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Foreword

Hydrologic and hydraulic analysis for bridge design is dependent on flow estimates at site-specific watershed, river,
and reach locations. Changes in peak flow magnitude under climate change are unknown or poorly understood due
to the complexity of watershed hydrologic responses and their climatic drivers. The resulting lack of consistency in the
climate-informed flood frequency analyses that practitioners currently apply to Canadian bridge and highway design
may contribute to uncertainty and risk. This research report evolved from the recognized need for standardized and
simplified tools to support hydrological practitioners in Canada in completing climate change-informed peak flow
assessments. Current practice for small rainfall-dominated watersheds recommends use of temperature scaling
approaches applied to rainfall intensity using the Clausius-Clapeyron relationship. Because this approach is well
documented, small rainfall-dominated watersheds are not included in this report. The recommendations presented

in this report are intended to support future editions of CSA S6, Canadian highway bridge design code [1], and to
help advance a common method/approach in executing hydrological investigations and flood frequency analyses for
bridge design in Canada. However, these recommendations can also be applied to similar investigations where peak
flow investigations in a changing climate are needed, such as flood hazard assessments.

The findings presented in this report draw from personal experience of the authors, an extensive literature
review of peak flow estimation under climate change, and interviews with key practitioners and researchers
from across Canada. While the literature review focuses on tools and processes used for regionalization and
flood frequency analysis from both the academic (peer-reviewed) literature and practitioner reports, the
interviews are meant to highlight lessons learned from the implementation of peak flow estimation by experts.
Together, these guide the creation of a framework to advance this knowledge into a set of procedures and tools
that can be used by practitioners in estimating peak flows for bridge sites across Canada. It should be noted
that while this study establishes the framework and recommendations for these procedures and tools, it does
not include the development of such tools. This aspirational undertaking would be the objective of a subsequent
implementation program.
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Glossary

AR - Assessment report, which is the documentation accompanying a release of the CMIP experiments. (Refers to
IPCC's AR.)

CMIP - Coupled Model Intercomparison Project experiments, which are a group of global climate models (GCMs)
from different climate modelling institutes around the world that all run a series of carbon emission scenarios to
represent different trajectories of climate change across a set time horizon.

ESM - Earth System Model, or simulation of all processes on Earth, including biological, chemical, biogeochemical,
as well as climate and hydrology. They are used as improved representations of surface processes within GCMs.

FFA - Flood frequency analysis, or the assignment of a probability of occurrence to a specific streamflow threshold.

GCM - Global climate model or general circulation model, which refers to the global scale simulation of climate
variables used for climate change assessment.

GMT - Global mean temperature rise, which represents the increase in global average temperature above “pre-
industrial” levels (typically reported relative to temperature in 1880).

IDF - Intensity-duration-frequency, which is an approach applied for assessing rainfall-runoff resulting from
rainstorms by correlating the amount of precipitation (intensity) to the length of rainfall (duration) to arrive at the
severity of the storm (frequency or return period).

IPCC - Intergovernmental Panel on Climate Change, which is the international regulatory body controlling the
release of the CMIP experiments.

LEs - Large climate ensembles, which represent ensembles derived from multiple GCMs and emissions pathways.

POT - Peaks over threshold, which is a statistical method for FFA that uses observations that are above a given
threshold, called exceedances. POT are defined to identify types of events, such as snowmelt from rainfall derived
peak flows.

Practitioner - An individual who possesses the knowledge, skills, training, experience, and other requirements to
perform an FFA. Used interchangeably with qualified person.

Qualified person - An individual who possesses the knowledge, skills, training, experience, and other
requirements to perform an FFA. Used interchangeably with practitioner.

RCM - Regional climate model, which refers to the dynamically (using a model) downscaled representation of global
climate processes and variables for a specific region of interest.

RCPs - Representative concentration pathways, which are from the coupled model intercomparison project fifth
assessment (CMIP5). Also see SSPs definition, which applies to CMIPG6.

RFA - Regional flood frequency analysis, which is used to estimate the magnitude of flood events of various return
periods across homogeneous regions, as opposed to at single sites or gauges.

SMILEs - Single model initial-condition large ensembles, which represent an ensemble derived from a single GCM
but with perturbed initial conditions and boundary conditions for each member.

SSPs - Shared socioeconomic pathways, which are from the coupled model intercomparison project sixth
assessment (CMIP6) representing different greenhouse gas or emissions scenarios and application of a range of offset
technological innovations to mitigate climate change in the future. Also see RCP definition, which applies to CMIP5.
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Executive Summary

A leading cause of bridge failures is due to scour and erosion around bridge piers and abutments. Suitable
protection against these hazards, as well as determining the required hydraulic opening size of bridges that span
watercourses is largely dictated by the estimated peak design flowrate. This flowrate allows practitioners to manage
flow velocities and acceleration through the bridge site, to ensure adequate bridge soffit clearance is provided,

and to assess in-stream and overbank flows. By providing an adequate bridge span and hydraulic opening, scour,
erosion, and over-topping can be managed. In the past, design flow estimates were heavily dependent on historical
records and typically relied on completing frequency analysis of historical observed streamflow data or a proxy
thereof. These historical streamflow-based estimates are becoming increasingly less valid under a changing climate,
particularly for bridge infrastructure that is intended to last for decades. For non-rainfall-dominated watersheds (i.e.,
watersheds in which peak bridge-related flooding cannot be linked directly to individual rain events), hydrological
modelling of the contributing watershed is required to estimate future condition peak flow. This approach can
overcome the assumption of climate stationarity, which is a key assumption of traditional hydrologic assessments.
However, hydrologic modelling of watersheds can be a significant undertaking and the level of effort to build and
analyze a climate-driven watershed hydrological model may not be commensurate with the risk imposed at the
subject bridge site.

The research conducted for this report investigated the range of simplified and standardized approaches that

would allow practitioners to estimate future condition peak flow at bridge sites across Canada. This report is the

first step toward an initiative with the aspirational goal of developing upper bound factors that can be applied to
frequency analysis of historical records to reflect the impacts of climate change. Although the underlying flood-
generating mechanisms may be changing, developing “bounding curves” and resulting “delta-change factors”

can be justified by comparing peak flows from modelled historical and future climate windows. The delta-change
factors could then be applied to estimate conservative future condition peak flows at other locations within the same
hydrological region. Thus, a practitioner could use traditional peak flow estimating procedures, such as single station
frequency analysis or regional approaches, and apply a delta-change factor that represents the maximum change

in peak flow expected to occur based on a specific emission scenario and time horizon (collectively referenced as
degrees of global warming). Delta-change factors would provide the basis for resilient design (i.e., low probability of
exceedance) in the absence of detailed, site-specific hydrological assessments driven by future climatic parameters.
In turn, this would provide a level of consistency for completing peak flow assessments for bridge design in a
changing climate, which would benefit owners and practitioners alike by reducing engineering costs while still
incorporating hydrological expertise into the assessments.

While the ultimate objective is to develop a geographical dataset that allows practitioners to apply a delta-change
factor to historical flood frequency analysis of naturalized open water conditions to account for climate change,

this report is limited to investigating the feasibility of such an endeavour and providing recommendations for an
approach and the expected limitations. The investigation included a review of relevant studies and considered
whether they could be leveraged or emulated at a national scale. Due to the rapid evolution of hydrologic studies
that span a variety of spatial scales, landscapes, and hydrologic conditions, this report identified the most current,
robust, and relevant approaches, and included interviews with a variety of agencies and key individuals responsible
for peak flow estimation.
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This report concludes that a national dataset of bounding curves can be derived from a Canada-wide modelling
effort that performs a climate change impact assessment for peak flow estimation. From these bounding curves,
delta-change factors can be developed for various hydrologic regions or basins across Canada and used to
scale up historical, at-site practitioner-derived peak flow estimates for bridge design to account for climate
change impacts. The recommended approach achieves a balance between an adequate amount of rigour for
climate adaptation measures, as recommended by the Intergovernmental Panel on Climate Change (IPCC)
sixth assessment report (AR6), while recognizing the practical limits of practitioner resources, time, and

budget constraints.
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1 Introduction
1.1 Understanding the Problem

A leading cause of bridge failures is caused by scour and
erosion around bridge piers and abutments [1]. Suitable
protection against these hazards, as well as determining
the required hydraulic opening size of bridges that
span watercourses is largely dictated by the estimated
peak design flows that impact velocities and hydraulic
grade lines. In the past, the design flowrate was typically
estimated based on a frequency analysis of historical
streamflow data or a proxy thereof. These historical
streamflow-based estimates are becoming increasingly
less valid under a changing climate. In Canada, climate
change has affected the frequency, magnitude, and
timing of natural disasters involving water and flooding
[1], necessitating a closer examination of changing peak
flow frequencies and magnitudes resulting from non-
stationary anthropogenic and natural causes.

The Canadian Engineering Qualifications Board
released a national guideline pertaining to principles of
climate adaptation and mitigation that provides specific
guidance for the engineering profession, and clearly
establishes the need to integrate climate change into
engineering practice and design [2].

The current CSA S6, Canadian highway bridge design
code (CHBDC) [1] and related commentary [3] provide
limited guidance for estimating peak flows, stating
that “a hydrologic assessment shall be completed”

GES
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“A leading cause of bridge failures is caused
by scour and erosion around bridge piers and
abutments.”

using methods as “required by the owner." This vague
wording may lead to variation in the design of bridges
that are meant to be in place for 75 to 100 years and
will be subjected to floods of changing magnitude.
More rigorous standards, similar to those in place for
Canadian dam design [4], are needed.

Under a future climate, the temporal and spatial
changes to rainfall, snowmelt, and rain-on-snow
characteristics could lead to changes in the flood-
generating mechanisms responsible for peak flows

at a bridge site, causing significant shifts in the
frequency, severity, and timing of runoff. For small
watersheds, where the dominant flood mechanism is
the result of runoff generated from rainfall, intensity-
duration-frequency (IDF) curves in combination with
event-based rainfall-runoff methods are generally
used to assess peak flow. The current recommended
temperature scaling approach, described in CSA Plus
4013, Technical guide: Development, interpretation
and use of rainfall IDF information: Guideline for
Canadian water resources practitioners [5], can be
used to estimate future peak flows. However, for larger
and more complex watersheds, where peak flows

are governed by unique and varying hydrological
conditions, watershed modelling upstream of the
bridge site is typically required to estimate future peak
flows. Additional guidance and support is needed for
the engineers and geoscientists who are tasked with
estimating these peak flows as a part of bridge design
in a changing climate.



1.2 Rationale for Considering Peak
Flow Estimation in the Code

An updated version of the CHBDC and related
commentary (CSA S6.1) is in development, as described
in the CSA Group research report, “Climate Change
Provisions for CSA S6:25 Canadian Highway Bridge
Design Code: Findings and Recommendations” [6]. The
update will provide clearer direction on the common
method/approach, including specific actions required
for hydrologic analysis and peak flow estimation

at bridge sites. This could be achieved through an
improved understanding of current (i.e., historical)

and future hydrological conditions, with the goal of
improving the resiliency of bridge structures in Canada.

Climate change-informed hydrological assessments
represent a significant step in the level of expertise,
resources, and effort required to estimate peak flow at
bridge sites. Many organizations and practitioners may
not have the expertise or the capacity to undertake
in-depth, robust climate-adjusted hydrologic modelling
and appropriate interpretation and reporting for a
bridge project. Furthermore, the level of effort required
to build and analyze a climate-driven hydrological
model may not be commensurate with the risk imposed
on the subject bridge or the often limited budget and
schedule available to complete the analysis.

Recognizing these challenges, some Canadian
jurisdictions apply an upper bound factor to frequency
analysis of historical records to address the impacts

of climate change. Although this approach may lack

a direct scientific basis (because the underlying flood
mechanisms may be changing), there may be scientific
justification for developing “bounding curves” and
“delta-change factors” from a database that compares
peak flows from modelled historical and future climate
normal periods. The resulting upper bound delta-
change factors could potentially be applied to estimate
climate-adjusted peak flows at other locations within
the same hydrological region. This approach could
provide a more readily available Canada-wide spatial
database of adjustment factors that could be applied
to historical flood frequency analyses, thus benefiting
bridge owners and practitioners alike.

The ultimate goal of this “initiative” is to develop a
set of delta-change factors specific to all regions

‘ csagroup.org

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

across Canada that could be used by practitioners

to predict peak flow values that account for climate
change. The practitioner would apply these factors

to the peak flow estimates derived from traditional
hydrological methods that assume a stationary climate.
To develop the delta-change factors, calibrated
watershed hydrological models would need to be
forced by downscaled climate data, such that the
changes in peak flow estimates could be made by
comparing current and future condition results. The
intent is to develop bounding curves that could be
used to derive conservative upper bounds to expected
changes in peak flow based on selected representative
concentration pathways or shared socioeconomic
pathways (RCPs or SSPs) scenarios and time horizons
(collectively referenced as degrees of global mean
temperature rise, °GMT, relative to the 1987-2016
baseline time period).

The bounding curves and associated conservative
delta-change factors would provide the basis for
resilient design (i.e., low probability of exceedance)

in the absence of detailed site-specific hydrological
assessments driven by future climatic parameters.
Thus, a practitioner could use traditional peak flow
estimating procedures, such as single station frequency
analysis or regional approaches, and apply a delta-
change factor to address the impacts of climate
change. The values developed would be conservative
from a bridge design perspective and would provide
more extreme peak flow estimates than those that
might be derived from undertaking a full site-specific
hydrologic analysis. Under no circumstances should
the adjustment factors decrease peak design flows
from present day estimates, even if future projections
indicate decreasing peak flow. This recognizes that

a bridge structure must be designed to address
current conditions, as well as conditions that may be
encountered throughout its life span.

Recognizing the significant effort required to develop a
national dataset of bounding curves and delta-change
factors, the goal of this report is to investigate
potential approaches and provide recommendations
to inform the development of such a dataset under a
future project. The development of a national dataset
of bounding curves and delta-change factors (“the
initiative”) is beyond the scope of this report.



2 Investigating Peak Flow
Estimation across Canada

To understand the current state of practice and
knowledge relating to peak flow estimation across
Canada, along with how climate change impacts are
considered (if at all), the research included a review
of the current literature, a review of research and
development investments, and a survey of practitioners
and agencies involved with climate-informed peak
flow estimation across the country. The key findings
are discussed in Section 2 of this report, while
recommendations related to the initiative are
presented and discussed in Section 3.

2.1 Current State of Knowledge: Review
of Existing Studies

The literature demonstrated that approximately one
half to one third of Canada’s areal extent has been
modelled in various studies [7], [8], from which it may
be possible to derive peak flow estimates for
watersheds under climate change at various extreme
guantiles ranging from a return period (RP) ' of 100 years
(annual exceedance probability, AEP = 0.01) to 10,000
years (AEP = 0.0001). Several studies use the Canadian
model parameter experiment (CANOPEX) catchments
(686 basins) [9] and large climate ensembles (LEs) to

do large-scale climate change analyses. The limitation

is that each study uses its own set of models, climate
ensemble, emissions scenarios, bias correction
techniques and datasets, and modelling methods that
are not directly comparable from one basin to the next.
Therefore, this report extracts methodological lessons
from these studies to compile best practices and lessons
learned, as presented in this section.

2.1.1 State of Climate Change Understanding
across Canada

Since 2014, the Canadian government has invested in
several reports, frameworks, and analyses to summarize
the impacts of climate change on the Canadian

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

landmass and biota. For example, Canada's Changing
Climate Report conducted and summarized an extensive
review of climate change across Canada [8], noting high
confidence and certainty in continued warming and
increasing precipitation, though with varied amounts
and certainty across Canada. Hydrologically, there is
high confidence of more frequent and extreme water
shortages in summer months and increasing winter
flows with earlier spring peaks. the report states that
“the rate and magnitude of climate change under high
versus low emission scenarios project two very different
futures for Canada,’ noting the “profound effects” under
the high carbon emissions scenarios and the lower
likelihood of achieving lower emissions scenarios,
which would require Canada and the rest of the world
to attain near-zero carbon emissions early in the second
half of the 21st century [10]. Since 2019, global society
has continued to follow the medium-to-high emissions
trajectories, with mean global warming expected to
exceed 2.00C in the 21st century compared to pre-
industrial levels [10].

Data underpinning Canada’s Changing Climate

Report was made available in a web-based interface
(ClimateData.ca) and in the Canadian Climate Data and
Scenarios database [11], with support for practitioner
adaptation and mitigation planning provided through the
Canadian Centre for Climate Services branch. Similar
international data repositories for global analysis and in
support of the IPCC assessments are provided by the
Copernicus Climate Change Service [12].

From the data and reports, it is now generally
accepted with high agreement that Canada’s climate
has warmed since 1948 and will continue to warm
throughout the 21st century [8]. There is also general
agreement that precipitation will increase across most
regions of Canada, though the models disagree on the
amount and timing of these increases [8], [13]. This will
result in increasing runoff for many rivers in Canada,
with a shift toward earlier snowmelt peaks (warmer
springs) and an increase in the number and frequency
of rainfall-driven peak flow events [14], [15]. However,

1 Return period (RP) and annual exceedance probability (AEP) are interchangeable, with [RP = 1/AEP]. The latter term is preferred to highlight ongoing risk each

year and is often expressed as a percentage.

GES
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across the Prairies, many models project decreasing
runoff during summer and early fall due to increasing
evapotranspiration losses in inflow-limited Prairie
basins [16]. Furthermore, many Canadian watersheds
may experience reduced peak flows going forward due
to reduced snowpack with peak freshet events trending
lower and earlier in the season. This would be a result
of more precipitation falling as rain rather than snow
over the historical snow accumulation period. It will
therefore be important for practitioners to determine
whether the highest peak flows are experienced during
current or future time periods extending over the
design life of a bridge structure.

2.1.2 Assessing Climate Change in Canada

Several significant Canada-wide initiatives have been
undertaken to document and understand the current
state of Canada's climate and the anticipated changes
[8], as well as advances in data dissemination and
availability [12], [17], [18]. The IPCC is the international
authority responsible for summarizing climate change
assessments and follows the World Climate Research
Program (WCRP) releases of the Coupled Model
Intercomparison Projects (CMIP) experiments, which
provide different generations of multi-model ensembles
that are used around the world to assess climate
change. At the time of writing, the CMIP6 was the most
current iteration [19].

