meteorological Research Institute X X X X 

MRI-ESM1 X   X 

NorESM1-M Norwegian Climate Centre X X X X 

NorESM1-ME X X X X 
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APPENDIX B: MONTHLY GROUNDWATER STRESS ASSESSMENT 

Table B. 1: Monthly percent water demand for Oro South Creeks sub-watershed 

 

  

  Monthly Percent Water Demand (%) 

  Jan. Feb. Mar. Apr. May June Jul. Aug. Sept. Oct. Nov. Dec. 

 Historical 1.59 1.58 1.54 1.62 1.97 2.23 2.25 2.23 1.90 1.60 1.58 1.60 

RCP 

2.6 

CNRM-CM5 1.55 1.54 1.50 1.58 1.92 2.18 2.19 2.17 1.85 1.56 1.54 1.56 

CSIRO-Mk3-6-0 1.46 1.46 1.42 1.49 1.82 2.06 2.08 2.06 1.75 1.48 1.45 1.47 

GFDL-ESM2M 1.56 1.55 1.52 1.59 1.94 2.19 2.21 2.19 1.87 1.58 1.55 1.57 

HadGEM2-ES 1.51 1.50 1.46 1.53 1.87 2.12 2.13 2.11 1.80 1.52 1.50 1.52 

MIROC-ESM 1.62 1.61 1.57 1.65 2.01 2.28 2.29 2.27 1.94 1.64 1.61 1.63 

MPI-ESM-LR 1.60 1.59 1.55 1.63 1.99 2.25 2.27 2.25 1.92 1.62 1.59 1.61 

RCP 

4.5 

CMCC-CM 1.51 1.50 1.46 1.53 1.87 2.12 2.14 2.11 1.81 1.52 1.50 1.52 

GFDL-CM3 1.51 1.51 1.47 1.54 1.88 2.13 2.15 2.13 1.82 1.53 1.50 1.53 

GFDL-ESM2M 1.56 1.55 1.51 1.59 1.94 2.19 2.21 2.19 1.87 1.58 1.55 1.57 

HadGEM2-AO 1.57 1.56 1.53 1.60 1.95 2.21 2.23 2.21 1.88 1.59 1.56 1.58 

HadGEM2-ES 1.52 1.51 1.48 1.55 1.89 2.14 2.15 2.13 1.82 1.54 1.51 1.53 

INMCM4 1.59 1.58 1.54 1.62 1.97 2.23 2.25 2.23 1.90 1.61 1.58 1.60 

RCP 

8.5 

CMCC-CM 1.46 1.46 1.42 1.49 1.82 2.06 2.08 2.06 1.76 1.48 1.45 1.47 

CMCC-CMS 1.50 1.49 1.46 1.53 1.86 2.11 2.13 2.11 1.80 1.52 1.49 1.51 

HadGEM2-CC 1.53 1.52 1.48 1.55 1.89 2.14 2.16 2.14 1.83 1.54 1.52 1.54 

IPSL-CM5A-MR 1.63 1.62 1.58 1.66 2.02 2.29 2.31 2.28 1.95 1.64 1.62 1.64 

INMCM4 1.65 1.64 1.60 1.68 2.05 2.32 2.34 2.32 1.98 1.67 1.64 1.66 

MRI-CGCM3 1.54 1.54 1.50 1.57 1.92 2.17 2.19 2.17 1.85 1.56 1.53 1.55 
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Table B. 2: Monthly percent water demand for Hawkestone Creek sub-watershed 

 

  

  Monthly Percent Water Demand (%) 

  Jan. Feb. Mar. Apr. May June Jul. Aug. Sept. Oct. Nov. Dec. 

