
water

Article

2 ◦C vs. High Warming: Transitions to Flood-Generating
Mechanisms across Canada

Bernardo Teufel * and Laxmi Sushama

����������
�������

Citation: Teufel, B.; Sushama, L. 2 ◦C

vs. High Warming: Transitions to

Flood-Generating Mechanisms across

Canada. Water 2021, 13, 1494.

https://doi.org/10.3390/w13111494

Academic Editor: Maria Mimikou

Received: 15 March 2021

Accepted: 24 May 2021

Published: 27 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Trottier Institute for Sustainability in Engineering and Design, McGill University,
Montréal, QC H3A 0C3, Canada; laxmi.sushama@mcgill.ca
* Correspondence: bernardo.teufel@mail.mcgill.ca

Abstract: Fluvial flooding in Canada is often snowmelt-driven, thus occurs mostly in spring, and has
caused billions of dollars in damage in the past decade alone. In a warmer climate, increasing rainfall
and changing snowmelt rates could lead to significant shifts in flood-generating mechanisms. Here,
projected changes to flood-generating mechanisms in terms of the relative contribution of snowmelt
and rainfall are assessed across Canada, based on an ensemble of transient climate change simulations
performed using a state-of-the-art regional climate model. Changes to flood-generating mechanisms
are assessed for both a late 21st century, high warming (i.e., Representative Concentration Pathway
8.5) scenario, and in a 2 ◦C global warming context. Under 2 ◦C of global warming, the relative
contribution of snowmelt and rainfall to streamflow peaks is projected to remain close to that of
the current climate, despite slightly increased rainfall contribution. In contrast, a high warming
scenario leads to widespread increases in rainfall contribution and the emergence of hotspots of
change in currently snowmelt-dominated regions across Canada. In addition, several regions in
southern Canada would be projected to become rainfall dominated. These contrasting projections
highlight the importance of climate change mitigation, as remaining below the 2 ◦C global warming
threshold can avoid large changes over most regions, implying a low likelihood that expensive flood
adaptation measures would be necessary.

Keywords: climate change; regional climate model; flooding; flood-generating mechanisms; 2 ◦C
warming

1. Introduction

The significance of flooding for society is evident, given that flooding frequently leads
to fatalities [1,2] and multi-billion dollar damage [3,4]. Fluvial flooding, which occurs when
water overflows or breaches a river’s banks and then inundates the surrounding area, is
responsible for a majority of the most damaging floods in Canadian history [5,6].

An intensification of the hydrological cycle in a future warmer climate is expected [7],
which is likely to impact the frequency and severity of extreme hydrological events, includ-
ing flooding. In Canada, fluvial flooding occurs mostly in spring due to snowmelt or due
to combined rain/snowmelt events, while occasionally (mostly for southern watersheds)
it can occur in summer and fall because of rainstorms [8,9]. Increasing rainfall extremes
over the northern mid-to-high latitudes have already been observed [10], and further
intensification is projected in future climates [11–13]. A warmer climate is expected to
impact snowmelt events through multiple pathways: on one side, warmer temperatures
favor increased snowmelt rates [14]; however, less shortwave energy is available earlier in
the snowmelt season, favoring slower snowmelt [15]. Projected changes to both rainfall
and snowmelt highlight the potential for significant shifts in flood-generating mechanisms
across Canada.

Previous studies on the projected impact of global warming on flood-generating
mechanisms have suggested extensive, landscape-scale transformations. For example,
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large areas of the northwestern United States are projected to experience shifts from mixed-
rain-and-snow to rain-dominant behaviour, along with increased flood risk by the end
of the 21st century [16]. Projections over Norway also show the increasing relevance of
rainfall as a flood-generating process, where it is projected to replace snowmelt as the
dominant process for several basins [17]. Rain-on-snow (ROS) events can trigger major
floods due to the contribution of both rainfall and snowmelt, and projections over the
Swiss Alps suggest that the number of ROS events could increase by close to 50% with
temperatures 2–4 ◦C warmer than present, before declining when temperatures go beyond
4 ◦C of warming [18]. ROS events are an important flood-generating mechanism for most
of Canada, and increases in ROS characteristics (frequency, rainfall amount, and runoff) are
projected during the November to March period for most regions of Canada by 2041–2070,
due to increases in rainfall [14].