There is a high degree of uncertainty about the future
climate due to different global climate models (GCMs),
internal variability, and emission scenarios (i.e.,, SSPs

or RCPs). Each climate model possesses a degree of
uncertainty that stems from its structure (i.e., algorithm,
numerical solution, grid structure, parameterization)
and consequent response to external radiative forcing.
To address structural uncertainty, the CMIPs include a
large selection of GCMs from different climate institutes
that contribute to the experiments. Uncertainty related
to internal climate variability is generally addressed

by increasing the ensemble size through multiple
realizations of initial model conditions. To address
uncertainty related to future emissions, each model is
run under a variety of SSPs (or RCPs) that represent a
range of greenhouse gas concentration forcings of the
atmosphere that, globally, result in different trajectories
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of climate change impacts, including precipitation,
temperature, and other variables (e.g., streamflow).

Processing climate data for use in impact model
simulations introduces added uncertainty. The coarser
resolution of GCMs (i.e., global scale) means they
may not adequately represent the region of interest.
Therefore, it is often beneficial to refine their resolution
through downscaling to improve the link between
atmospheric changes and land surface processes.
This procedure results in regional climate model (RCM)
output, if the downscaling uses a physically based
model to achieve the higher resolution, instead of a
statistical method of downscaling [15]. Regardless of
the downscaling method, bias correction is necessary
to improve the GCMs' representation of local-scale
climate processes and inter-relationships between
different variables (e.g., temperature and precipitation)
[20]. Depending on the method of downscaling and
bias adjustment procedures selected, there will be
slight to significant differences in the outputs [21] and
this added uncertainty would be carried forward if it is
subsequently used for hydrological studies and peak
flow assessment.

If the intended output of the climate assessment
process is a hydrologic variable (e.g., peak flow), then
climate model simulation data are typically fed into

a watershed hydrologic model. This establishes a
modelling chain, with every step in the modelling chain
introducing its own internal and structural uncertainty
to the overall or total uncertainty [22], [23], [24].
Added to this is the parameterization, or the process
of establishing the “constants” of internal, physics-

or concept-based equations within each step in the
modelling chain [25], [26].

This raises the question of reliability and confidence

in climate impact assessment modelling studies.

How can there be confidence in future projections
with this much uncertainty? The IPCC AR5 guidance
note provides direction on consistent treatment of the
uncertainty among climate model projections and
suggests a qualitative to quantitative (probabilistic)
matrix based on level of agreement among the
various models [27]. Another guide for practitioners is
provided in Environment and Climate Change Canada'’s

12
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(ECCC) Climate-Resilient Buildings and Core Public
Infrastructure report, which assigns confidence tiers (1,
2, or 3) that are defined as the “level of ‘trust’ that can be
placed in quantitative factor assessments for particular
climatic design variables” [28], [29]. In addition, the
IPCC's Climate Change 2021: The Physical Science Basis
provides guidance for mapping projected change and
disentangling “signal-to-noise” from climate models [30].
These documents, along with the recommendations
presented in Section 3 of this report, provide useful
guidance to inform decision-making for assessing
design flow under climate change.

2.1.3 Best Practice for Climate Change
Impact Assessment

This review of best practices related to climate change
impact assessment was conducted to determine the
potential impact of climate change on the hydrological
response of watersheds in various regions across
Canada, and the potential impact on peak flow. The

net impact climate change has on peak flow is of
particular interest, while the timing and volume of
streamflow is of general interest. Current best practices
agree on several key components of climate change
impact assessments, as described in a report from the
National Research Council (NRC), which also provided
an initial roadmap for climate change impact studies
related to floodplain mapping needs that include
hydrologic and hydraulic components [31].

The basic components of hydrological assessments
under climate change are represented by the different
colour boxes in Figure 1. Blue indicates steps in selecting
and preparing the climate model ensemble from
GCMs, while red represents hydrological modelling
components, and dark blue represents output from
the analysis (i.e., local peak flow impact assessment).
Finally, yellow represents the application or need for
reference (i.e., historical) datasets. Best practices within
the literature for each of the following components are
outlined in sections 2.1.3.1 through 2.1.3.5.

Figure 1: Key components of a climate change impact assessment (adapted from [31]).

[ Global Climate Model Ensemble

(GCMs, RCP/SSPs)

Coarse
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Downscaling
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Dynamical)
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Correction
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Hydrological
Model

Target domain :
H of interest

Model
Calibration

Hydrological Future Delta-Change Reference Observed
Model Ensemble Factor historical climate streamflow
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Flow Estimate
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2.1.3.1 Selection of Climate Model Ensemble

Climate models are numerical representations of the
physical world and atmosphere. They are complex

and designed to represent long-term changes to

the climate, including the range of climate variability
under uncertainty. Climate model simulations are
calibrated (i.e., bias corrected) to represent the statistical
parameters of the distribution of historical climate,

and not the recorded time series of climatology (i.e.,
sequence of events) [30]. In this way, they cannot be
directly compared to historical observations, rather they
are compared to the statistical distribution properties of
historical observations (i.e,, moments of the distribution:
mean, variance, skew, and kurtosis). When selecting a
climate model ensemble, the following important factors
that help frame the various components that contribute
to uncertainty must be considered [30]:

= Model structural uncertainty;
= Climate scenario uncertainty; and

= Natural and/or internal variability.

Climate model selection for impact studies should use

a subset of data from the most recent CMIP ensemble
to leverage the most current advances in climate

and Earth system models, which provide increased
resolution and accuracy to represent atmospheric and
surface processes. The selection of climate models
should consider the geographical scope of the project
and screen out any models that are known to produce
unrealistic transient climate response to greenhouse gas
(GHG) concentrations (known as “hot models”) [32].

The uncertainty in climate modelling results from
differences in the numerical equations, parameters
controlling these equations, and the initial and
boundary conditions specified among and within the
different GCMs. Different RCPs or SSPs represent
society's ability to buffer the climate crisis by reducing
GHG emissions or by mitigating their harmful effects
through technological innovation. Because there is no
single best model (GCM), and the future trajectory of
emissions is unknown, a selection of emission pathways
is typically applied to multiple GCMs to represent
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different climate forcings and the range of possible
outcomes. Although computationally intensive across
large domains, this approach captures a wider range
of uncertainty or spread of the future projections [28].
Alternatively, rather than specifying the emission
scenarios, current practice in climate modelling
promotes specifying a threshold of warming (i.e., °C
GMT rise) independent of when this is expected to
occur. This approach allows a more direct comparison
of current versus future outcomes with the emission
scenario being implicitly represented.

For a specific region in Canada, if there is
information correlating the time horizon with which a
corresponding change in temperature is anticipated
under specific SSPs or RCPs, then it may not be
necessary to include multiple emissions pathways

in a study. In this case, specific emission scenarios
and corresponding temperature thresholds that align
with the 75-year design life of a bridge could form the
basis of analysis. For example, as shown in Table 1,
using CMIP5 RCP 6.0 data relative to the pre-industrial
baseline would result in approximately 2°C GMT rise
over the 75-year design life of a bridge structure.

Internal variability can be represented and framed by
including sufficiently large initializations of the same
GCM. The use of single model initial-condition large
ensembles (SMILEs) allows flood frequency analysis to
be conducted on a large dataset resulting from multiple
realizations [33] from the same model. However,
because a SMILE is developed by varying initial and
boundary conditions of a single GCM, it results in a
narrower range of climate and hydrological responses
compared to an LE consisting of multiple GCMs and
emissions pathways. Selecting a SMILE as part of an
impact assessment workflow must confirm that the use
of a single GCM and emission pathway is suitable for
the stated objective [33]. Ultimately, an LE comprised
of multiple GCMs and initial and boundary conditions
would capture a larger range of possible outcomes,
including the extremes that would influence peak

flow estimates [34]. In a 2015 study, Cannon et al. [35]
outlined various considerations for ensemble selection.



Table 1: Change in Global Mean Temperature relative to the
1987-2016 baseline period (data based on CMIP5 and derived
from KNMI Climate Explorer [27]. Table reproduction is a copy
of the version available at [https://climate-scenarios.canada.
ca/?page=buildings-report].

AT RCP 8.5 RCP 6.0 RCP 4.5 RCP 2.6
C

+0.5° 2023

+1.0°C 2035 2046 -
+1.5°C 2047 2070 -
+2.0°C 2059 2087 — —
+2.5°C 2069 - — —
+3.0°C 2080 — — -
+3.5°C 2090 — — -

2.1.3.2 Selection of Downscaling and Bias
Correction Methods

Downscaling and bias adjustment of GCMs is typically
needed in hydrological studies due to the mismatch of
coarse GCM (i.e., global scale) resolution to the finer
scale of hydrological interactions. Deriving site-specific
peak flow estimates demands higher resolution of the
hydrological model both in time and space. Often, an
RCM is used to dynamically (i.e., numerically model)
downscale the GCM [36], but statistical methods

can also be used [37]. While the choice of approach
will impact the overall results, the uncertainty of

the downscaling and bias adjustment is typically
encompassed within the larger uncertainty envelope
generated by the GCM ensemble [38]. Consistency

in methodology is essential to ensure adequate
consideration of robust bias adjustment techniques,
computational limitations, as well as consistency in
the data used for the bias adjustment itself (i.e., it
should be consistent with the data used to calibrate
the hydrological model). The direct link between
temperature and precipitation changes resulting

from the Clausius-Clapeyron relationship, and if
possible, multivariate correction (i.e., simultaneous and
consistent correction of temperature and precipitation
from the GCM) should also be performed to preserve
the correlation between variables [39], [40].

GES

‘ csagroup.org

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

While dynamical downscaling may be the most
physically accurate, it is generally not feasible across
large domains (i.e., all of Canada) without significant
computational investment. To reduce computational
demand, some studies consider only a single GCM

or single SSP or RCP (i.e.,, SMILEs). For example, the
ClimEx ensemble [41] is a 50-member ensemble of
the Canadian RCM, version 5 (CRCM5) at a 10 km x
10 km grid over northeastern North America that used
the Canadian Earth System Model (CanESM2) as the
driving GCM. Intercomparison of different dynamically
downscaled RCMs or LEs is possible to improve

the understanding of the impact of downscaling

from global to regional domains. However, due to

the significant computational demand, statistical
downscaling is used more often for CMIP ensembles
over large domains. In Canada, there are several
repositories of statistically downscaled CMIP6
scenarios available Canada-wide [17], [42], [43], as well
as new initiatives in development (see Section 2.2.3).

Many bias adjustment techniques exist and are applied
in hydrological impact assessment studies [44]. The
most common method is quantile mapping to annual or
seasonal variations for the variables of interest [13], [35],
[45]. It is important to apply multivariate bias correction
techniques that consider non-independent changes
among temperature and precipitation, such as Cannon'’s
multivariate quantile mapping bias correction [45] or
Rajulapati and Papalexiou’s precipitation bias correction
[40]. The most important issue for the hydrological
modelling chain is preservation of the temperature
and precipitation correlation structure. However, if a
hydrological model requires additional input variables
(e.g., wind and solar radiation), then all of these variables
should be included in the bias correction. ERA5 is a
good source of observation data that includes variables
consistent with climate models, but it may not be the
best choice for hydrological model calibration [46],
which must consider the resolution of the reference
dataset. The reference climate dataset used for bias
adjustment should be commensurate (i.e., the same or
same statistical structure) with that used for calibration
of the hydrological model to ensure consistency. ERA5
data have been shown to be commensurate with several
reanalyses datasets used across Canada [47], [48],
[49]. In the context of the initiative, the Canadian-based
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Regional Deterministic Precipitation Analysis (RDPA)
data, based on the Canadian Precipitation Analysis
System (CaPA) developed by ECCC, may be a suitable
dataset [50].

Although bias adjustment methods may have a smaller
impact on multi-model climate impact studies than
other uncertainties [38], they likely have a greater
impact when evaluating extreme events. This is
particularly true of watersheds with changing climatic
or hydrologic extremes and flow generation processes
[51], [52], [53].

2.1.3.3 Hydrologic Model Selection, Setup,
and Calibration

Hydrological model selection is a critical choice that
will impact the outcome of the peak flow assessment
[51], [54]. Because dominant runoff generation
mechanisms vary regionally across Canada [55], the
choice of hydrological model will significantly impact
the performance and ability to represent hydrological
response in specific regions of Canada. As such, it

is unlikely that one particular model will be the right
choice for all of Canada. A key factor in model selection
is to ensure that the model structure represents the
range of hydrological processes and all dominant
runoff generation mechanisms. Model setup and
calibration should ensure that all dominant runoff
generation processes encountered across Canada
(e.g., temperature, precipitation, snow accumulation
and melt, glaciers, etc.) are included.
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“Because dominant runoff generation
mechanisms vary regionally across Canada,
the choice of hydrological model will
significantly impact the performance and
ability to represent hydrological response in
specific regions of Canada.”

Though significantly more computationally intensive,
some of the reviewed studies include multiple
hydrological models [22], [56], [57], similar to the IPCC
recommendations for climate projections (i.e., ensemble
of models). However, generally, current practice is

to select the best performing hydrological model,
calibrated and validated over the historical period [58].
It is important to establish simulation or performance
benchmarks to evaluate acceptable model behaviour
[59], [60]. The resolution of the reference climate dataset
should be aligned with the basic computational unit of
the hydrological model (i.e., model resolution), although
the structure of the basic computational unit (e.g., sub-
basin or grid) is not as important.

A range of hydrological models have demonstrated
success in hydrological assessments for various
regions across Canada, including SWAT, MESH, VIC,
HYDROTEL, CRM, SAC, WATFLOOD, HYPE, machine
learning methods (long short-term memory, LSTM),
and many others [22], [57], [61] - [70]. The Raven
framework has also been adopted in several studies
due to its flexible model structure and ability to perform
model structural uncertainty assessments [71].

Previously developed sub-basin delineations that
have hydrologically conditioned drainage networks
are available through agencies like the United
States Geological Survey (USGS) in the form of
HydroSHEDS [72] and MERIT Hydro [73] products.
Other hydrologic data needed to define the study
domain include a digital elevation model, land cover



data, soil classification data, and hydrography (i.e.,
geofabric layers). Several global land cover and soils
databases and products exist that are derived from
remotely sensed data and are commonly used in the
hydrological context, such as those produced by the
European Space Agency [74] and NASA [75]. It is
important to consider the spatial scale (i.e., resolution)
of the basic computational unit for the hydrological
model when selecting the geofabric.

The hydrological routing method that the model

uses to translate runoff into streamflow is another

key consideration. Routing methods are particularly
important for studies examining peak flow because the
routed streamflow will generate the extreme flow events
(e.g., Q95, or upper quantile, timing, and magnitude)
[76]. Regulated flow caused by reservoirs, dams,
spillways, and diversions that alter the flow path or
routing of flows will also significantly impact the peak
flow response. It is therefore important to limit model
calibration to natural or minimally altered watersheds
due to the errors that can result from non-stationary
flow interventions in managed systems. Inclusion of
regulated systems could unintentionally be absorbed by
model parameters during calibration if these structures
or alterations to flow routing are not mathematically
represented within the model itself [77].

To calibrate hydrologic models for regulated systems,
the reference data would have to be naturalized

(i.e., effect of water management removed) or the
water management facilities and their historical
operating regimes would need to be included within
each modelled watershed. Furthermore, to simulate
regulated historical and future periods for deriving
bounding curves and delta-change factors, potential
realizations of historical and future water management
facility operating regimes would also need to be
envisioned and modelled. This may be considered
impractical in the context of the current initiative but
could be a valuable undertaking in the future.

In some studies of large spatial extent (i.e., continental
or global), aggregation of model outputs was
completed as a post-processing step to simplify
outputs to similar hydrological zones. This removed
or diminished any effects of regionalizing model input
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data to a specific model computational scale [78], and
the local-scale heterogeneity and errors inherent to
distributed models. However, using these regionalized
results to develop unit streamflow outputs (i.e., m3/s/
km?) may present several drawbacks, including
reduced attention to watershed-specific hydrologic
considerations and reliance on absolute values rather
than indications of the magnitude and direction of
changes to peak flow resulting from climate change.

2.1.3.4 Reference Historical Datasets

A reference historical climate dataset is needed for

the modelling chain to support bias adjustment of the
GCM variables such that they adequately represent the
distribution of historical observed values and can also be
used for hydrological model calibration. The reference
historical dataset must be a complete gap-filled time
series representing, at a minimum, temperature and
precipitation values. Reanalysis datasets that provide
observed data aligned with model resolution have been
developed for this purpose [13]. In Canadian studies it is
especially important that the phases of precipitation (i.e.,
rain and snow) are adequately represented within the
historical dataset [49].

The ERA5/ERA5-Land provides an effective reanalysis
dataset for hydrological model calibration [79]. ERA5
provides the same variables as the climate models,

so it is well aligned for the GCM/RCM bias correction
step, and it has been shown to be consistent with, or
form the basis of, other global and North American-
wide reanalyses used for hydrological modelling [47],
[49]. ECCC's RDPA dataset may also be suitable for this
purpose [50].

The Water Survey of Canada’s hydrometric network
provides historical streamflow data at selected
locations across the country [80] and represents

an important source of data from which to calibrate
routed flows at the gauged locations. Hydrometric
data in transboundary watersheds may also be
required from the USGS. Both Canadian and US data
contribute to the World Hydrological Cycle Observing
System (WHYCOQOS), a global network of hydrometric
observations under the World Meteorological
Organization's HydroHub initiative [81].
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2.1.3.5 Local or Regional Impact Assessment

One major issue with existing climate change impact
assessments is that the reported time step of the
climate ensemble is rarely shorter than daily. Although
hydrological routing models simulating historical
conditions could include sub-daily time steps, models
forced by downscaled climate datasets would be
subject to the same coarser resolution as the climate
models. The resulting daily time step is, in many cases,
too coarse for bridge design peak flow estimation.
Further practitioner intervention to convert peak flow
estimates from daily to instantaneous values would be
required [82]. Methods exist to convert instantaneous
peak flows from daily maximums, but these approaches
generally rely on historical relationships. The flood
hazard delineation guideline published in 2019 by
Natural Resources Canada (NRCan) notes that for a
single site hydrometric gauge, the period of overlap
between daily (Qp) and instantaneous (Qp) peak flow
measurements can be used to estimate variables a and
b and extend an instantaneous peak flow record [83]:

Qp=aQy". (Equation 1)

Machine learning techniques could also be used to
support conversion from daily to instantaneous peak
flow estimates [78], [79].