 Historical 0.31 0.31 0.55 0.60 0.93 0.88 0.88 0.93 0.87 0.81 0.67 0.38 

RCP 

2.6 

CNRM-CM5 0.31 0.30 0.54 0.59 0.90 0.86 0.86 0.91 0.85 0.79 0.65 0.37 

CSIRO-Mk3-6-0 0.27 0.27 0.47 0.52 0.79 0.75 0.75 0.79 0.74 0.69 0.57 0.33 

GFDL-ESM2M 0.30 0.30 0.53 0.58 0.89 0.85 0.85 0.90 0.84 0.78 0.65 0.37 

HadGEM2-ES 0.28 0.28 0.49 0.54 0.83 0.79 0.79 0.84 0.78 0.73 0.60 0.34 

MIROC-ESM 0.32 0.32 0.56 0.62 0.95 0.91 0.91 0.96 0.90 0.83 0.69 0.39 

MPI-ESM-LR 0.32 0.32 0.56 0.62 0.95 0.90 0.90 0.95 0.89 0.83 0.68 0.39 

RCP 

4.5 

CMCC-CM 0.29 0.28 0.50 0.55 0.85 0.80 0.81 0.85 0.80 0.74 0.61 0.35 

GFDL-CM3 0.28 0.28 0.49 0.54 0.82 0.78 0.79 0.83 0.78 0.72 0.60 0.34 

GFDL-ESM2M 0.30 0.30 0.53 0.59 0.90 0.85 0.86 0.90 0.84 0.78 0.65 0.37 

HadGEM2-AO 0.30 0.30 0.52 0.58 0.88 0.84 0.84 0.89 0.83 0.77 0.64 0.36 

HadGEM2-ES 0.29 0.28 0.50 0.55 0.85 0.81 0.81 0.85 0.80 0.74 0.61 0.35 

INMCM4 0.32 0.32 0.56 0.62 0.95 0.90 0.90 0.95 0.89 0.83 0.68 0.39 

RCP 

8.5 

CMCC-CM 0.27 0.27 0.47 0.51 0.79 0.75 0.75 0.79 0.74 0.69 0.57 0.33 

CMCC-CMS 0.28 0.28 0.49 0.54 0.83 0.79 0.79 0.83 0.78 0.72 0.60 0.34 

HadGEM2-CC 0.27 0.27 0.48 0.53 0.81 0.77 0.77 0.81 0.76 0.71 0.59 0.33 

IPSL-CM5A-MR 0.33 0.33 0.58 0.64 0.98 0.93 0.93 0.98 0.92 0.85 0.71 0.40 

INMCM4 0.34 0.34 0.60 0.66 1.00 0.96 0.96 1.01 0.95 0.88 0.73 0.41 

MRI-CGCM3 0.29 0.29 0.51 0.56 0.86 0.82 0.82 0.87 0.81 0.75 0.63 0.36 
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Table B. 3: Monthly percent water demand for Oro North Creeks sub-watershed 

 

  Monthly Percent Water Demand (%) 

  Jan. Feb. Mar. Apr. May June Jul. Aug. Sept. Oct. Nov. Dec. 

 Historical 0.38 0.37 0.37 0.53 1.04 1.06 0.95 1.01 0.81 0.58 0.46 0.38 

RCP 

2.6 

CNRM-CM5 0.38 0.37 0.36 0.52 1.02 1.03 0.93 0.99 0.79 0.57 0.45 0.37 

CSIRO-Mk3-6-0 0.33 0.32 0.32 0.46 0.89 0.91 0.82 0.87 0.70 0.50 0.39 0.33 

GFDL-ESM2M 0.37 0.36 0.36 0.52 1.01 1.02 0.92 0.98 0.79 0.57 0.44 0.37 

HadGEM2-ES 0.34 0.34 0.33 0.48 0.94 0.95 0.86 0.91 0.73 0.52 0.41 0.34 

MIROC-ESM 0.39 0.38 0.38 0.54 1.06 1.07 0.97 1.03 0.82 0.59 0.46 0.39 

MPI-ESM-LR 0.39 0.38 0.38 0.54 1.06 1.08 0.97 1.04 0.83 0.60 0.47 0.39 

RCP 

4.5 

CMCC-CM 0.35 0.34 0.34 0.49 0.96 0.97 0.88 0.93 0.75 0.54 0.42 0.35 

GFDL-CM3 0.34 0.33 0.33 0.47 0.92 0.93 0.84 0.90 0.72 0.52 0.40 0.34 

GFDL-ESM2M 0.37 0.36 0.36 0.52 1.01 1.02 0.93 0.98 0.79 0.57 0.44 0.37 

HadGEM2-AO 0.36 0.35 0.35 0.50 0.98 0.99 0.90 0.96 0.76 0.55 0.43 0.36 

HadGEM2-ES 0.35 0.34 0.34 0.48 0.95 0.96 0.87 0.92 0.74 0.53 0.42 0.34 

INMCM4 0.39 0.38 0.38 0.54 1.06 1.07 0.97 1.03 0.83 0.59 0.47 0.39 

RCP 

8.5 

CMCC-CM 0.33 0.32 0.32 0.46 0.89 0.90 0.81 0.87 0.69 0.50 0.39 0.32 

CMCC-CMS 0.34 0.33 0.33 0.48 0.93 0.94 0.85 0.90 0.72 0.52 0.41 0.34 

HadGEM2-CC 0.33 0.32 0.32 0.46 0.90 0.91 0.82 0.88 0.70 0.50 0.40 0.33 

IPSL-CM5A-MR 0.40 0.39 0.39 0.56 1.10 1.11 1.01 1.07 0.86 0.62 0.48 0.40 

INMCM4 0.41 0.40 0.40 0.57 1.11 1.13 1.02 1.08 0.87 0.62 0.49 0.41 

MRI-CGCM3 0.36 0.35 0.35 0.50 0.97 0.98 0.89 0.94 0.76 0.54 0.43 0.35 