Projected changes to streamflow (and flooding) are often assessed using hydrological
models driven by climate model outputs for various scenarios. Global and regional climate
models (GCMs and RCMs), with their water budget including both the atmospheric and
land surface branches, are ideal tools to better understand the linkages and feedbacks
between climate and hydrological systems, and to evaluate the impact of climate change
on streamflow and its generating mechanisms. RCMs offer higher spatial resolution than
GCMs, allowing for finer-scale dynamics to be simulated, and are a more adequate tool
for generating the information required for regional impact studies. RCMs have been
increasingly used to study projected changes to various components of the hydrological
cycle, including streamflow [9,19–25].

While previous studies have assessed projected changes to streamflow, this is the
first study to explore projected changes to flood-generating mechanisms in terms of the
relative contribution of snowmelt and rainfall across Canada, based on an ensemble of
transient climate change simulations performed using a state-of-the-art regional climate
model. Changes to flood-generating mechanisms are assessed for both a late 21st century,
high-warming scenario (i.e., the Representative Concentration Pathway 8.5—RCP8.5), and
a 2 ◦C global warming context, highlighting the benefits of climate change mitigation and
simultaneously informing adaptation measures.

The paper is organized as follows. Section 2 describes the model and simulations
used for this study. Section 3 discusses the results, from the validation of streamflow in
the current climate, to the evolution of flood-generating mechanisms in future climates,
followed by conclusions in Section 4.

2. Methods

This study is based on the limited area version of the Global Environmental Multiscale
(GEM) model, used for numerical weather prediction at Environment and Climate Change
Canada [26]. It employs semi-Lagrangian transport and a (quasi) fully implicit time-
stepping scheme. In its fully elastic nonhydrostatic formulation [27], it uses a vertical
coordinate based on hydrostatic pressure [28]. In this study, the GEM physics package
includes: deep convection following Kain and Fritsch [29], shallow convection based on
a transient version of the Kuo [30] scheme [31], large-scale condensation [32], correlated
K solar and terrestrial radiation [33], sub-grid-scale orographic gravity wave drag [34],
low-level orographic blocking [35], and turbulent kinetic energy closure in the planetary
boundary layer and vertical diffusion [36–38].

The land surface scheme used is CLASS v3.6 [39], which is permafrost-enabled as the
soil model is 60 m deep and has both mineral and organic soils represented, important
components of high-latitude soils [40,41]. The surface and sub-surface runoff calculated
by the surface scheme are used to simulate streamflows interactively in GEM using the
modified WATROUTE hydrological routing scheme [21,42]. The routing scheme solves
the water balance equation at each grid cell and relates water storage to outflow from
the grid cell, using Manning’s equation. The flow directions, river lengths, and slopes
required by the routing scheme are derived from the HydroSHEDS database [43], available
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at 30-arcsecond spatial resolution, following the upscaling method employed by Huziy
et al. [22]. Sub-grid lakes are represented using FLake [44].

An ensemble of five GEM simulations are performed for the 1950–2099 period over
a pan-Arctic domain at 0.5◦ (~50 km) grid spacing, covering all areas north of 49◦ N
and including the entirety of Canada’s landmass (Figure 1), using a 20-min time step.
Each of these simulations is driven at the boundaries by the corresponding member of
the second-generation Canadian Earth System Model (CanESM2) ensemble, following
the high-emissions RCP8.5 scenario. Given efforts to significantly reduce the risks and
impacts of climate change by “holding the increase in the global mean temperature (GMT)
to well below 2 ◦C above pre-industrial levels” (Paris Agreement), the simulations are
also assessed by assuming that this 2 ◦C warming level is not exceeded [45]. According
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [7],
the 1986–2005 reference period is 0.6 ◦C warmer than pre-industrial levels. For CanESM2
RCP8.5, the 30-year time slice with a GMT increase of 2 ◦C above pre-industrial levels
(1.4 ◦C above reference levels) corresponds to the 2017–2046 period.
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Figure 1. (a) Experimental domain of Global Environmental Multiscale (GEM) simulations, with every fifth grid point
shown. The outer thick lines represent the full domain, while the inner thick lines represent the free domain. (b) Upstream
drainage area over the analysis domain. Major rivers are named near their outlet. Black lines show the boundaries of
Canadian provinces and territories, named with their two letter codes. Green lines show the boundaries of major drainage
areas as defined by Water Survey of Canada.

3. Results and Discussion

The results are presented in two sections. In the first, floods and their generating
mechanisms in GEM are explored in the current climate and validated against observations.
In the second, projected changes to flood-generating mechanisms are assessed, for both a
2 ◦C warmer globe, and for a high-emissions scenario.