2.1.4 Flood Frequency Analysis

Typically, a flood frequency analysis (FFA) is used to
determine the frequency and magnitude of floods (or
peak flow thresholds) under stationary hydrologic
conditions and can be applied to recorded (observed)
historical, modelled historical, and modelled future
conditions. “Stationary” is defined in the NRCan flood
hazard delineation guideline as applying to both land
use and climate-related changes [83].

Should the complete record of flow observations
inadequately represent the tails of the distribution (i.e.,
extreme flow scenarios) or be too short (< 10 years
according to [83]), then a probability distribution that
best represents the distribution of the data should

be used to statistically estimate the extreme values.
Commonly used distributions for FFA include Gumbel,
log-normal, log-Pearson type 3 (LP3), or generalized
extreme value (GEV). The chosen distribution is then
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fit to the observed (or modelled) data using statistical
techniques, such as the method of moments or
maximum likelihood estimation, to assess the fit of
the distribution moments (mean, variance, skew, and
kurtosis). Generally, the GEV and LP3 distributions
are found to be the most representative of Canadian
observed hydrometric records [84], [85], and are
consistent with the recommendations in the NRCan
guideline [83].

In a stationary climate, the return period (T = 1/AEP)
for various flood magnitudes and the uncertainty
bounds can be determined from historical records,
regionalization of flows, and watershed modelling.

The NRCan flood hazard delineation guideline lays
out the following recommendations and considerations
for FFA [83]:

* The use of instantaneous peak flows is preferred over
daily maximum.

= The preferred record length should be at least 2*T
with the minimum record length being 10 years for
statistical viability [86].

» Missing peak flow data should be infilled using
relational techniques.

= Homogeneous data, such as those having similar
flood generation mechanisms (snow vs. rainfall
generated peak flows) should be grouped.

= Extreme high flows may need to be considered
separately, as part of a different distribution.

= Records significantly impacted by land use and water
management changes (i.e,, non-stationary) should be
excluded or naturalized to a common base.

It is important to evaluate streamflow stationarity over
the periods of analyses, and in many cases, selection
of a shorter time period may be necessary to avoid
breaking the assumption of stationarity underpinning
the statistical methods. In these cases, methods
accounting for non-stationarity in FFA can also be used
[87], [88], [89]. Lessons learned from the probable
maximum precipitation literature and applications
suggest that consideration of compounding

factors generating extreme events is critical, and
instantaneous data should be used where possible to
generate true maxima [90].



The process of estimating peak flows at a site
typically involves performing an FFA on observed or
modelled flows to determine the flood at a desired
return period (i.e., AEP). In the case of a climate
change impact assessment, modelling is necessary,
and understanding the range of potential outcomes
requires the use of model ensembles. Consequently,
the results are typically presented as a range of
potential flows for each AEP.

2.1.5 Considering Climate Change
Non-Stationarity

Before climate-informed hydrological modelling of

the watershed can commence, the model must be
calibrated and verified against observed streamflow.
This is typically completed using a historical dataset (i.e.,
reanalysis dataset) representing a baseline time period,
suitable for the scale of the watershed and resolution of
the climate scenarios. Climate scenarios are then used
to force the hydrological model to produce a continuous
time series overlapping the historical reference time
period and extending into the future.

The simulation is completed for each member of the
climate ensemble, generating multiple realizations that
represent a range of projected hydrological conditions.
From the model ensemble, the historical and future
period results represent a range of possible outcomes
that in their entirety encapsulate the mean, variability,
and uncertainty associated with potential flow values.
Ideally, the FFA based on the observed historical period
would match the FFA based on GCM-driven historical
results with respect to at least the mean and variability
of the FFA distribution, or the distribution moments [87].

When considering flood frequency in a non-stationary
climate, the FFA becomes fundamentally dependent
on time; different FFA results will manifest for the same
location, depending on the period being analyzed

[89]. Notably, flood quantiles have to be estimated
from a sample of non-stationary streamflow data, a
process for which traditional FFA tools are unsuitable.
A common approach to resolve this problem is to break
the data into blocks of time (i.e, climate windows) and
assume that within each period the resultant data (i.e,,
peak flows) are stationary (see https://climatedata.ca/
interactive/30-years-data/). This allows the FFA to be
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conducted independently within each climate window.
The downside is that the resulting sample size can be
small (e.g., n = 30 years) if the analysis is conducted
individually for each ensemble member. The sample
size can be increased by pooling data across ensemble
members, but if each member represents a different
model or scenario, then the data may not be identically
distributed. Using a SMILE solves this problem by
allowing data to be pooled across a large number of
simulations, with the added benefit that the resulting
sample size is typically large enough that empirical
methods can be used to estimate quantiles. The trade-
off is that the results do not reflect all the elements of
uncertainty, such as model structure uncertainty and
the full range of possible climate futures.

Several other options can also be considered. For
example, using a temperature threshold instead of
time to define the sample period may present an
opportunity to pool data across models. Specifically,

if peak flow magnitude scales with temperature the
same way across models then the response to climate
forcing at each temperature threshold will be model and
scenario agnostic. This approach would also capture

a wider range of uncertainty due to model structure
and emission scenarios. However, guidance for bridge
design must consider the design life of the structure and
the peak flows that could be expected over this period,
which are dependent on the emission scenario.

Non-stationary FFA approaches can also resolve
the stationarity issue, allowing for a full suite of
time series projections to be pooled into the same
analysis. Distribution parameters use time or global
mean temperature change as a covariate, and flood
frequency curves can be fit to individual ensemble
members using the full period of record.

Notably, FFA could be performed on the multiple
ensemble datasets to estimate future condition peak
flows and to evaluate the impacts of climate change
over the periods of interest or relative to temperature
thresholds. Alternatively, for the purposes of
understanding the magnitude and direction of change,
the relative difference between historical and future
condition peak flows can be determined based on
selected quantiles.
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By selecting discrete increments of °GMT rise for
evaluating future peak flows, the time horizons and
relative changes in peak flow can be estimated
irrespective of when that occurs. This approach is
favourable because it allows for adaptive design
considerations as climate uncertainty becomes better
understood [85].

2.1.6 Best Practice in Canadian Peak Flow
Estimation

The methods presented in the NRC report [31], an
Ouranos report [91], and a study by Gillett et al. [92],
provide the most guidance in terms of rigour and
feasibility for future studies to derive Canada-wide
bounding curves for peak flow assessment. The NRC
and Ouranos reports lay out methodologies required
by practitioners to conduct climate change impact
assessments [31], [91]. A summary of the approaches
and lessons learned from each of these studies is
presented in this section.

The NRC report examined floods in Canada for
planning and design purposes [31]. Its objective was
to reduce the impacts of natural disasters in Canada
with a focus on floods. The report reviewed national
and international studies and summarized a variety

of approaches for modelling climate change for the
purposes of flood plain analysis. An inventory of
approaches is detailed to provide a set of guidelines
and recommendations for practitioners in Canada. The
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“The methods presented in the NRC report,
an Ouranos report, and a study by Gillett et
al., provide the most guidance in terms of
rigour and feasibility for future studies to
derive Canada-wide bounding curves for
peak flow assessment.”

final recommendations listed in Chapter 5 of the NRC
report formed the basis of the elements discussed

in this report, including study scope, elements of
climate model and emission scenario selection, time
horizons for analysis, downscaling and bias adjustment
procedures, and the downstream modelling chain (e.g.,
considerations of hydrologic and hydraulic models).

The Ouranos study was undertaken to estimate flood
frequency for dam safety applications, extending

to 2100 [91]. Similar to the NRC report, it synthesized
important procedural elements or steps taken for the
purposes of FFA to capture climate-impacted peak flow
estimates for dam safety. Of particular importance was
the post-processing of the hydrological model outputs
to derive the FFA estimates and peak flows. The project
was divided into three different working groups (WG,
WG2, and WG3). In the context of this research report,
the outputs of WG1 are particularly relevant, as they
are intended to be “simple enough” for practitioners,
but still of sound methodology. WG1 considered the
scaling of events, mixed events, and routing/storage
and attenuation effects impacting watersheds. They
used a Kling-Gupta efficiency of 0.61 as a minimum
model performance criterion for watershed inclusion
and applied two LEs (CanESM2-LE and the Community
Earth System Model, CESM1-LE) for RCP 8.5 to drive

a simple lumped, 5-parameter GR4 hydrologic model.
Notably, the RCP 8.5 scenario did not always produce
the maximum streamflow due to snowpack changes.
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Agreement —»>

The GEV distribution was used (though a lack of
agreement was noted) because it was considered

to be the only distribution that could extrapolate to
unobserved extrema. Maximums were computed over
20 x 5-year blocks to estimate the 1,000-year and
10,000-year flood peaks. The Ouranos report provided
guidance on the FFA decisions from climate ensemble
output presented in this report.

The study by Gillett et al. was a post-flood event
analysis of the November 2021 flooding that impacted
British Columbia's Fraser Valley, threatening public
safety and causing extensive damage to transportation,
infrastructure, and agriculture systems, as well as to the
livelihoods of people in the Sumas Prairie region [92].
This study was completed under a strict timeline (limited
computational time) in order to provide guidance for
post-flood recovery. The watershed analysis was limited
to runoff only (i.e., no flow routing), a single hydrological
model (VIC), and basins with minimal regulation or
alteration effects (i.e., stationary land cover). The study
used CanESM2-LE (50 members, RCP 8.5) as forcing
data, with the goal of assessing climate-impacted
changes to the flow duration curves and anticipated
future peak flows from hydrologic change driven by
internal climate variability. Design flood values were
provided for the following 30-year blocks: 1961-1990,
2010-2039, 2040-2069, and 2070-2099.

2.1.7 Consideration of Uncertainty

The cumulative effects of the modelling chain
increase uncertainty in estimating peak flows under

a changing climate. Sources of uncertainty include
those previously discussed in climate modelling:
structural uncertainty, internal climate variability, and
emissions scenarios [93]. Additional uncertainties

are encountered with impact models that relate to
downscaling techniques, bias adjustment, hydrologic
model selection, model resolution (i.e., temporal and
spatial), hydrologic model data sources (i.e., geofabric),
and model calibration and verification. While most

of these uncertainties can be quantified, it is often

at the expense of increased data conditioning and
computational effort [94]. For example, hydrological
models that represent more physical watershed
processes may improve representation of the variable
hydrological conditions that exist across Canada,

but their complexity often requires additional model
parameters to represent these processes. As shown in
Figure 2, the IPCC introduced a qualitative framework
for reporting uncertainty and assessing the overall
confidence in projections derived from ensembles in
their AR5 guidance note, which could be particularly
useful for practitioners. In this way, depending on

the number of scenarios (i.e.,, amount of evidence)
and agreement among the projections, a relative

Figure 2: IPCC (a) assessment of multiple lines of evidence to determine overall confidence, which can then be translated to
b) the likelihood scale to describe quantified uncertainty. from the AR5 [89]. Reproduced from [27], European Environment Agency.
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Likelihood Scale

Term* Likelihood of the Outcome

Virtually certain 99-100% probability

Very likely 90-100% probability
Likely 66-100% probability
Cogfcigfence About as likely as not 33-66% probability
Unlikely 0-33% probability
Very unlikely 0-10% probability

Exceptionally unlikely 0-1% probability
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confidence can be determined and transcribed into a
likelihood measure [27], [95]. The IPCC methods were
adopted by the Canada's Changing Climate Report
2019 [8]. Similarly, the Climate-Resilient Buildings and
Core Public Infrastructure report adopted a tiered
approach (1, 2, or 3) that corresponds to confidence in
future projections [28].

2.2 Relevant Research Activities
across Canada

In addition to the literature review presented in

Section 21, a review of existing research initiatives and
research and development projects across Canada
designed to improve peak flow estimation and Canada-
wide modelling was also undertaken. Four initiatives of
interest were identified and are discussed in sections
2.21through 2.2.4.

2.2.1 Flood Hazard Identification and
Mapping Program

The Flood Hazard Identification and Mapping Program
(FHIMP) was launched in 2021 and is led by NRCan
[96]. It has two key components: the development of
flood prediction tools (academic, University of Calgary,
Principle Investigator: T. Stadnyk), and the development
of floodplain maps (Natural Resources Canada and
consultants, subcontracts). The first component includes
predicting flow in a changing climate, which is relevant
to this report, and includes developing:

= Standardized workflow for non-stationary trend and
FFA; and

* Non-stationary (climate change impacted) peak flow
estimation tool using stochastic modelling methods
that use open-source R software.

* Notably, a key aspect of the second component,
development of flood hazard maps, relies on
prediction of peak flows under various hydrological
conditions, which aligns with the needs identified in
this report.

2.2.2 FloodNet Regional Frequency
Analysis Toolbox

The FloodNet Regional Frequency Analysis (RFA)
toolbox was a deliverable of Canada's Natural Sciences
and Engineering Research Council (NSERC) FloodNet

‘ csagroup.org

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

project. The RFA toolbox is a freely available open-
source R-script with a graphical user interface that
was specifically designed to support engineers

and practitioners in performing efficient FFA [97].
Functionalities include analysis of flood discharge
annual maxima, peaks over threshold (POT) analyses,
and prediction at ungauged sites. The FloodNet RFA
toolbox includes:

* Free supported software for the Canadian
community;

= Bounding curves, or uncertainty envelopes, at the
RFA locations of interest;

= Applicability to watersheds with no hydrometric
gauges (i.e., ungauged basins); and

= POT statistical analyses to account for different
flood-generating mechanisms [98].

While the toolbox does not provide future climate-
adjusted peak flow assessment, it is relevant to this
report because it includes standardized approaches
for RFA, an efficient methodology with a graphical
user interface, and a potential platform for assessing
climate-adjusted peak flow frequencies.

2.2.3 Downscaled and Bias Corrected
Climate Ensembles

Work by the pan-Canadian Global Water Futures
research program [99] to support modelling efforts
across Canada facilitated the dissemination of bias
corrected and downscaled CMIP6 simulations,
totalling 160 simulations (i.e., 40 models, 4 emissions
scenarios). The data includes Canada-wide minimum
and maximum temperature and precipitation, with a
multivariate bias correction.

Considerable effort has also been invested by
government agencies, entities, and academics to
produce Canada-wide LEs derived from the CanESM2
model (i.e.,, CanESM2-LE) that are downscaled using
the Pacific Climate Impacts Consortium (PCIC) bias
adjustment techniques to support hydrological-scale
assessment. These are available and disseminated
through Canada'’s climate consortiums (i.e., Ouranos,
PCIC) or ECCC, each with a slightly different bias
adjustment baseline dataset. The use of a single
climate model and emission scenario will reduce the
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projected spread of simulations and outcomes by
considering only the internal variability independent
of emission pathways. The large ensemble associated
with a single climate model typically encompass one
GCM or RCM with different initial conditions [33] and
boundary conditions.

Ouranos has also developed a generic scenario
dataset called ESPO-G that removes hot models from
the ensemble [100]. There is also a version available
that is corrected to ERAS5 called ESPO-G6 [101]. Bias
correction using the RDPA is also commonly applied
across Canada as a viable alternative [102].

2.2.4 Model Agnostic Framework

Under the Global Water Futures core modelling
program [103], work is underway to generate and
produce standardized modelling workflows and
supporting tools for the Canadian, North American, and
ultimately, the global community, that are applicable to
climate modelling and impact studies. The anticipated
completion date for this program is March 2024. Not
only can lead to greater consistency and expectations
for modelling studies undertaken by practitioners, but it
also aims to provide the following additional benefits:

= A priori geospatial data processing (i.e., the geofabric
for the hydrologic model, including a digital elevation
model, land cover data, soil classification data, and
hydrography) for all models and all sub-basins
across Canada commensurate with the HUC4
classification [32];

= An interface for complex, physically-based process
models (i.e., SUMMA, WATFLOOD, HYPE, and
MESH), facilitating multi-model ensemble analyses;

= A means of integrating new toolboxes to improve
hydrological model consistency across the entire
modelling community;

= Scripts and standards for model benchmarking
(evaluation) to ensure consistency;

* Documented workflow and expectations for
modelling studies [104]; and

= A stand-alone vectorized routing product,
MIZURQUTE, that includes regulation and can be
interfaced with any gridded data product.
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This framework can facilitate a reproducible workflow
that is consistent between development of the
bounding curves and delta-change factors under this
research report, and by practitioners undertaking
independent, detailed watershed-specific hydrological
analysis for a bridge site.

2.3 Practitioner and Agency Interviews

Representatives from fifteen agencies across Canada
were interviewed to gather a range of input and advice
related to climate-adjusted peak flow estimation. The
interviewees were selected to represent diversity in
sector (e.g., government at various levels, industry, and
consultants), geography (e.g., west to east and north),
and size of organization (e.g., large, multi-employee
organizations to single-person firms). Interviewees’
comments were captured by the project team and
considered in the recommended approach put forth

in this report.

Potential practitioners and agencies were selected
based on their active involvement in peak flow
estimation and with consideration of regional
representation, as shown in Figure 3. Interviews were
conducted with experts who accepted the invitation
to participate, and typically lasted approximately

one hour. A summary of the responses is provided in
Table 2 as items of emerging consensus (i.e., >80% of
practitioners agreed) and items of emerging concern,
as emphasized by individual agencies or practitioners.
The interviewees agreed that the initiative was long
overdue and represented a worthwhile investment.
Practitioners also agreed that the bounding curves and
resultant delta-change factor approach could provide
a valuable tool to support peak flow assessment in a
changing climate.

One significant concern centered around the level of
effort required to conduct the national scale peak flow
initiative, with interviewees noting that modelling all
watersheds across Canada under a variety of climate
scenarios would take a substantial amount of time and
funding. Interviewees noted that a previous suggestion,
which relies on using a compilation of results from
existing studies (see Section 2.2) to develop bounding
curves of peak flows, presents considerable risk
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because of differing study foundations (i.e., ensembles,
climate model scenarios, time periods, bias adjustment,
calibration, etc.), which all affect the uncertainty
envelopes and have the most substantial impact on

the upper quantiles (i.e.,, AEP < 0.01; RP > 100 years).
Other concerns emerged around the definition of small
watersheds that are suitable for applying rainfall-runoff
methods, regional scale-dependence, and the definition
of hydrological zones. Concerns were also expressed
that this effort might usurp the role of hydrologists and
exclude the expert knowledge that they bring to varying
geographies and climates across the country. Finally,
interviewees noted that this simplified approach could
impede the development of improved tools and research
by local practitioners.
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Figure 3: National representation of agencies and
practitioners interviewed for this report.