3.1. Flood-Generating Mechanisms in the Current Climate
3.1.1. Streamflow Validation

As discussed in Section 2, the version of GEM used for this study simulates streamflow
at every model time step. To focus on the performance of GEM for events potentially
leading to flooding, the peak daily streamflow is selected for each year, and its magnitude
and date of occurrence compared to those at hydrometric stations in the Canadian National
Water Data Archive HYDAT database. A total of 747 HYDAT stations recording natural
streamflow and having at least 30 years of data in the 1971–2020 period are considered for
validation. Both the magnitude and date of annual maximum streamflow (AMS) events are
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recorded. The average date of maximum streamflow occurrence is derived using circular
statistics (i.e., by mapping the days of the year on the unit circle). This date is assumed to
be representative of most events at the station when at least 50% of events occur within
30 days of the average date. The magnitude of the 1 in 10-year event is approximated by
the 90th percentile, and its magnitude normalized by the median event, giving a measure
of the variability of streamflow at each station.

Figure 2 shows that GEM captures all the major rivers in Canada, and the timing of
peak streamflow appears reasonable, generally occurring earlier for the warmer south-
ern regions and later farther north. In some regions of central Canada (shown in grey),
the average timing of peak streamflow is very variable, suggesting that more than one
mechanism could lead to flooding in this region. As in observations, GEM suggests that
streamflow in the Prairie region is more variable from year to year than for rest of Canada.
Direct comparison at HYDAT stations where drainage area is within 20% of the value used
in GEM reveals that GEM underestimates the median AMS by around 30%, and the AMS
occurs on average 6 days later in GEM, for the median station. Compared to similar studies,
it can be said that GEM is able to reasonably capture the magnitude, the timing, and the
variability of peak streamflow with respect to observations over most regions.
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shown on top.

3.1.2. Flood-Generating Mechanisms

Given that the two processes contributing virtually all liquid water at the surface are
snowmelt and rainfall, any streamflow peak can be traced back to these two components,
after considering delays in surface and groundwater transport. These delays also imply
that an extended period of snowmelt and/or rainfall is required to generate a notable
streamflow peak, at least at the scales considered in this study, which exclude flash flooding.

The analysis of flood-generating mechanisms in the current climate (1981–2010) fo-
cuses on the 150 largest streamflow events (30 years times 5 ensemble members) at each
grid point. To ensure that these events are independent, a minimum 90-day separation
between events is enforced. It is hypothesized that each of these events is caused by
snowmelt, rainfall, or both, falling over the upstream contributing basin prior to the event.
To take into account some of the hydrological characteristics of each basin, varying moving
windows for accumulation of rainfall and snowmelt (from 1 to 90 days), and varying delays
between the accumulation window and the date of maximum streamflow (also from 1 to
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90 days) are considered at each grid point. The accumulation window and delay that best
explain the variability in streamflow are chosen on the basis of the maximum correlation
coefficient between accumulated snowmelt/rainfall and streamflow for the 150 events.
To establish the relative contribution of snowmelt and rainfall, it suffices to compare the
contribution of each over the accumulation window at each location.

Figure 3 shows that the amount of snowmelt/rainfall falling over the contributing
basin is strongly correlated with the magnitude of the corresponding ensuing streamflow
event. The value of the correlation coefficient is close to one over some parts of the high
Arctic, where permafrost forces hydrological processes to occur very close to the land
surface. Lower correlations over central Canada again suggest multiple flood-generating
mechanisms over this region, with potentially varying accumulation windows and delays.
Figure 3 also shows the relative contribution of snowmelt and rainfall to streamflow events.
As expected, both snowmelt and rainfall contribute significantly to flood generation over
most of Canada, with warmer regions having slightly more rainfall contribution. Over
northern Canada, as well as the western mountain ranges, the snowmelt contribution
exceeds (often significantly) the rainfall contribution.
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Figure 3. Correlation coefficient between streamflow and accumulated snowmelt/rainfall upstream
of respective grid cell in GEM for the 150 largest streamflow events during the 1981–2010 period
(left). Relative average snowmelt (SM) and rainfall (RN) contribution during those events (right).