Table 2: Summary of feedback from interviewees as items of emerging consensus and concern

Emerging Consensus'

A simplified, but conservative approach is needed that provides guidance/

tools for practitioners that do not have time, money, or capacity for climate-

informed FFA.

Huge discrepancies in quality, components, and approach of existing
modelling studies present a risk to deriving bounding curves from existing
reports/studies.

Ignoring flow regulation (i.e., reservoirs) is likely okay because it is
generally conservative and accounts for extreme conditions where high
peak flows (AEP < 0.01; T > 100 yr) may not be significantly attenuated.

Using a SMILE, single RCM methodology to estimate peak flows under
climate change is considered “good enough” under limited resourcing and
could be selected over a multi-model ensemble.

Empirical (best fit to the data) or GEV distribution are favoured approaches
if an FFA distribution is used.

Under large ensembles, empirical distribution is acceptable for AEP
< 0.01 (T > 100 yr) and likely acceptable for AEP < 0.02 (T > 50 yr).

The small watershed threshold should not be defined solely based on
drainage area but should consider the nature of the watershed and
expected hydrologic response. Time of concentration may be the most
useful indicator of the minimum applicable watershed size.

Extreme rainfall tends to be underestimated by GCMs and even RCMs.

Expert hydrologist opinion and local knowledge is invaluable in guiding
the peak flow assessment and should be a key factor in the approach and
methodology.

The level of effort required to reduce uncertainty in hydrologic prediction
should be related to the criticality and consequences of damage to the
bridge structure.

Achieving complete consensus on all aspects of the approach is unlikely to
be achievable.

Any national scale standard for climate change-informed peak flow
analyses will take time and significant effort, but that is wanted and needed.

Emerging Concerns

Defining the size of a small watershed (i.e., where the Clausius-
Clapeyron equation can be applied to rainfall-runoff methods
and therefore excluded from the initiative) remained unclear.
The small watershed threshold ranged from 5-100 km? with
most stating < 50 km? A Quebec study indicated that rainfall-
runoff methods such as the rational method should be limited
to areas < 100 km? [105].

If used to develop bounding curves, consistency among
climate studies would be very important (i.e., bias adjustment,
calibration data, climate scenarios, time periods, etc.). Ideally,
everything will be modelled under one study.

It will be unlikely to find a one-size-fits-all FFA distribution that
represents all watersheds.

It will be difficult to achieve consensus or find agreement on
regionalization or hydrologic zones for watersheds across
Canada.

Localized/single watershed extreme events or broad scale
multi-watershed or compound events tend to result in extreme
scenarios; hydrological models are often poor at estimating
these.

Avoid regionalization approaches. It is better to maintain a
sub-basin database. This would be more useful and
transparent to practitioners.

Providing a national dataset of bounding curves and delta-
change factors might detract from local knowledge and
practitioner expertise.

Consider cases of diversions as a separate type of regulation,
particularly if peak flow can increase above naturalized
conditions.

Acceptance of bounding curves and delta-change factors will

require them to be realistic and not attempting to incorporate

all climate change considerations and uncertainty (i.e., include
a statement of limitations).

Note. 'Consensus was defined as >80% of agencies or practitioners highlighting or reporting the same information in the interview.
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3 Toward a National Dataset
of Bounding Curves

All watersheds are unique and vary in complexity.

As such, it is important to recognize that applying
practitioner knowledge can capture the unique
characteristics exhibited by any watershed, which
reduces inaccuracies and uncertainties related to
historical and potential future hydrologic responses.
However, the CHBDC [1] would benefit from more
clearly defined hydrological requirements to estimate
peak flows at bridge sites. Methods should distinguish
between the hydrological response of watersheds,
and in particular, if the peak flow generated can

be reasonably predicted based on rainfall-runoff
approaches that rely on IDF curves. A distinction
between small and large watersheds could be made,
with the former being guided by rainfall-runoff methods
and the latter requiring climate-informed watershed
modelling. However, watershed modelling driven

by historical and future climatic variables is labour
intensive and the effort may not be commensurate
with the risk associated with a bridge structure.
Therefore, a methodology that allows practitioners to
use a simplified, conservative adjustment factor that
can be applied to current climate condition peak flow
estimates is envisioned.

Development of watershed-specific delta-change
factors based on a model-to-model comparison of
historical and future condition peak flows provides
several benefits compared to a unit runoff approach
that provides a flow value per contributing area. Two
compelling reasons are put forward to support a delta-
change factor approach:

1. Practitioners would need to consider the unique
characteristics of each watershed in order to
complete a current condition FFA based on observed
data and/or other traditional methods of peak flow
assessment; and

2. A modelled historical to modelled future peak flow
comparison may result in a higher trust factor
compared to an absolute value, such as a unit runoff
approach, which requires practitioners to put their
faith in a “black box" model.

GES
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Despite the potential change in peak flood-generating
mechanisms, practitioners should use historical
records and traditional FFA approaches to understand
current conditions as the basis for any peak flow
assessment. In the context of the initiative, it is only
after the historical hydrological assessment and FFA
is completed by a qualified person that the bounding
curves should be considered, and the delta-change
factors be applied. This approach supports using
practitioner knowledge and existing information while
considering the changes that may occur over the
design life of a structure.

While any contemplated updates to the CSA

CHBDC S6:19 [1] should encourage bridge owners
and practitioners to complete watershed-specific
hydrologic assessments, the application of delta-
change factors to historical FFA values is an
acceptable, albeit conservative alternative. It is
important to note that the proposed approach is not
intended to discourage practitioners from completing
climate-informed watershed hydrologic peak flow
assessments or site-specific historical peak flow FFA.
Rather, the proposed approach would require that
practitioners complete the historical FFA for the bridge
site using traditional methods. This would establish
historical baseline peak flows and understanding of the
critical peak flow mechanisms (e.g., rainfall, snowmelt
driven), which would allow the practitioner to consider
all hydrologic complexities related to a specific site,
including watershed characteristics and flow routing.
The bounding curves and related delta-change factors
can then be applied to the historical peak flow FFA
while working within the stated limitations and
specific guidance.

A national database of bounding curves would
document the projected change from natural/naturalized
historical to natural/naturalized future peak streamflow
resulting from climate change for watersheds across
Canada. Under the initiative, uncertainty envelopes
produced from the climate ensemble would allow
selection of conservative delta-change factors from a
range of projected flows. Delta-change factors would
represent a set of confidence intervals of expected
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change when comparing current to future peak flows
over the design life of a bridge. Practitioners would
apply the delta-change factors to current condition at-
site peak flow estimates to adjust peak flow values to
account for the impacts of climate change.

The literature review identified several existing
initiatives that can be leveraged to support or dovetail
with a Canada-wide modelling effort to derive
bounding curves and delta-change factors that
quantify the expected changes that could occur when
comparing historical baseline peak flow estimates
against future condition peak flow estimates. The key
considerations for each stage of development of a
national dataset of bounding curves and delta-change
factors are outlined in Figure 4.

To derive bounding curves and develop delta-change
factors to estimate at-site climate-affected peak flow
for each modelled sub-basin across Canada, the
following data needs to be generated:

= Ensemble of climate model output that are bias

adjusted to a historical climate reference dataset and
downscaled for, as a minimum, temperature and
precipitation and extend from the reference historical
period through the future climate period. A range of
threshold global warming temperature changes would
be used to define climate periods in the bounding
curves and to develop delta-change factors.

Hydrological model(s) calibrated to the same
historical reference climate dataset used for bias
adjustment of the climate models, evaluated against
observed streamflow data over a historical baseline
reference period. The focus would be on the
magnitude and timing of peak flows at the finest
temporal resolution practical (i.e., daily).

Modelled timeseries of streamflow for both
historical and future periods (e.g., 1987-2100), driven
by a climate ensemble but with consideration of
independent emission scenarios that would produce
an uncertainty band of projected historical and future

Figure 4: Key considerations for development of Canada-wide delta-change (A) factors.

= Model domain and project scope (i.e., unregulated, naturalized watersheds)
= Dominant flood generation mechanisms (i.e., rainfall, snowmelt, mixed regime)

Study o

Availability of flow records for model calibration
Controls = Spatial scale of computational units
= Temporal scale of computational units

= Climate model ensemble (i.e.,L.E. or SMILE)
Emission pathways (i.e. RCP/SSP scenarios)
= Temperature thresholds (e.g., +2.0 C GMT warming relative to 1987-2016 time period).
Climate o = Historical reference climate dataset incl. time scale and resolution

Analysis Bias correction method

= Downscaling methods and extent (i.e., dynamical or statistical)

Flood mechanisms (i.e. conceptual model)

= Hydrological model(s) selection
Model geo fabric (i.e., elements, spatial units and organization)

Hydrological o

Analysis Historical calibration period

= Performance targets for calibration and validation (i.e., model reliability)
Uncertainty and agreement among ensemble members

Availability of instantaneous or daily max flow records (i.e., ideally > 30 years)
Historical FFA from observed records and model results

Flood o
Frequency

= Future FFA over selected temperature thresholds from model results
Worst case conditions for changes to peak flows

Selection of desired confidence interval of change (e.g., 25/75 or 10/90)
= Projected delta-change factors from historical to future conditions
Daily and instantaneous peak flow values
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streamflow. The uncertainty band would allow
estimates of the maximum expected changes to peak
flow over the simulation period.

* Bounding curves that compare the range of
historical (i.e., 1987-2016) and future peak flows in
representative watersheds across Canada. Delta-
change factors would be derived from the bounding
curves based on the offset of the historical and future
projected peak flow at incremental changes in GMT
rise and selected confidence interval (e.g., 25"
percentile for historical and 75" percentile for future).

To estimate peak flows over the design life of the bridge,
at-site historical FFA would be completed by a qualified
practitioner using traditional methods, such as single
station frequency analysis, regional approaches, or
hydrological modelling. A variety of annual exceedance
probabilities ranging from 4% to 0.2% may be required
to evaluate scour and erosion and to estimate design
flood discharge. These represent the base values to
which the appropriate delta-change factor(s) would

be applied.

3.1 Recommended Approach to Develop
a National Bounding Curve Dataset

Figure 5 illustrates the proposed steps to generate

a national dataset of bounding curves that could be
used to develop delta-change factors. Suggested best
practices for each step are described in sections 3.11
through 3.1.11.
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3.1.1 Define Study Scope

For the purposes of the initiative, the domain of interest
is Canada-wide. However, bounding curves would be
derived from specific natural watersheds that have
appropriate flow records. Candidate watersheds should
be pre-screened to ensure they meet the following
criteria: minimally regulated, sufficient observational
records, and relatively stationary through time.

Enhanced screening criteria should be developed to
determine which basins and sub-basins are included
or excluded from the analyses. Enhanced criteria to be
considered include:

= Supports development of a database that represent
watersheds governed by varying runoff mechanisms
and hydrological response;

= Contributes to spatial coverage of various climatic
and geographic landscapes of Canada;

= Includes sufficient observational records (i.e.,
minimum of 10-years of homogeneous flow records);
and

= Experiences minimal natural and anthropogenic
changes in watershed (i.e.,, assumption of stationary
is valid).

Following watershed selection and calibration, the
decision to expand model simulations to ungauged
basins could be reviewed, but minimal flow regulation
and watershed stationarity conditions will still need
to be met.

Figure 5: Workflow for the derivation of a national dataset of bounding curves and delta-change factors.

Study Select Bias Downscale Hydrological
Scope Climate Correction Model Setup
Ensemble
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It is recognized that comparison and aggregation of
results could support the definition of hydrological
regions and application of delta-change factors in

a simplified manner for practitioners. However, the
delineation of hydrological zones or regions is a source
of debate and could represent a loss of information at
the individual basin scale and is therefore not included
in the initiative. If included at a later time, several

flood frequency studies provide guidance on similarity
of flood generation mechanisms [8], [95], and on
Canada-wide runoff generation mechanisms [55] and
hydrologic processes [106]. Furthermore, reanalysis
data and remotely sensed data could provide
information on climatology gradients. A classification
commonly used for hydrology includes adapted
versions of the Koppen-Geiger classification [105].

3.1.2 Climate Model Ensemble Selection

At the time of writing, the state-of-the-art for climate
models is CMIP6 and the production of downscaled
regional simulations across the Canadian domain
(e.g, CESM1 and CanESM2). CMIP6, comprised of
numerous GCMs from a variety of institutes [12],
provides information with respect to model structural
uncertainty (and natural and internal variability from
multiple simulations of the same GCM) as well as
climate scenario uncertainty, spanning different SSPs
[107]. While large ensembles developed from SMILEs
across the Canadian domain (e.g.,, CanESM-LE and
others) are generated to describe the natural or
internal variability separate from the forced (emission
trajectory) impacts, they represent a reduced level

of total uncertainty. They should also leverage
downscaled models (i.e., RCMs) representative of the
Canadian domain [18], [108] or the North American
domain [109]. It is expected that the climate variations
(uncertainty) from a CMIP6 ensemble would be greater
than those represented by a SMILE. Although a SMILE
can offer a more precise projection of change under a
given scenario for a specific region of interest, it may
not fully capture the range of outcomes and extreme
events suitable for peak flow estimation.

To capture the full range of climate uncertainty,
multiple representations of future climate are needed,
if computationally feasible. Ideally, the ensemble
should include multiple GCMs/RCMs and variable
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initial conditions (i.e.,, members). The goal is to select a
climate model ensemble that provides the full range of
possible outcomes over the region of interest to allow
assessment of key parameters, including the mean
value and variability of results. Contrary to Section
2.1.3.1, where a single emission scenario and time
frame is considered, this approach may not capture
the worst-case condition for peak flow assessment
over the design life of a bridge. The time frame for
each emission scenario to cause a specified rise in
°GMT, along with its associated hydrological response,
will vary depending on the scenario. As such, model
simulations would benefit from treating emission
scenarios independently.

Both historical and future climate should be simulated
using the climate model ensemble, as it is important
to compare model-to-model results rather than
comparing observed historical to modelled future
conditions, which would introduce another level of
uncertainty (see Section 3.1.4).

Though standard future time horizons are often applied
in the literature to examine changes in future climate
and hydrology, the IPCC AR6 recommends selecting

a temperature rise threshold (i.e.,, GMT rise of +2.0°C)
for evaluating climate mitigation and adaptation effects
[107]. Given the design life of bridge structures is
typically 75 years, Table 1 (see Section 2.1.3.1) focuses
on +2.0°C GMT rise relative to a baseline period (i.e.,
1987-2016), which is anticipated under RCP 6.0 to be
reached by 2087. Reliability will be increased by using
multiple GCMs/RCMs and initial/boundary conditions.
However, uncertainty may be increased by including
potential hot models. If only one emission scenario

is considered based on the above assumption and
selection of a SMILE, then uncertainty will be reduced,
but reliability (chance that the projected future

design flow is captured by the ensemble) will also be
reduced. Inherent to the consideration of what type

of climate ensemble should be selected is the level of
accepted risk and the computational constraints of bias
correcting and downscaling the climate ensemble for
all of Canada. To that end, if possible, other projects
should be leveraged to increase efficiency but still meet
the accepted and perceived risk levels for developing
bounding curves and delta-change factors for peak
flow estimates.

28



3.1.3 Bias Adjustment of Climate Data

To ensure climate models adequately represent the
range of potential conditions for use in hydrological
studies, they need to be adjusted closer to the known,
historical observed climate over the areas of interest.
While temperature and precipitation are the minimum
hydrological variables required from the climate models,
selected hydrological models may require additional
variables. Given the size and scope of the initiative,
statistical downscaling is recommended. Multivariate
(i.e., adjusting temperature and precipitation in unison)
bias adjustment should be used to help ensure the
correlation structure of the primary hydrological inputs is
preserved [45]. The historical reference climate dataset
selected for bias adjustment should be commensurate
(i.e., the same or same statistical properties) with the
historical dataset used for subsequent hydrological
model calibration. Another consideration in selecting

a historical reference climate dataset is the spatial
coverage of transboundary watersheds. In other words,
any dataset selected for bias correction and model
calibration will need to be North America wide, or at
least include the transboundary watersheds spanning
the Canada-US border.

3.1.4 Downscaling of Global Climate
Model Data

GCMs describe global climate at coarse resolutions
(100-500 km) and must be downscaled to more
accurately represent the atmospheric-hydrologic
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“To capture the full range of climate
uncertainty, multiple representations
of future climate are needed, if
computationally feasible.”

feedback mechanisms of Earth's surface for a more
realistic representation of hydrology (e.g., temperature,
evapotranspiration). Regional climate-hydrologic
interactions are needed. For the initiative, these will
likely be best achieved using statistical downscaling
to 4-25 km spatial resolution. This would afford
consideration of Weather Research and Forecasting
model convective-permitting simulations and Earth
system models (e.g., CanESM2) for Canada and North
America. The data, previously downscaled, is available
from Canada'’s climate consortiums (e.g., PCIC or
Ouranos) across a range of SSPs or RCPs. Any future
work should leverage previously completed efforts to
the degree practical, not only for consistency among
studies and practitioner applications in Canada, but
also due to computational effort and resources.

3.1.5 Hydrologic Model Selection

Hydrological model selection is important because
it will affect the spatial resolution (i.e., hydrologic
response unit, or HRU, gridded) of input and output,
temporal resolution, data needs, ability to represent
hydrological processes, runoff generation mechanisms,
and computational demand. It is unlikely that a
single model can effectively represent all regions of
Canada, so it is important to establish and report
model selection criteria. Regardless of the selected
model, computational demand will be significant,
so it is important to balance the level of effort with
the uncertainty and reliability of the model results.
Minimum requirements that should be met include:



= Temporal resolution: daily time step; and

= Spatial resolution: ~100 km? (10 x 10 km? grids, or
similar HRU).

Gridded distributed model outputs are not necessarily
required for this initiative. A lumped, sub-basin model
is likely to perform equally well or better than a
gridded, distributed model, due to the regionalization
of climate data (assuming adequately high resolution,
commensurate with RCM grids, on average). This
broadens the choice of potential hydrological models.

Due to computational demands, every effort should be
made to leverage existing model setups and products,
assuming they are consistent with the project scope and
needs. The FHIMP initiative presents an opportunity
to leverage an existing ensemble of hydrological
models with demonstrated success in Canada [96].
This ensemble includes three distributed hydrological
models: HYPE, MESH, and SUMMA. These models can
generate gridded and sub-basin runoff under historical
and future climates that are all routed by a single,
consistent vector routing product that includes lakes
and reservoirs consistent with their representation in
the CanESM [110], [111]. By aligning this effort with the
FHIMP initiative, peak flow estimates can be generated
in a manner consistent with the model outputs used to
generate Canada's high-level floodplain maps [96]. This
would be desirable for practitioners concerned with both
bridge design and flood hazard studies. Consistency
in the routing method is particularly important for the
timing and magnitude of peak flows. The routing used
for the FHIMP initiative includes some representation
of the influence of natural storage (i.e., lakes) and their
attenuating effects on downstream peak flow generation,
which is an important consideration for estimating
peak flows in Canada. A hydrological model ensemble
is preferred because it captures hydrologic model
structural uncertainty in the development of bounding
curves, whereas selection of a single hydrologic model
assumes the uncertainty of the hydrologic model on
peak flow prediction would be encompassed within
the climate model uncertainty bounds.

3.1.6 Hydrological Model Setup

Hydrological models are designed to represent the
generation of runoff across the land surface, and
therefore also represent the generation and routing of
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streamflow in rivers and through lakes [112]. Selection
of the geofabric underpinning the study is an important
consideration for model setup because the spatial
resolution of the RCM data will largely determine

the basic computation unit size of the hydrologic
model (i.e., grid or sub-basin size), and will impact

the accuracy of the model [113]. The time step of

the hydrological model is largely determined by the
reference climate (i.e., reanalysis) dataset and should
be a maximum of daily for peak flow assessment. While
hourly or sub-hourly temporal resolution would be
most desirable for peak flow assessment, derivation of
this data is not likely computationally feasible across
the model domain. Therefore, an adjustment from
daily to instantaneous peak flow may need to be made
following the future condition FFA. Development of
instantaneous to daily (/D) ratios to accompany the
delta-change factors is desirable but is outside the
scope of this report. Until climate-informed I/D ratios
are developed, practitioners are reliant on historical
records to assess instantaneous peak flow values,

and would likely assume that these ratios do not
significantly change in a future climate.

Some practical considerations for hydrological model
setup include:

= Climate model time step reporting is typically limited
to daily resolution, so the hydrologic model to
develop bounding curves would not support sub-
daily temporal resolution;

= Delta-change factors would be developed by
comparing model-to-model results of current daily
peak flow estimates to daily future peak flow
estimates over their respective climate windows;

= Historical peak flow assessment would be completed
by a qualified person who could include
instantaneous peak flow estimates; and

= Delta-change factors representing daily current to
daily future peak flow assessments would be
selected and applied to the peak flow estimates
derived by a qualified person.

For process-based accuracy, which is important for
runoff generation, using a distributed hydrological
model capable of capturing spatial heterogeneity
that includes elevation, land cover, soils, and other
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physiographic factors is recommended. It is also
essential to have good flow records upon which to
calibrate and validate the hydrological models across
the country.

3.1.7 Hydrological Model Calibration and
Validation

Calibration of hydrological models sets or tunes

the model parameters to adequately represent the
observed flow time series and runoff generation
processes within the watershed or domain of interest.
Calibration of a hydrological model requires a minimum
15-year time series to capture decadal hydroclimatic
variability (e.g., the Pacific Decadal Oscillation and
the El Nifio Southern Oscillation), and ideally includes
the presence of an observed, natural (non-regulated)
hydrometric time series at gauge locations across the
domain of interest [114]. Because bounding curves are
being derived for extreme events (annual exceedance
probabilities of 0.2% to 4%), an adequately large
sample set covering the climate period of interest
should be developed. Satisfactory model performance
should be globally achieved across these unregulated
basins (e.g., Kling-Gupta efficiency) [115], [116]. It is not
expected that all basins or hydrological regions will
demonstrate satisfactory performance from a global
parameterization (i.e.,, one parameter set across all
regions or basins) calibration; long-term performance is
a more important indicator of accuracy for the bounding
curve assessment. Model performance across the
entire simulation period should be reported and any
basins not meeting satisfactory performance should be
investigated further. The presence of regulation on river
reaches will impact model performance and reduce
the model's ability to adequately match observed flow
records during the regulated period. Therefore, only
natural, naturalized, or minimally impacted hydrometric
gauge records or time periods of unregulated flows
should be used for calibration and validation.

Calibration should be automated (e.g., using OSTRICH
[117] or other algorithms). The use of multiple metrics
to assess model performance, including overall
streamflow as well as flow signatures representing
peak streamflow, can also be considered for a multi-
criteria approach to calibration [118].
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3.1.8 Global Climate Model-Driven Model
Simulations

The downscaled and bias corrected climate ensemble
can force the hydrological model(s) over a continuous
historical to future simulation period (i.e., 1987-2100).
Each member of the ensemble would generate a
single, continuous time series of streamflow. When
combined, an envelope of historical and future
projected streamflow can be generated that includes
the combined effect of multiple sources of uncertainty
in the modelling chain.

The time period for historical simulation should be

a minimum of 30 years. Subject to the availability

of observational data for calibration and verification
purposes, it could correspond to a desired and
commonly reported IPCC literature reference period of
1981-2010. However, since the historical period defined
by CMIP6 models ends in 2016, the baseline reference
period could also be chosen to align with 1987-2016.

The future period defined by CMIP6 extends to 2100.
Though the guidance for Canada on flood hazard
mapping suggests that a climate window of no less
than 10 years be used to capture natural climate
variability, the literature typically recommends a
window between 20 and 30 years [86]. Reference
climate windows spanning 30 years and centred on the
threshold temperature rise are often used for analyses
(see Section 3.1.2).

3.1.9 Flood Frequency Analysis

A historical FFA is a key component for estimating
the range of design flood discharges required for
bridge design, typically requiring AEPs ranging from
0.2% to 4%. In the suggested approach, the historical
FFA relevant to the specific study site would remain
the responsibility of the qualified person. Traditional
approaches to peak flow estimation under the
assumption of a stationary climate would be used, and
ideally derived from observed data (see Section 2.1.4).
Design floods for future conditions would be reliant
on the bounding curves and delta-change factors
developed under the initiative (see Section 1.2).
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Through the initiative, direct comparison of simulated
historical to simulated future flows would be used

to derive delta-change factors applicable to the
practitioner-derived historical FFA values. The model-
to-model comparison of historical to future peak flow
values would remove or minimize the effect of model
bias and calibration accuracy. Peak flow values over the
simulation period can be determined from the ensemble
results over climate windows for the historical and future
periods for each studied watershed.

3.1.10 Bounding Curve and Delta-Change
Factor Development

For each modelled watershed, a time series plot of
annual peak flow Q (i.e,, annual maxima) over the
period 1987-2100 would be developed for each low,
medium, and high RCP/SSP, as illustrated in Figure

6. Confidence bands would result from the range of
model ensemble results. The time series plots of annual
maxima over time, along with their uncertainty bands,
represent the bounding curves.

Comparing the baseline annual peak flow (i.e., 1987-
2016) against the future condition annual peak flow
allows the relative change in peak flow to be estimated.
Each peak flow estimate would encompass the climate
window time horizon centered on increments of GMT
rise. This percent change in annual peak flow derived
from the bounding curves represents the delta-change
factor.

Bounding curves and delta-change factors would be
developed for each studied watershed. The delta-
change factors could then be derived directly from
the bounding curve for each modelled watershed

and by selected GMT rise increments. Conservative
delta-change factors could be developed by selecting
appropriate confidence levels over the range of
outcomes represented by the model ensemble annual
maxima results. Selected peak flow estimates for

the historical period should be sufficiently low, while
selected peak flow estimates for the future period
should be sufficiently high to result in larger delta-
change factors. To help ensure conservative delta-
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change factors are produced, a low percentile value,
such as the 25" percentile (shown in Figure 6 inset),
would be used for the baseline period (i.e., 1987-2016)
whereas a high percentile value, such as the 75th
percentile, would be used for the future period of
interest. In figures 7 and 8, a focus on 2°C GMT rise is
used for illustrative purposes.

Selection of the percentile used to represent the
distribution is, in part, based on the reliability of the
ensemble prediction. By comparing a modelled future
to a modelled historical period, the impact of model
selection and bias is diminished because it becomes
a direct model-to-model scenario comparison,
representing only the net change resulting from the
climate processes.

The proposed workflow and conceptual methodology
for deriving the bounding curves and delta-change
factors from the hydrological models is outlined in
steps 1 through 6 below and illustrated in figures 6, 7,
and 8.

Step 1: Run hydrological simulations for each emission
scenario and plot current and future annual maximum
peak flow (Q) over time (i.e,, 120 years), including
confidence bands for each modelled watershed (see
Figure 6).

Step 2: Determine GMT rise versus year for each
emission scenario using CMIP5 or CMIP6 (see Figure
7). Identify climate windows (e.g., 30 years) centered on
increments of GMT rise (e.g., 2°C GMT).

Step 3: Using Figure 6, estimate the percent change in
peak flow by comparing the 25th percentile to the 75th
percentile peak flow values for the historical and future
periods, respectively.

Step 4: Repeat steps 2 and 3 for each 0.5°C increment
of GMT rise.

Step 5: Develop delta-change factor plots of GMT rise
versus % change in Qpeak (see Figure 8).

Step 6: Repeat above steps for each watershed.
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Figure 6: °GMT rise versus year relative to 30-year climate normal periods. Figure is for illustrative purposes only.
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Figure 8: Delta-change factor for a specific watershed excluding uncertainty bands. Figure is for illustrative purposes only.
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The bounding curves encapsulate total uncertainty
from the modelling chain. Further, by using this
modelled current to modelled future comparison,
changing flood-generating mechanisms are implicitly
captured. For this reason, development of delta-
change factors should indicate the season in which the
critical future condition flood is expected to occur so
practitioners can understand the nature of current and
future condition floods.

3.1.11 Applying Bounding Curve and Delta-
Change Factors

Equation 2 demonstrates how delta-change factors
(AQy) are derived from the simulated bounding curves,
where AQ; represents the percent change in Qpeak for
a given arise in GMT:

AQT: Q'f,lutge - QT,hisroric , (Equation 2)

T, historic

where AQr = percent change in peak flow, Qr, pistoric =
peak flow estimate for historical baseline period using
25t percentile, and Q. .. = peak flow estimate for
future period corresponding to a specific °GMT rise
using 75 percentile.

GES
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To estimate future condition peak flows using the
procedures described herein, a qualified person must
first estimate historical peak flows using FFA or other
applicable methods. A delta-change factor would be
applied to their historical peak flow estimate based on
selecting an applicable curve for their point of interest
and corresponding increment of GMT rise as described
in Equation 3. For example, a 10% difference between
the historical and future projected peak flow over the
climate window period would result in a factor of 1.1
applied to the historical at-site peak flow estimate.

(Equation 3)

— AQ
QZ)-eak,CC - (1 + 100T ) X Q;eak,hisrorfc ’
where Q... .c = peak flow estimate for future climate

condition corresponding to a specific °GMT rise, AQr =
percent change in peak flow, and Q] .. st = PEaK flow

estimate based on FFA or other applicable methods.

The percent change in peak flow estimates varies
with °GMT rise. The worst case scenario (i.e, highest
percent change in peak flow) would be evident in the
delta-change factors presented in Figure 8. To select
a delta-change factor, the governing body would need
to specify the °GMT rise from which to select a value.
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For example, the governing body could specify that
delta-change factors be applied based on the worst
case scenario that could occur over the design life of
the structure. Although not advisable, a specific °GMT
rise threshold could be specified for selection of delta-
change factors.

Under some scenarios, predicted future condition peak
flows may begin to decrease immediately. In this case,
the highest peak flow predictions would occur under
current conditions, and it would be appropriate to apply
a 0% change to the historical peak flow estimates.

The delta-change factors are expected to be derived
from daily time step model output. While the daily
peak flow estimates are known to be lower than
instantaneous peak flow estimates, the comparative
differences between daily and instantaneous historical
and future peak flows vary and are unknown.
Practitioners will need to consider conversion of
daily peak flow estimates to instantaneous values.

Until improved guidance is available, practitioners
could apply the appropriate delta-change factors to
their instantaneous peak flow assessment on the
assumption that I/D ratios would not change in a future
climate. Ideally, 1/D ratio guidance for future climate will
be derived as part of a future initiative or by providing
high temporal resolution RCMs to drive representative
hydrological models.

3.2 Database Quality Control and
Dissemination

Future updates to the CHBDC [1] are anticipated to
require that bridges in Canada be designed based
on the highest peak flow that could occur over the
design life of the bridge [6]. Application of the delta-
change factor to historical peak flow estimates derived
from traditional methods represents a conservative
approach to adjust peak flow estimates to account
for climate change. However, the data generated in
the initiative need not be limited to these specific
quantiles or to bridge and highway design work.
These data could be made available or accessible for
additional regional applications, such as flood hazard
assessments.
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Although uncertainty bands are included for the
bounding curves, they are not represented in the
delta-change factor plots for clarity, consistency in
application, and ease of selection. Noting the built-
in conservative nature of the delta-change curves, it
may be more desirable and cost-effective to conduct
a rigorous watershed-specific study that would likely
result in a lower peak flow estimate. To aid in this
endeavour, the underlying data is expected to be
made available to practitioners and researchers as
supplemental material, and to support independent
peak flow estimates.

To ensure standardization of approach, accessibility
of the data, and reproducibility, which are among

the recommended best practices for scientific data
management [119], it will be important for a responsible
organization to invest in deriving the initial bounding
curve dataset, to progressively update and publish

it and to foster confidence in the data by being
transparent. Such organizations could include the
affected agencies, such as provincial transportation
ministries. Publishing the data in its entirety will enable
agencies and practitioners to perform additional
quality control checks on the outputs and will offer an
additional level of peer review control to the process.
At a minimum, the bounding curves and delta-change
factors would need to be published and revision-
controlled, but ideally, the availability of all model
outputs with proper documentation of the workflow
would help establish a level of confidence among
practitioners and provide a service to the community at
large should additional AEP or peak flow quantiles be of
interest to the water resources/hydrology practitioner
community. By publishing all data generated to produce
the bounding curves, practitioners and other agencies
could apply their own FFA methods to recreate delta-
change factors with confidence using their own
proprietary or in-house methods.

Revision control and updating of data in the national
dataset will also be required and should be considered
as long-term maintenance of design values. Previous
values should remain accessible for comparison as
climate models and scenarios evolve. This will require
consideration of storage capacity by the governing
body, as well as ongoing financial and research and
development investment in the project.
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3.3 Recommended Elements of Approach

Based on the compilation of information from

the literature review, the review of research and
development activities, and the interviews with experts,
the following recommendations are presented to
develop a set of bounding curves and delta-change
factors across all regions of Canada.

3.3.1 Study Scope

Recommendation 1. Include all hydrological zones
across Canada in the initiative, discretized based on
considerations of climate and drainage.?

Action: Review the delineation of hydrological zones
across Canada from existing sources and determine
how these would be represented by bounding curves
and delta-change factors, paying particular attention
to changing peak flow mechanisms. This action may
inform hydrological model selection.

Recommendation 2. Consider hydrological model
selection early in the workflow to ensure consistency
throughout the modelling chain. Hydrological model
selection should consider hydrological zones or regions
and their ability to represent physical processes that
drive peak flow response.

“Future updates to the CHBDC are
anticipated to require that bridges in
Canada be designed based on the highest
peak flow that could occur over the
design life of the bridge.”

3.3.2 Climate Ensemble

Recommendation 1. Use the current generation
CMIP6 climate scenarios, if possible.

Recommendation 2. Leverage previous work
completed for FHIMP (ensemble of CMIP6 GCMs,
statistically downscaled and bias corrected for
Canada using multivariate approaches), or a SMILE
(e.g., CanESM2-LE). This should be decided during
the implementation of the initiative based on outputs
available from the FHIMP study.

3.3.3 Emission Scenarios

Recommendation 1. Consider low, medium, and high
emission scenarios (i.e.,, RCP 4.5, 6.0, 8.5, or equivalent
SSPs) independently to develop bounding curves and
to evaluate hydrological response of each watershed
over time.

3.3.4 Downscaling and Bias Adjustment

Recommendation 1. Target spatial resolution
commensurate with an RCM with the finest practical
resolution to align with a minimum hydrological
resolution (i.e. 10 x 10 km? grid or 100 km? sub-basin
area).

2 For example, using Statistics Canada'’s map of Canadian drainage regions: https://www150.statcan.gc.ca/n1/pub/16-201-x/2017000/sec-1/m-c/m-c-11-eng.htm
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Recommendation 2. Complete statistical
downscaling and bias adjustment methods for all of
Canada (including transboundary basins), or select
an ensemble where this has been done with an
appropriate reference dataset.

Recommendation 3. Use daily or sub-daily temporal
resolution for the reference and future climate dataset,
and for the hydrological modelling time step.

Recommendation 4. Use ERA5 as the bias correction
reference dataset, recognizing the numerous reanalyses
datasets that are commensurate with ERA5 that could
be used reliably for hydrologic model calibration. This
affords future bias correction of other meteorological
variables should additional hydrological models (e.g.,
requiring wind and radiation) be included. Consider
RDRS and ERA5-Land reanalysis datasets if better
suited to selected spatial resolution.

Recommendation 5. As a minimum, bias adjust
temperature and precipitation to daily temporal
resolution; the suite of bias adjusted climatic variables
must consider the needs of the selected hydrologic
model(s).

Recommendation 6. Employ multivariate quantile
mapping techniques, with preference given to the
methods derived by Canon or Papalexiou [40].

3.3.5 Hydrological Model Selection

Recommendation 1. Use the hydrological models and
climate ensembles from the FHIMP program [96].

3.3.6 Hydrological Model Setup

Recommendation 1. Apply minimum basin size =
60 km?2,

Recommendation 2. Simulate watersheds with
unregulated flows only (i.e,, little to no water
management interventions) that have sufficiently
long and homogeneous hydrometric flow records.

Recommendation 3. Utilize the FHIMP hydrological
model setups, which are a combination of gridded and
sub-basin models at relatively coarse spatial scales
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(> 60 km?) to include hydrological model structural
uncertainty within the bounding curves.
Note: Should the FHIMP setups not be ready in time for
the initiative, consider establishing a lumped basin model,

possibly one with multiple hydrological model structures
(e.g., Raven).