3.1.3. Intense Floods

Given that higher streamflows are more likely to lead to flooding, it should be assessed
whether the relative contribution of rainfall and snowmelt varies with the magnitude of
the streamflow event. To assess whether 1 in 10-year events behave differently, the average
relative contribution is calculated using only the 15 largest events (instead of 150). Figure 4
shows that, over many regions, the largest events are characterized by decreased rainfall
contribution (i.e., increased snowmelt contribution). Interestingly, this also occurs along
the course of several large rivers (e.g., Mackenzie).
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3.2. Projected Changes to Flood-Generating Mechanisms
3.2.1. Projected Changes to Streamflow

As discussed in Section 1, a warmer climate is expected to impact streamflow events
through multiple pathways, including changes to rainfall, snow accumulation, and melt
rates, as well as evapotranspiration and infiltration rates. Figure 5 shows that GEM projects
both increases and decreases in median annual maximum streamflow over Canada, with
the strongest relative increases projected for the high Arctic (where both snowmelt and
rainfall are projected to increase significantly), while large regions of central and western
Canada are projected to experience decreases in peak streamflow. The date of occurrence
of peak streamflow is projected to become earlier in spring over virtually all regions where
such a projection can be made (Figure 5), as a consequence of earlier snowmelt. The
year-to-year variability in streamflow is not projected to change significantly over most
regions (not shown). Under a 2 ◦C warming, changes are projected to be relatively small,
with most regions projected to stay within 10% in magnitude and 15 days in timing of peak
streamflow. In contrast, following a high-emissions scenario leads to significant changes
in streamflow magnitude over large regions, and shifts of up to 2 months in the average
date of occurrence of peak streamflow, thereby increasing the likelihood that adaptation
measures would be required.
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3.2.2. Transitions to Flood-Generating Mechanisms

Figure 6 shows that the amount of snowmelt/rainfall falling over the contributing
basin is projected to remain strongly correlated with the magnitude of the corresponding
ensuing streamflow event in a warmer climate, with spatial patterns resembling those seen
in Figure 3 and discussed in Section 3.1.2. Under 2 ◦C of global warming, the relative
contribution of snowmelt and rainfall to streamflow peaks is projected to remain close
to the 1981–2010 reference period, with some projected increases in rainfall contribution
over Ontario and southern Quebec (Figure 6), but both components remain close in mag-
nitude. In contrast, following a high-emissions scenario leads to generally higher rainfall
contributions over Canada and the emergence of hotspots of change over central Nunavut,
Nunavik, the west coast, and northern Ontario, where rainfall contribution is projected
to significantly alter the currently snowmelt-dominated regime, as well as the southern
Prairies, where rainfall is projected to become the dominant factor. In addition, warmer
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regions such as Vancouver Island, southern Ontario, and parts of the Maritimes are also
projected to become rainfall-dominated.
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4. Conclusions

The implications of the projections presented in Section 3 vary depending on the
region and the vulnerability of natural and built systems in the region. Increased peak
streamflow, as projected for several regions, has the direct implication of increased flood
risk. Decreased peak streamflow, while positive from the flooding perspective, hints at
potential decreases in total streamflow, which has important implications for freshwater
resources. The same can be said for shifts in streamflow distribution throughout the
year, linked to shifts in the average date of peak streamflow, which additionally have
implications for flow regulation plans in the affected regions.

Like most previous RCM-based studies on flooding, this study uses high streamflow
(or discharge) as a proxy for flooding, which constitutes a good approximation under
the assumption of a fixed stage–discharge relationship. However, extreme flooding in
Canadian rivers is frequently the result of ice jams [46], particularly for north-flowing
rivers, with water levels for a given discharge greatly exceeding those occurring under
open-water conditions, due to the well-known hydraulic effects of ice on flow conveyance.
Given warming temperatures, the probability of mid-winter ice jams is likely to increase
across many regions, constituting a major threat to riverside communities and infrastruc-
ture [47,48]. Simulations of projected changes to river ice and ice jam mechanisms are thus
needed and are currently being implemented in models.

While the ~50 km grid spacing used in this study is sufficient for the identification of
potential hotspots of change at regional scales, higher resolution is required for assessing
impacts at local scales. This would also allow studying flash flooding in smaller basins,
which might increase in a warmer climate, given the significant projected increases in
short-duration rainfall [49]. Site-specific impact studies can be performed with the aid of
hydrodynamic models, which can explicitly simulate inundation area and flood depths,
and are often used to provide flood-risk mapping [50]. The flow boundary conditions
required for mapping purposes could be taken from high-resolution RCM simulations
of streamflow.
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