3.3.7 Calibrate and Validate Hydrological
Models

Recommendation 1. Use the FHIMP model setup and
calibrations as they are, given they were completed by
expert model developers from across Canada.

Action: Consider investing in a Canada-wide
detailed uncertainty and validation study to examine
performance across the country and in regions where
post-processing corrections may be needed.

Recommendation 2. Report calibration and validation
statistics (i.e., peak flow, Kling-Gupta efficiency, and
other performance metrics) for all basins included in
the derivation of bounding curves. Identify and improve
or remove any outliers that do not meet minimum
reliability standards.

Action: For event-based evaluation, include flow
signatures targeting peak flow estimation.

Recommendation 3. Model calibration for the FHIMP
models was performed using the SCDNA [49], which
is comparable to ERA5 and RDRS reanalyses. Any
subsequent model setups should use or be consistent
with these products.

3.3.8 Time Horizons for Global Mean
Temperature Rise

Recommendation 1. Identify 30-year window time
horizons for selected GCM ensembles to reach each
increment of GMT rise (see Figure 7) compared against
the 1987-2016 baseline period.

3.3.9 Perform Simulations

Recommendation 1. Utilize FHIMP model outputs,
which are retrievable from ECCC and other project
collaborators. Outputs across a simulation period
extending from 1987 to 2100 are desired at a daily
time scale.
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Recommendation 2. Access an ensemble of GCMs

or RCMs with limited membership that has previously
been evaluated and downscaled for Canada. Develop a
sufficiently large ensemble by selecting multiple GCMs
or multiple SMILEs that results in an evaluation dataset
of at least 1500 annual peak flow results over a 30-year
climate window (e.g., 10 GCMs x 5 initial conditions x
30 years).

Recommendation 3. Center climate windows on
increments of GMT rise with emphasis on +2.0°C
GMT rise.

Recommendation 4. Include only basins that are
minimally impacted by non-stationarity concerns
(beyond climate change), thus excluding any regulated
basins or basins with significant alteration to land use
or land cover.

3.3.10 Derive Bounding Curves

Recommendation 1. Derive bounding curves by running
the hydrological model ensemble forced by the complete
model ensemble over the 1987-2100 time period.

Recommendation 2. Assess each emission scenario
separately to aid in understanding how the peak flow
from a watershed is expected to change over time (see
Figure 6).

Recommendation 3. Determine the change in
peak flow for each increment of GMT rise for each
study watershed (ideally), or as an initial step (if
computational capacity does not exist to disseminate
by subbasin), by hydrological region.
Note: though subbasin scale is the preferred approach for
dissemination of the bounding curves and delta-change
factors, it is recognized that a significant amount of
computational storage, revision control procedures, and a

GIS interface will be needed to disseminate results at this
resolution to practitioners.

3.3.11 Estimate Delta-Change Factors

Recommendation 1. From the bounding curves, select
conservative values (e.g. 75" percentile from a large
ensemble, or 95th for a SMILE) for the reference and
future periods, respectively, for each increment of
GMT rise.
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Recommendation 2. For each increment of GMT rise,
determine the highest percent change in peak flow.
Develop delta-change factor curves that represent
percent increase in peak flow from baseline conditions
associated with each emission scenario and for each
study watershed (see Figure 8).

3.3.12 Applying Delta-Change Factors
by Practitioners

Recommendation 1. Make the data used for deriving
delta-change factors from bounding curves available
to researchers and practitioners.

Note: Confidence bands are not included in the delta-
change factor plots to simplify application and to encourage
consistency by practitioners. However, uncertainty is
explicitly shown until this step in the modelling chain

and can be easily determined by examining the relevant
bounding curve.

Recommendation 2. AEPs ranging from 0.2% to 4%
should be estimated by practitioners in accordance
with design flood discharges stipulated in governing
codes, including the CHBDC. Practitioners should
estimate historical design flood discharge using
applicable methods based on the assumption of a
stationary climate.

Recommendation 3. Practitioners should apply
appropriate delta-change factors to their historical
peak flow estimates relevant to the specific
hydrological region.
Note: Determining appropriate delta-change factors could
use methods such as those applied using regional techniques
that consider a range of climatic and physiographic factors,

including watershed size, average elevation, slope, aspect,
drainage density, and so on. Development of a regional toolkit

is beyond the scope of the initiative.

Recommendation 4. In cases where future condition
peak flows are expected to immediately drop from the
historical reference period conditions, apply a delta-
change factor of 1.0 (i.e., current conditions would
represent the highest peak flow estimate over the
design life of the bridge).

Recommendation 5. |/D adjustment ratios are not
included in the scope of this report but should be
applied by practitioners as appropriate.
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3.3.13 Revision Control

Recommendation 1. Bounding curve analysis and
delta-change factors should be updated with each
major update to the CHBDC.

3.3.14 Data Control and Dissemination

Recommendation 1. Publish data underpinning the
analyses in as much entirety as computationally
practical (i.e.,, model outputs) using accessible and
revision-controlled sites to facilitate practitioners and
users performing their own analyses.

Recommendation 2. Explore options of who should
pay for, maintain, and support revision control of
this data.

Recommendation 3: Setup and conduct a feasibility
study that tests the adopted methodology from
beginning to end for a single GCM/SSP realization,
and multiples the time and computational capacity
requirements based on the number of ensemble
members to be adopted.

3.4 Limitations and Other Considerations

Although this report presents a comprehensive review
of best practice in climate change impact assessment

for hydrology, and specifically for peak flow assessment

the recommendations in sections 3.3.1 through 3.3.14
represent the first phase of work necessary to derive a
national dataset of bounding curves and delta-change
factors that will help enable practitioners to conduct

peak flow estimates for bridge design that account for

climate change impacts. Additional elements could be
considered in subsequent iterations or revisions of the
database that include, but are not limited to:

= Consideration of anthropogenic changes in Canadian

rivers and watersheds (e.g., dams, diversions,
withdrawals, and land use and cover changes).

= Consideration of shifting causation of peak flow (i.e.,

flow generation mechanisms), including shifts in
hydrological zone definition (i.e., nival to pluvial).

* Inclusion of multiple hydrological models to better

represent various hydrological regions of Canada and

to improve reliability of results using different model
structures. (i.e,, FHIMP ensemble).
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= Testing of different or multiple bias adjustment
techniques and/or time scales of application of the
bias adjustment (e.g., annual, seasonal, monthly,
daily) to capture regional variations in climatology
and bias offset.

= Development of a tool to aid in delta-change factor
selection relevant to the point of interest based on
weighted scoring of physiographic factors.

= Completion of a Canada-wide detailed uncertainty
and validation study to examine performance across
the country, and in regions where post-processing
corrections may be needed.

= Estimation of uncertainty and calibration in
ungauged basins (where no hydrometric data exist).

= Inclusion of spatial calibration data (e.g., remotely
sensed soil moisture or evapotranspiration) or use of
flow signatures to improve model calibration
performance and the representation of processes
driving runoff generation.

= Development of I/D ratios related to future climate
and applicable to the use of delta-change factors.

= Model setup and simulated historical and future
timeseries data for every sub-basin simulated could
be made available through a data portal with a
GlS-interface as a service to practitioners for other
climate change adaptation studies. This would
promote consistency among practitioners and
approaches for the water resources community.

= Ensuring long-term storage and maintenance of the
database by a responsible authority.

= Updating of bounding curves and delta-change
factors with each future release of the CHBDC, next
generation CMIP releases, or significant changes to
climate science knowledge.

4 Conclusions

Practitioners interviewed for this report unanimously
agreed that guidance on predicting peak flows under
a future climate, and supporting data to complete
these predictions in a simplified manner, are critical
for the engineering community. Interviewees also
noted that an established Canada-wide standard for
incorporating climate change impacts to peak flow
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assessments for bridge design would be welcomed by
the water resources community. While the intent of the
initiative is to simplify peak flow prediction in a manner
that ensures conservative bridge design, it is important
to value and incorporate the experience, knowledge, and
judgement of local practitioners. The initiative should
offer tools and data that support and integrate with,
rather than replace, existing practice. It is believed that
the development of data, guidance documents, and tools
to support the water resources community in applying
delta-change factors will allow conservative peak

flow estimation under climate change with reasonable
effort. This simplified and standardized approach will
promote consistency and resilient bridge design while
still encouraging more detailed, and presumably less
conservative, peak flow estimates using watershed-
specific hydrological modelling approaches.

The focus of this report was to develop a strategy
for a national dataset of bounding curves from
which potential changes in peak flow under a future
climate could be derived in the form of delta-change
factors. Although the effort would be substantial, it
may be feasible to create this dataset at a national
scale. The delta-change factors can be estimated
from the watershed-specific bounding curves, which
can then be applied to historical peak flow estimates
from practitioner-derived extreme value analysis. Key
components required for developing a national dataset
of bounding curves include:

GES
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“Practitioners interviewed for this report
unanimously agreed that guidance on
predicting peak flows under a future climate,
and supporting data to complete these
predictions in a simplified manner, are
critical for the engineering community.”

= Selecting a bias corrected and downscaled climate
model ensemble for Canada that includes emission
scenarios and members.

= Examining a pre-defined delineation of hydrologic
basins or zones across Canada to consider unique
climatic and hydrological characteristics to aid in
hydrological model selection.

= Leveraging existing Canada-wide hydrological model
setups for simulated streamflow with a focus on peak
flow simulation. This is limited to natural and
naturalized flow conditions where observational
historical data exists for each hydrological region
across Canada.

= Calibrating and verifying hydrological models against
observed records and confirming model performance
over the historical period by comparing against
reanalysis datasets.

= Running hydrological simulations with climate
variable forcing extending over the historical and
future time horizon (i.e., 1987-2100).

» Determining time frames to reach increments of GMT
rise with a focus on 2°C GMT under various emission
scenarios.

= Developing bounding curves that plot annual peak
flows for historical and future periods for each
modelled watershed representing regions across
Canada. Bounding curves would include the range of
uncertainty over the modelled period.

40



= Developing delta-change factor plots by selecting
conservative values (e.g. 25" and 75" confidence
bands) for current and future climate, respectively,
and indicating the delta-change factor (i.e., percent
change in peak flow) over a range of incremental
GMT rise. A key delta-change factor would apply to
2°C GMT rise.

= Advising practitioners to estimate historical peak
flows to ascertain design flood discharges ranging
from 0.2% to 4% as may be required in future
versions of the CHBDC.

= Advising practitioners to apply delta-change factors
relevant to the hydrological region and other relevant
variables. In recognition of current conditions,
delta-change factors would not be lower than 1.0.

= Advising practitioners to consider a variety of
hydrologic impacts, including flow regulation,
watershed non-stationarity (in addition to climate
change), and adjustments to account for
instantaneous discharge.

» Conducting a feasibility study using the above
outlined approach to ensure viability, computational
capacity and practicality issues for generation and
dissemination of these data.

Selecting delta-change factors from the figures and
data provided under the initiative will remain the
responsibility of the practitioner, based on selecting the
relevant hydrological region and increment of GMT rise.
Furthermore, in selecting the appropriate delta-change
factor, practitioners should consider approaches similar
to regional FFA that include a variety of physiographic
characteristics, such as watershed area, aspect,
average elevation, gradient, and drainage density.

The selected delta-change factor would be applied

to the historical peak flow estimate completed by the
practitioner using traditional hydrologic methods while
considering any limitations or best practices developed
while undertaking the initiative.

Within specific watersheds in various hydrologic
regions across Canada, peak flow estimates may trend
downwards either immediately or in the future as a
result of climate change. This could result in negative
delta-change factors that, if applied, would result in
new bridges being immediately under-designed for
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present conditions. For this reason, it will be important
to determine when the highest peak flows are expected
to occur and their respective values. Ultimately, the
selected design flood discharges would be based on
the worst case condition, whether that occurs during
the current or a future period.

Long-term storage and maintenance of the

database will require an ongoing investment by the
responsible authority or organization. Accessibility
to, reproducibility of, and benchmarking (by revision
control of bounding curves and delta-change factors)
will be important future considerations required to
maintain consistency and usability of the data.

4.1 Benefits to Practitioners and Owners

In a future climate, the temporal and spatial changes

to rainfall, snowmelt, and rain-on-snow characteristics
could lead to significant changes in peak flow
estimates and shifts in flood-generating mechanisms.
Therefore, for smaller non-rainfall-dominated
watersheds and for larger watersheds, hydrological
modelling is required to estimate peak flow. This can be
a significant undertaking; the level of effort to build and
analyze a climate-driven watershed hydrological model
may not be commensurate with the risk imposed on
the subject bridge.

The research conducted for this report pursued a data
driven approach that sets upper bound, conservative
estimates to peak flow estimation that can be applied
to frequency analysis using traditional hydrological
procedures. Although climate change may cause
watersheds to transition to a new paradigm that is not
represented in the historical record, a purpose-built
database of bounding values can support peak flow
estimates under a future climate by applying delta
factors to peak flow estimates derived from historical
records. In the absence of this tool, owners and water
resource professionals would be required to build and
calibrate watershed-specific hydrological models and
complete a thorough hydrologic assessment over the
historical and future period. This type of assessment
may be beyond the capacity of industry and may not
be commensurate with the scope of a project and

its risk profile.
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Development of the proposed bounding curves

and delta-change factors will allow owners and
practitioners to use a simplified approach that relies on
traditional hydrologic methods and historical records,
albeit at the expense of a more conservative design.

It is therefore the owner's prerogative to support the
practitioner in completing a more in-depth study, which
could typically result in a less conservative design, and
consequently, reduced construction and maintenance
costs. Investment in the initiative will continue to
bridge the gap between scientific knowledge and the
application of these principles in practice.

The bounding curves and related delta-change factors
are not intended to replace local hydrological expertise
but rather to support it. This could be accomplished by:

1. Requiring that qualified personnel use traditional
hydrological methods for FFA to derive their own
estimates of historical peak flows;

2. Using bounding curves and applying delta-change
factors to estimate future condition peak flows; and

3. Encouraging owners and practitioners to complete
site-specific climate-informed watershed hydrologic
assessments.
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The “encouragement” noted in point 3 would be
accomplished through the potential savings in bridge
construction, operation, and maintenance costs that
result from applying less conservative peak flow
estimates and through the consideration of hydrologic
complexities that can govern design, such as reliance
on flow regulation.

This approach allows practitioners the most flexibility
in using appropriate site-specific data to derive
historical peak flow estimates for design floods, but
also applies a consistent Canada-wide standard to
adjust those design values to account for climate
change. Furthermore, it leverages current best practice
in the climate change impact assessment literature
without requiring practitioners to undertake extensive
research and development work themselves, affording
consideration of climate-affected peak flow values
within typical budget and scope of work constraints.
Finally, this approach maintains practitioner and local
knowledge of watersheds and landscapes, including
understanding of regional controls and differences in
flood generation mechanisms, compounding effects
due to the dynamics of weather, antecedent conditions,
dynamically contributing areas, and flow routing, by
leaving the estimation of design peak flows in the
hands of local practitioners and agencies.

42



PEAK FLOW A

SSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

References

[4]

[9]

[10]

@

Canadian Highway Bridge Design Code, CSA S6, Canadian Standards Association, Toronto, ON, Canada, 2019.
Accessed: Dec. 12, 2023. [Online]. Available: https://www.csagroup.org/store/product/CSA%20S6%3A19/

Engineers Canada, “Public guideline: Principles of climate adaptation and mitigation for engineers,’
Engineers Canada, Ottawa, ON, Canada, May 2018. [Online]. Available: https://engineerscanada.ca/public-
guideline-principles-of-climate-adaptation-and-mitigation-for-engineers

Commentary on CSA S6.1:19, Canadian highway and bridge design code, Canadian Standards Association,
Toronto, ON, Canada, 2019. Accessed: Dec. 12, 2023. [Online]. Available: https://www.csagroup.org/store/
product/CSA%20S6.1%3A19/

L. MacTavish, G. Bourgeois, C. Lafleur, and E. Ristic, “Climate change adaptation for dams: A review of
climate vulnerabilities, adaptation measures, and opportunities for growth in the Canadian dams context,’
Canadian Standards Association, Toronto, ON, 2022. Accessed: Dec. 12, 2023. [Online]. Available: https://
www.csagroup.org/article/research/climate-change-adaptation-for-dams/

Technical guide: Development, interpretation, and use of rainfall intensity-duration-frequency (IDF) information:
Guideline for Canadian water resources practitioners, CSA PLUS 4103, Canadian Standards Association, Toronto,
ON, Canada, 2019. [Online]. Available: https://www.csagroup.org/store/product/CSA%20PLUS%204013:19/

D. Kennedy, H.-P. Hong, J. Fyke, and D. Gagnon, “Climate change provisions for CSA S6:25 Canadian
Highway Bridge Design Code: findings and recommendations,’ Canadian Standards Association, Toronto,
ON, Canada, 2022. [Online]. Available: https://www.csagroup.org/article/research/climate-change-
provisions-for-csa-s625-canadian-highway-bridge-design-code-findings-and-recommendations/

T. A. Stadnyk and S. J. Déry, “Canadian continental-scale hydrology under a changing climate: A review,’
Water, vol. 13, no. 7, p. 906, Mar. 2021, https://doi.org/10.3390/w13070906.

E. Bush and D. S. Lemmen, Eds. “Canada’s changing climate report,’ Ottawa, ON, Canada, 2019. Accessed:
Dec. 20, 2023. [Online]. Available: https://changingclimate.ca/CCCR2019/

R. Arsenault, R. Bazile, C. Ouellet Dallaire, and F. Brissette, “"CANOPEX: A Canadian hydrometeorological
watershed database,’ Hydrol. Process, vol. 30, no. 15, pp. 2734-2736, Jul. 2016, https://doi.org/101002/

hyp.10880.

Intergovernmental Panel on Climate Change, “Summary for policymakers,’ in Climate Change 2021:

The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. V. Masson-Delmotte et al., Eds. Cambridge, United Kingdom:
Cambridge University Press, 2021, pp. 3-32. Accessed: Aug. 5, 2023. [Online]. Available: https://www.ipcc.
ch/report/ar6/wgl/chapter/summary-for-policymakers/

Government of Canada. "Canadian climate data and scenarios.” [Online]. Available: https://climate-scenarios.

canada.ca/

European Union. “Copernicus climate change service.” Accessed: Aug. 3, 2023. [Online]. Available: https://
climate.copernicus.eu/

ggéup ‘ csagroup.org

43


https://www.csagroup.org/store/product/CSA%20S6%3A19/
https://engineerscanada.ca/public-guideline-principles-of-climate-adaptation-and-mitigation-for-engineers
https://engineerscanada.ca/public-guideline-principles-of-climate-adaptation-and-mitigation-for-engineers
https://www.csagroup.org/store/product/CSA%20S6.1%3A19/
https://www.csagroup.org/store/product/CSA%20S6.1%3A19/
https://www.csagroup.org/article/research/climate-change-adaptation-for-dams/
https://www.csagroup.org/article/research/climate-change-adaptation-for-dams/
https://www.csagroup.org/store/product/CSA%20PLUS%204013:19/
https://www.csagroup.org/article/research/climate-change-provisions-for-csa-s625-canadian-highway-bridge-design-code-findings-and-recommendations/
https://www.csagroup.org/article/research/climate-change-provisions-for-csa-s625-canadian-highway-bridge-design-code-findings-and-recommendations/
https://doi.org/10.3390/w13070906
https://changingclimate.ca/CCCR2019/
https://doi.org/10.1002/hyp.10880
https://doi.org/10.1002/hyp.10880
https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/
https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/
https://climate-scenarios.canada.ca/
https://climate-scenarios.canada.ca/
https://climate.copernicus.eu/
https://climate.copernicus.eu/

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

[17]

[23]

@

M. Braun, A. N. Thiombiano, M. J. F. Vieira, and T. A. Stadnyk, “Representing climate evolution in ensembles of
GCM simulations for the Hudson Bay System,’ Elementa: Sci. of the Anthro., vol. 9, no. 1, Jul. 2021, https://doi.
org/10.1525/elementa.2021.00011.

M. Durocher, D. H. Burn, and S. Mosto, “A nationwide regional flood frequency analysis at ungauged sites

using ROI/GLS with copulas and super regions,’ J. Hydrol,, vol. 567, pp. 191-202, 2018, https://doi.org/101016/j.
jhydrol.2018.10.011.

D. H. Burn and M. A. Hag Elnur, “Detection of hydrologic trends and variability,' J. Hydrol,, vol. 255, no. 1-4,
pp. 107-122, Jan. 2002, https://doi.org/10.1016/S0022-1694(01)00514-5.

M. K. MacDonald et al,, “Impacts of 1.5 and 2.0 °C warming on pan-Arctic river discharge into the Hudson Bay
Complex through 2070," Geophys. Res. Lett, vol. 45, no. 15, pp. 7561-7570, Aug. 2018, https://doi.
0rg/10.1029/2018GL079147.

Government of Canada. “Canadian Centre for Climate Services.” Accessed: Aug. 5, 2023. [Online]. Available:
https://www.canada.ca/en/environment-climate-change/services/climate-change/canadian-centre-climate-
services.html

N. C. Swart et al, “The Canadian Earth System Model version 5 (CanESM5.0.3)," Geosci. Model Dev,, vol. 12,
no. 11, pp. 4823-4873, Nov. 2019, https://doi.org/10.5194/gmd-12-4823-2019.

S. R. Sobie, F. W. Zwiers, and C. L. Curry, “Climate model projections for Canada: A comparison of CMIP5 and
CMIPS6," Atmos.-Ocean, vol. 59, no. 4-5, pp. 269-284, Oct. 2021, https://doi.org/101080/07055900.2021.2011103.

J. Chen, R. Arsenault, F. P. Brissette, and S. Zhang, “Climate change impact studies: Should we bias correct
climate model outputs or post-process impact model outputs?” Water Resour. Res., vol. 57, no. 5, May 2021,
Art. no. e2020WR028638, https://doi.org/10.1029/2020WR028638.

C. Teutschbein and J. Seibert, “Bias correction of regional climate model simulations for hydrological
climate-change impact studies: Review and evaluation of different methods,” J. Hydrol., vol. 456-457,
pp. 12-29, Aug. 2012, https://doi.org/101016/j.jhydrol.2012.05.052.

S. Pokorny, T. A. Stadnyk, G. Ali, R. Lilhare, S. J. Déry, and K. Koenig, “Cumulative effects of uncertainty on
simulated streamflow in a hydrologic modeling environment,’ Elementa: Sci. of the Anthro., vol. 9, no. 1,
Jan. 2021, https://doi.org/10.1525/elementa.431.

L. S. Matott, J. E. Babendreier, and S. T. Purucker, “Evaluating uncertainty in integrated environmental models:
A review of concepts and tools," Water Resour. Res., vol. 45, no. 6, 2009, Art. no. W06421, https://doi.
org/10.1029/2008WR007301.

M. P. Clark et al,, "A unified approach for process-based hydrologic modeling: 1. Modeling concept,” Water
Resour. Res., vol. 51, no. 4, pp. 2498-2514, Apr. 2015, https://doi.org/101002/2015WR017198.

G. Kuczera, “Improved parameter inference in catchment models: 1. Evaluating parameter uncertainty,” Water
Resour. Res., vol. 19, no. 5, pp. 1151-1162, Oct. 1983, https://doi.org/10.1029/WR019i005p01151.

E. F. Wood, “An analysis of the effects of parameter uncertainty in deterministic hydrologic models,” Water
Resour. Res., vol. 12, no. 5, pp. 925-932, Oct. 1976, https://doi.org/10.1029/WR012i005p00925.

ggéup ‘ csagroup.org

a4


https://doi.org/10.1525/elementa.2021.00011
https://doi.org/10.1525/elementa.2021.00011
https://doi.org/10.1016/j.jhydrol.2018.10.011
https://doi.org/10.1016/j.jhydrol.2018.10.011
https://doi.org/10.1016/S0022-1694(01)00514-5
https://doi.org/10.1029/2018GL079147
https://doi.org/10.1029/2018GL079147
https://www.canada.ca/en/environment-climate-change/services/climate-change/canadian-centre-climate-services.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/canadian-centre-climate-services.html
https://doi.org/10.5194/gmd-12-4823-2019
https://doi.org/10.1080/07055900.2021.2011103
https://doi.org/10.1029/2020WR028638
https://doi.org/10.1016/j.jhydrol.2012.05.052
https://doi.org/10.1525/elementa.431
https://doi.org/10.1029/2008WR007301
https://doi.org/10.1029/2008WR007301
https://doi.org/10.1002/2015WR017198
https://doi.org/10.1029/WR019i005p01151
https://doi.org/10.1029/WR012i005p00925

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

[27]

[28]

[30]

[31]

[32]

[34]

[38]

M. D. Mastrandrea et al, "Guidance note for lead authors of the IPCC Fifth Assessment Report on consistent
treatment of uncertainties,’ Intergovernmental Panel on Climate Change, Geneva, Switzerland, 2010.
Accessed: Aug. 3, 2023. [Online]. Available: https://www.ipcc.ch/site/assets/uploads/2017/08/AR5
Uncertainty Guidance Note.pdf

Environment and Climate Change Canada, “Climate-resilient buildings and core public infrastructure report:
Plain language summary,’ Environment and Climate Change Canada, Ottawa, ON, Canada, 2022. Accessed:
Aug. 5, 2023. [Online]. Available: https://climate-scenarios.canada.ca/?page=CRBCPI-general-summary

A. J. Cannon, D. I. Jeong, X. Zhang, and F. W. Zwiers, “Climate-resilient buildings and core public infrastructure
2020: An assessment of the impact of climate change on climatic design data in Canada,’ Environment and
Climate Change Canada, Ottawa, ON, Canada, 2020, Accessed: Aug. 5, 2023. [Online]. Available: http://
publications.gc.ca/pub?id=9.893021&sl=0

Intergovernmental Panel on Climate Change, “Technical summary,’ in Climate Change 2021: The Physical
Science Basis. Contribution of Working Group | to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change. V. Masson-Delmotte et al, Eds. Cambridge, United Kingdom: Cambridge University
Press, 2023, pp. 35-144. [Online]. Available: https://doi.org/10.1017/9781009157896.002.

M. N. Khalig, “An inventory of methods for estimating climate change-informed design water levels for
floodplain mapping,’ National Research Council of Canada, Ottawa, ON, Canada, Tech. rep. NRC-OCRE-2019-
TR-0112019. Accessed: Aug. 5, 2023. [Online]. Available: https://doi.org/10.4224/40001231

Z. Hausfather, K. Marvel, G. A. Schmidt, J. W. Nielsen-Gammon, and M. Zelinka, “Climate simulations:
Recognize the 'hot model’ problem,’ Nature, vol. 605, pp. 26-29, May 2022, https://doi.org/10.1038/d41586-
022-01192-2.

N. Maher, S. Milinski, and R. Ludwig, “Large ensemble climate model simulations: Introduction, overview,
and future prospects for utilising multiple types of large ensemble,’ Earth Sys. Dyn., vol. 12, no. 2, pp. 401-418,
Apr. 2021, https://doi.org/10.5194/esd-12-401-2021.

A. ). Cannon, “Selecting GCM scenarios that span the range of changes in a multimodel ensemble:
Application to CMIP5 climate extremes indices,’ J. Clim., vol. 28, no. 3, pp. 1260-1267, Feb. 2015, https://doi.
0rg/1041175/JCLI-D-14-00636.1.

A. J. Cannon, S. R. Sobie, and T. Q. Murdock, “Bias correction of GCM precipitation by quantile mapping:
How well do methods preserve changes in quantiles and extremes?” J. Clim., vol. 28, no. 17, pp. 6938-6959,
Sep. 2015, https://doi.org/10.1175/JCLI-D-14-00754.1.

R. Laprise, “Regional climate modelling,’ J. Comput. Phys., vol. 227, no. 7, pp. 3641-3666, Mar. 2008, https://doi.
0rg/10.1016/J.jcp.2006.10.024.

R. L. Wilby, C. W. Dawson, and E. M. Barrow, “SDSM — a decision support tool for the assessment of regional
climate change impacts,’ Environ. Model. & Soft, vol. 17, no. 2, pp. 145-157, 2002, https://doi.org/101016/
S1364-8152(01)00060-3.

J. Chen, F. P. Brissette, A. Poulin, and R. Leconte, “Overall uncertainty study of the hydrological impacts of
climate change for a Canadian watershed,’ Water Resour. Res., vol. 47, no. 12, Dec. 2011, https://doi.
org/10.1029/2011WR010602.

‘sp ggéupm ‘ csagroup.org

45


https://www.ipcc.ch/site/assets/uploads/2017/08/AR5_Uncertainty_Guidance_Note.pdf
https://www.ipcc.ch/site/assets/uploads/2017/08/AR5_Uncertainty_Guidance_Note.pdf
https://climate-scenarios.canada.ca/?page=CRBCPI-general-summary
http://publications.gc.ca/pub?id=9.893021&sl=0
http://publications.gc.ca/pub?id=9.893021&sl=0
https://doi.org/10.1017/9781009157896.002
https://doi.org/10.4224/40001231
https://doi.org/10.1038/d41586-022-01192-2
https://doi.org/10.1038/d41586-022-01192-2
https://doi.org/10.5194/esd-12-401-2021
https://doi.org/10.1175/JCLI-D-14-00636.1
https://doi.org/10.1175/JCLI-D-14-00636.1
https://doi.org/10.1175/JCLI-D-14-00754.1
https://doi.org/10.1016/j.jcp.2006.10.024
https://doi.org/10.1016/j.jcp.2006.10.024
https://doi.org/10.1016/S1364-8152(01)00060-3
https://doi.org/10.1016/S1364-8152(01)00060-3
https://doi.org/10.1029/2011WR010602
https://doi.org/10.1029/2011WR010602

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

[39]

[40]

(41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

H. Singh and M. Reza Najafi, “Evaluation of gridded climate datasets over Canada using univariate and
bivariate approaches: Implications for hydrological modelling,’ J. Hydrol, vol. 584, May 2020, Art. no. 124673,
https://doi.org/10.1016/j.jhydrol.2020.124673.

C. R. Rajulapati and S. M. Papalexiou, "Precipitation bias correction: A novel semi-parametric quantile
mapping method,’ Earth Space Sci,, vol. 10, no. 4, Apr. 2023, Art. no. e2023EA002823, https://doi.
0rg/10.1029/2023EA002823.

M. Leduc et al, “The ClimEx Project: A 50-member ensemble of climate change projections at 12-km
resolution over Europe and Northeastern North America with the Canadian Regional Climate model
(CRCMS5)," J. Appl. Meteorol. Climatol,, vol. 58, no. 4, pp. 663-693, Apr. 2019, https://doi.org/101175/
JAMC-D-18-0021.1.

Ouranos. “CMIP6 climate model generation now available on Climate Portraits.” Accessed: Aug. 5, 2023.
[Online]. Available: https://www.ouranos.ca/en/news/2023-05-17/cmip6-climate-model-generation-now-
available-climate-portraits

Pacific Climate Impacts Consortium. “Downscaled CMIP6 climate scenarios now available." Accessed:
Aug. 5, 2023. [Online]. Available: https://pacificclimate.org/news-and-events/news/2021/downscaled-
cmip6-climate-scenarios-now-available

J. Chen, F. P. Brissette, D. Chaumont, and M. Braun, “Finding appropriate bias correction methods in
downscaling precipitation for hydrologic impact studies over North America,’ Water Resour. Res., vol. 49,
no. 7, pp. 4187-4205, Jul. 2013, https://doi.org/101002/wrcr.20331.

A. J. Cannon, "Multivariate quantile mapping bias correction: an N-dimensional probability density function
transform for climate model simulations of multiple variables,” Clim. Dyn., vol. 50, pp. 31-49, Jan. 2018, https://
doi.org/101007/s00382-017-3580-6.

E. Probst and W. Mauser, “Evaluation of ERA5 and WFDES5 forcing data for hydrological modelling and the
impact of bias correction with regional climatologies: A case study in the Danube River Basin,’ J. Hydrol. Reg.
Stud., vol. 40, Apr. 2022, Art. no. 101023, https://doi.org/10.1016/j.ejrh.2022.101023.

P. Berg, F. Almén, and D. Bozhinova, “HydroGFD3.0 (Hydrological Global Forcing Data): A 25 km global
precipitation and temperature data set updated in near-real time," Earth Syst. Sci. Data, vol. 13, no. 4,
pp. 1531-1545, Apr. 2021, https://doi.org/10.5194/essd-13-1531-2021.

T. A. Stadnyk et al,, “Changing freshwater contributions to the Arctic: A 90-year trend analysis (1981-2070),
Elementa: Sci. of the Anthro., vol. 9, no. 1, May 2021, https://doi.org/101525/elementa.2020.00098.

G. Tang et al,, "SCDNA: A serially complete precipitation and temperature dataset for North America from
1979 to 2018," Earth Sys. Sci. Data, vol. 12, no. 4, pp. 2381-2409, Oct. 2020, https://doi.org/10.5194/essd-12-
2381-2020.

Government of Canada. “Technical documentation: Regional Deterministic Precipitation Analysis.” Accessed:
Dec. 12, 2023. [Online]. Available: https://www.canada.ca/en/environment-climate-change/services/climate-

change/canadian-centre-climate-services/display-download/technical-documentation-regional-
precipitation-analysis.html

‘sp ggéupm ‘ csagroup.org

46


https://doi.org/10.1016/j.jhydrol.2020.124673
https://doi.org/10.1029/2023EA002823
https://doi.org/10.1029/2023EA002823
https://doi.org/10.1175/JAMC-D-18-0021.1
https://doi.org/10.1175/JAMC-D-18-0021.1
https://www.ouranos.ca/en/news/2023-05-17/cmip6-climate-model-generation-now-available-climate-portraits
https://www.ouranos.ca/en/news/2023-05-17/cmip6-climate-model-generation-now-available-climate-portraits
https://pacificclimate.org/news-and-events/news/2021/downscaled-cmip6-climate-scenarios-now-available
https://pacificclimate.org/news-and-events/news/2021/downscaled-cmip6-climate-scenarios-now-available
https://doi.org/10.1002/wrcr.20331
https://doi.org/10.1007/s00382-017-3580-6
https://doi.org/10.1007/s00382-017-3580-6
https://doi.org/10.1016/j.ejrh.2022.101023
https://doi.org/10.5194/essd-13-1531-2021
https://doi.org/10.1525/elementa.2020.00098
https://doi.org/10.5194/essd-12-2381-2020
https://doi.org/10.5194/essd-12-2381-2020
https://www.canada.ca/en/environment-climate-change/services/climate-change/canadian-centre-climate-services/display-download/technical-documentation-regional-precipitation-analysis.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/canadian-centre-climate-services/display-download/technical-documentation-regional-precipitation-analysis.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/canadian-centre-climate-services/display-download/technical-documentation-regional-precipitation-analysis.html

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

[51]

[53]

[55]

[56]

[60]

[61]

[63]

R. A. Lane, G. Coxon, J. Freer, J. Seibert, and T. Wagener, “A large-sample investigation into uncertain climate
change impacts on high flows across Great Britain,” Hydrol. Earth Syst. Sci., vol. 26, no. 21, pp. 5535-5554,
Nov. 2022, https://doi.org/10.5194/hess-26-5535-2022.

H. Meresa, B. Tischbein, and T. Mekonnen, “Climate change impact on extreme precipitation and peak flood
magnitude and frequency: Observations from CMIP6 and hydrological models,’ Natural Hazards, vol. 111,
pp. 2649-2679, Apr. 2022, https://doi.org/10.1007/s11069-021-05152-3.

Q. Guo, J. Chen, X. J. Zhang, C.-Y. Xu, and H. Chen, “Impacts of using state-of-the-art multivariate bias
correction methods on hydrological modeling over North America,’ Water Resour Res, vol. 56, no. 5,
May 2020, Art. no. e2019WR026659, https://doi.org/10.1029/2019WR026659.

J. A. Veldzquez et al., "An ensemble approach to assess hydrological models’ contribution to uncertainties in
the analysis of climate change impact on water resources,’ Hydrol. Earth Syst. Sci,, vol. 17, no. 2, pp. 565-578,
Feb. 2013, https://doi.org/10.5194/hess-17-565-2013.

J. ). Gibson, T. Holmes, T. A. Stadnyk, S. J. Birks, P. Eby, and A. Pietroniro, “Isotopic constraints on water
balance and evapotranspiration partitioning in gauged watersheds across Canada,’ J. Hydrol. Reg. Stud.,
vol. 37, Oct. 2021, Art. no. 100878, https://doi.org/10.1016/j.ejrh.2021.100878.

S. Hagemann et al, “Climate change impact on available water resources obtained using multiple global
climate and hydrology models,’ Earth Syst. Dyn., vol. 4, no. 1, pp. 129-144, May 2013, https://doi.org/10.5194/
esd-4-129-2013.

C. Guay, M. Minville, and M. Braun, “A global portrait of hydrological changes at the 2050 horizon for the
province of Québec,” Can. Water Resour. J,, vol. 40, no. 3, pp. 285-302, 2015, https://doi.org/101080/07011784.
2015.1043583.

V. Krysanova et al,, "How the performance of hydrological models relates to credibility of projections under
climate change,’ Hydrological Sciences Journal, vol. 63, no. 5, pp. 696-720, Apr. 2018, https://doi.org/101080/0
2626667.2018.1446214.

A. J. Newman, N. Mizukami, M. P. Clark, A. W. Wood, B. Nijssen, and G. Nearing, “Benchmarking of a
physically based hydrologic model,” J. Hydrometeorol.,, vol. 18, no. 8, pp. 2215-2225, Aug. 2017, https://doi.
0rg/101175/JHM-D-16-0284.1.

K. Beven, “Benchmarking hydrological models for an uncertain future,” Hydrol. Process., vol. 37, no. 5,
May 2023, Art. no. 14882, https://doi.org/10.1002/hyp.14882.

R. Lilhare, S. Pokorny, S. J. Déry, T. A. Stadnyk, and K. A. Koenig, “Sensitivity analysis and uncertainty
assessment in water budgets simulated by the variable infiltration capacity model for Canadian subarctic
watersheds,’ Hydrol. Process., vol. 34, no. 9, pp. 2057-2075, Apr. 2020, https://doi.org/10.1002/hyp.13711.

J. W. Pomeroy et al,, “The cold regions hydrological modelling platform for hydrological diagnosis and
prediction based on process understanding,’ J. Hydrol,, vol. 615, Dec. 2022, Art. no. 128711, https://doi.
0rg/10.1016/j.jhydrol.2022.128711.

A. Poulin, F. Brissette, R. Leconte, R. Arsenault, and J.-S. Malo, “Uncertainty of hydrological modelling in
climate change impact studies in a Canadian, snow-dominated river basin,’ J. Hydrol,, vol. 409, no. 3-4, pp.
626-636, Nov. 2011, https://doi.org/10.1016/].jhydrol.2011.08.057.

‘sp ggéupm ‘ csagroup.org 47


https://doi.org/10.5194/hess-26-5535-2022
https://doi.org/10.1007/s11069-021-05152-3
https://doi.org/10.1029/2019WR026659
https://doi.org/10.5194/hess-17-565-2013
https://doi.org/10.1016/j.ejrh.2021.100878
https://doi.org/10.5194/esd-4-129-2013
https://doi.org/10.5194/esd-4-129-2013
https://doi.org/10.1080/07011784.2015.1043583
https://doi.org/10.1080/07011784.2015.1043583
https://doi.org/10.1080/02626667.2018.1446214
https://doi.org/10.1080/02626667.2018.1446214
https://doi.org/10.1175/JHM-D-16-0284.1
https://doi.org/10.1175/JHM-D-16-0284.1
https://doi.org/10.1002/hyp.14882
https://doi.org/10.1002/hyp.13711
https://doi.org/10.1016/j.jhydrol.2022.128711
https://doi.org/10.1016/j.jhydrol.2022.128711
https://doi.org/10.1016/j.jhydrol.2011.08.057

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

[68]

[78]

@

D. B. Wijayarathne and P. Coulibaly, “Identification of hydrological models for operational flood forecasting in
St. John's, Newfoundland, Canada,’ J. Hydrol. Reg. Stud.,, vol. 27, Feb. 2020, Art. no. 100646, https://doi.
0rg/10.1016/j.ejrh.2019.100646.

J. Mai et al,, "The Great Lakes Runoff Intercomparison Project Phase 4: The Great Lakes (GRIP-GL)," Hydrol.
Earth Syst. Sci.,, vol. 26, no. 13, pp. 3537-3572, Jul. 2022, https://doi.org/10.5194/hess-26-3537-2022.

J. Mai et al,, "Great Lakes Runoff Intercomparison Project Phase 3: Lake Erie (GRIP-E)," J. Hydrol. Eng., vol. 26,
no. 9, Sep. 2021, Art. no. 05021020, https://doi.org/10.1061/(ASCE)HE.1943-5584.0002097.

M. I. Ahmed et al,, “Learning from hydrological models’ challenges: A case study from the Nelson basin
model intercomparison project,’ J. Hydrol, vol. 623, Aug. 2023, Art. no. 129820, https://doi.org/10.1016/].
jhydrol.2023.129820.

R. Arsenault, J. L. Martel, F. Brunet, F. Brissette, and J. Mai, “Continuous streamflow prediction in ungauged
basins: Long short-term memory neural networks clearly outperform traditional hydrological models,’ Hydrol.
Earth Syst. Sci,, vol. 27, no. 1, pp. 139-157, Jan. 2023, https://doi.org/10.5194/hess-27-139-2023.

R. R. Shrestha, A. J. Cannon, M. A. Schnorbus, and F. W. Zwiers, “Projecting future nonstationary extreme
streamflow for the Fraser River, Canada,’ Clim. Change, vol. 145, no. 3-4, pp. 289-303, Dec. 2017, https://doi.
0rg/10.1007/s10584-017-2098-6.

T. A. Stadnyk et al., “Hydrological modeling of freshwater discharge into Hudson Bay using HYPE,' Elementa:
Sci. of the Anthro,, vol. 8, Jan. 2020, Art. no. 43, https://doi.org/101525/elementa.439.

J. R. Craig et al,, "Flexible watershed simulation with the Raven hydrological modelling framework,’
Environmental Modelling & Software, vol. 129, Jul. 2020, Art. no. 104728, https://doi.org/101016/].
envsoft.2020.104728.

HydroSHEDS. “About.” [Online]. Available: https://www.hydrosheds.org/

MERIT Hydro. “Global hydrography datasets.’ [Online]. Available: http://hydro.iis.u-tokyo.ac.jp/~yamadai/
MERIT_Hydro/

European Space Agency. “ESA CCI land cover website.’ [Online]. Available: https://www.esa-landcover-cci.org/

NASA. “LDAS: Land Data Assimilation System.” [Online]. Available: https://Idas.gsfc.nasa.gov/data

F. Zhao et al, “The critical role of the routing scheme in simulating peak river discharge in global hydrological
models,’ Environ. Res. Lett,, vol. 12, no. 7, Jun. 2017, Art. no. 075003, https://doi.org/10.1088/1748-9326/aa7250.

A. A. G. Tefs, "Simulating hydroelectric regulation and climate change in the Hudson Bay drainage basin,’
M.S. thesis, Dept. of Civil Engineering, University of Manitoba, Winnipeg, MB, Canada, 2018. [Online].
Available: http://hdl.handle.net/1993/33613

S. Pokorny, T. A. Stadnyk, R. Lilhare, G. Ali, S. J. Déry, and K. Koenig, “Use of ensemble-based gridded
precipitation products for assessing input data uncertainty prior to hydrologic modeling,” Water, vol. 12,
no. 10, 2020, Art. no. 2751, https://doi.org/10.3390/w12102751.

ggéup ‘ csagroup.org

48


https://doi.org/10.1016/j.ejrh.2019.100646
https://doi.org/10.1016/j.ejrh.2019.100646
https://doi.org/10.5194/hess-26-3537-2022
https://doi.org/10.1061/(ASCE)HE.1943-5584.0002097
https://doi.org/10.1016/j.jhydrol.2023.129820
https://doi.org/10.1016/j.jhydrol.2023.129820
https://doi.org/10.5194/hess-27-139-2023
https://doi.org/10.1007/s10584-017-2098-6
https://doi.org/10.1007/s10584-017-2098-6
https://doi.org/10.1525/elementa.439
https://doi.org/10.1016/j.envsoft.2020.104728
https://doi.org/10.1016/j.envsoft.2020.104728
https://www.hydrosheds.org/
http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_Hydro/
http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_Hydro/
https://www.esa-landcover-cci.org/
https://ldas.gsfc.nasa.gov/data
https://doi.org/10.1088/1748-9326/aa7250
http://hdl.handle.net/1993/33613
https://doi.org/10.3390/w12102751

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

[79]

[83]

[86]

M. Tarek, F. P. Brissette, and R. Arsenault, “Evaluation of the ERA5 reanalysis as a potential reference dataset
for hydrological modelling over North America,’ Hydrol. Earth Syst. Sci,, vol. 24, no. 5, pp. 2527-2544, May 2020,
https://doi.org/10.5194/hess-24-2527-2020.

Government of Canada. “Water level and flow." Accessed: Jul. 31, 2022. [Online]. Available: https://
wateroffice.ec.gc.ca/index_e.html

World Meteorological Organization. “"New WHYCOS strategy.” Accessed: Aug. 5, 2023. [Online]. Available:
https://hydrohub.wmo.int/en/new-whycos-strategy

P. Spellman, V. Webster, and D. Watkins, “Bias correcting instantaneous peak flows generated using a
continuous, semi-distributed hydrologic model,’ J. Flood Risk Manag., vol. 11, no. 4, Dec. 2018, Art. no. e12342,
https://doi.org/101111/fr3.12342.

Natural Resources Canada, “Federal hydrologic and hydraulic procedures for flood hazard delineation,’
Version 1.0, Natural Resources Canada, Ottawa, ON, Canada, 2019. [Online]. Available: https://doi.
0rg/10.4095/299808.

NSERC FloodNet. “FloodNet." [Online]. Available: https://www.nsercfloodnet.ca/

Z.Zhang, T. A. Stadnyk, and D. H. Burn, “Identification of a preferred statistical distribution for at-site flood
frequency analysis in Canada,’ Can. Water Resour. J,, vol. 45, no. 1, pp. 43-58, Jan. 2020, https://doi.org/101080

/07011784.2019.1691942.

Z.Zhang and T. A. Stadnyk, “Investigation of attributes for identifying homogeneous flood regions for
regional flood frequency analysis in Canada,” Water, vol. 12, no. 9, Sep. 2020, Art. no. 2570, https://doi.
0rg/10.3390/w12092570.

C. T. Vidrio-Sahagun and J. He, “The decomposition-based nonstationary flood frequency analysis,’ J. Hydrol,
vol. 612, Sep. 2022, Art. no. 128186, https://doi.org/10.1016/}.jhydrol.2022.128186.

M. J. Machado, B. A. Botero, J. Lépez, F. Francés, A. Diez-Herrero, and G. Benito, “Flood frequency analysis
of historical flood data under stationary and non-stationary modelling," Hydrol. Earth Syst. Sci., vol. 19, no. 6,
pp. 2561-2576, Jun. 2015, https://doi.org/10.5194/hess-19-2561-2015.

J. M. Cunderlik and D. H. Burn, “Non-stationary pooled flood frequency analysis,’ J. Hydrol, vol. 276, no. 1-4,
pp. 210-223, May 2003, https://doi.org/10.1016/S0022-1694(03)00062-3.

Z. Micovic, M. G. Schaefer, and G. H. Taylor, “Uncertainty analysis for Probable Maximum Precipitation
estimates,’ J. Hydrol, vol. 521, pp. 360-373, Feb. 2015, https://doi.org/101016/}.jhydrol.2014.12.033.

D. Huard, J. Clavet-Gaumont, P. Slota, K. Kornelsen, and C. Poirier, “Flood frequency analysis and dam safety
in the 21st century climate,” Ouranos, Montreal, QC, 2021. [Online]. Available: https://www.ouranos.ca/sites/
default/files/2022-07/proj-201419-energie-koenig-finalreport.pdf

N. P. Gillett et al, "Human influence on the 2021 British Columbia floods," Weather Clim. Extrem., vol. 36,
Jun. 2022, Art. no. 100441, https://doi.org/10.1016/j.wace.2022.100441.

S. Ashraf Vaghefi, M. Iravani, D. Sauchyn, Y. Andreichuk, G. Goss, and M. Faramarzi, “Regionalization and
parameterization of a hydrologic model significantly affect the cascade of uncertainty in climate-impact
projections,’ Clim. Dyn., vol. 53, no. 5-6, pp. 2861-2886, Sep. 2019, https://doi.org/10.1007/s00382-019-04664-w.

‘sp ggéupm ‘ csagroup.org

49


https://doi.org/10.5194/hess-24-2527-2020
https://wateroffice.ec.gc.ca/index_e.html
https://wateroffice.ec.gc.ca/index_e.html
https://hydrohub.wmo.int/en/new-whycos-strategy
https://doi.org/10.1111/jfr3.12342
https://doi.org/10.4095/299808
https://doi.org/10.4095/299808
https://www.nsercfloodnet.ca/
https://doi.org/10.1080/07011784.2019.1691942
https://doi.org/10.1080/07011784.2019.1691942
https://doi.org/10.3390/w12092570
https://doi.org/10.3390/w12092570
https://doi.org/10.1016/j.jhydrol.2022.128186
https://doi.org/10.5194/hess-19-2561-2015
https://doi.org/10.1016/S0022-1694(03)00062-3
https://doi.org/10.1016/j.jhydrol.2014.12.033
https://www.ouranos.ca/sites/default/files/2022-07/proj-201419-energie-koenig-finalreport.pdf
https://www.ouranos.ca/sites/default/files/2022-07/proj-201419-energie-koenig-finalreport.pdf
https://doi.org/10.1016/j.wace.2022.100441
https://doi.org/10.1007/s00382-019-04664-w

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

[94]

[95]

[102]

[103]

[104]

[105]

[106]

[107]

M. P. Clark et al, “Characterizing uncertainty of the hydrologic impacts of climate change.,’ Curr. Clim. Change
Rep., vol. 2, no. 2, pp. 55-64, 2016, https://doi.org/101007/s40641-016-0034-x.

M. D. Mastrandrea et al., “The IPCC AR5 guidance note on consistent treatment of uncertainties: a common
approach across the working groups,’ Clim. Change, vol. 108, no. 4, pp. 675-691, Oct. 2011, https://doi.
0rg/10.1007/s10584-011-0178-6.

Government of Canada."Flood Hazard Identification and Mapping Program.” Accessed: Aug. 05, 2023.
[Online]. Available: https://natural-resources.canada.ca/science-and-data/science-and-research/natural-
hazards/flood-hazard-identification-and-mapping-program/24044

FloodNet. FloodNet Regional Frequency Analysis R-package. Accessed: Dec. 12, 2023. [Online]. Available:
https://rdrr.io/github/floodnetProject16/floodnetRfa/

S. Mostofi Zadeh, D. H. Burn, and N. O'Brien, “Detection of trends in flood magnitude and frequency in
Canada,’ J. Hydrol. Reg. Stud., vol. 28, Apr. 2020, Art. no. 100673, https://doi.org/10.1016/j.ejrh.2020.100673.

University of Saskatchewan. “Global Water Futures.” [Online]. Available: https://gwf.usask.ca/

Ouranos, "ESPO-G Dataset,’ Ouranos, Montreal, QC, Canada, 2023. [Online]. Available: https://github.com/
Ouranosinc/ESPO-G

J. Lavoie et al,, "ESPO-G6-E5L: Ouranos Ensemble of Bias-Adjusted Simulations - Global Models CMIP6 -
ERA5-Land Dataset,’ Ouranos, Montreal, QC, Canada, 2023. Accessed: Aug. 5, 2023. [Online]. Available:
https://zenodo.org/record/7764929

P. Bourgault, T. Logan, J. Lavoie, and M. Leduc, “Climate Portraits version 2.0: Technical note on projections of
daily freeze-thaw cycles,’ Ouranos, Montreal, QC, Canada, 2023. [Online]. Available: https://pavics.ouranos.
ca/pc-extra/config/gel degel en.pdf

University of Saskatchewan. “Global Water Futures: Core modelling and forecasting team.” [Online].
Available: https://gwf.usask.ca/core-modelling/

W. J. M. Knoben et al,, “Community workflows to advance reproducibility in hydrologic modeling: Separating
model-agnostic and model-specific configuration steps in applications of large-domain hydrologic models,’
Water Resour. Res., vol. 58, no. 11, 2022, Art. no. e2021WR031753, https://doi.org/10.1029/2021WR031753.

A. Mailhot, S. Bolduc, G. Talbot, and P. Vaittinada, “Révision des criteres de conception des ponceaux oour
des bassins de drainage de 25 km? et moins dans un contexte de changements climatiques (CC06.2),’
Ministere des Transports, Québec, QC, Canada, Mar. 2021. [Online]. Available: http://www.bv.transports.gouv.
gc.ca/mono/1260388.pdf

R. Fernandes, V. Korolevych, and S. Wang, “Trends in land evapotranspiration over Canada for the period
1960-2000 based on in situ climate observations and a land surface model,’ J. Hydrometeorol, vol. 8, no. 5,
pp. 1016-1030, Oct. 2007, https://doi.org/10.1175/JHM619.1.

Intergovernmental Panel on Climate Change, Climate Change 2022: Mitigation of Climate Change.
Contribution of Working Group Ill to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change, P.R. Shukla et al,, Eds., Cambridge, United Kingdom: Cambridge University Press, 2022. [Online].
Available: https://doi.org/10.1017/9781009157926

‘sp ggéupm ‘ csagroup.org 50


https://doi.org/10.1007/s40641-016-0034-x
https://doi.org/10.1007/s10584-011-0178-6
https://doi.org/10.1007/s10584-011-0178-6
https://natural-resources.canada.ca/science-and-data/science-and-research/natural-hazards/flood-hazard-identification-and-mapping-program/24044
https://natural-resources.canada.ca/science-and-data/science-and-research/natural-hazards/flood-hazard-identification-and-mapping-program/24044
https://rdrr.io/github/floodnetProject16/floodnetRfa/
https://doi.org/10.1016/j.ejrh.2020.100673
https://gwf.usask.ca/
https://github.com/Ouranosinc/ESPO-G
https://github.com/Ouranosinc/ESPO-G
https://zenodo.org/record/7764929
https://pavics.ouranos.ca/pc-extra/config/gel_degel_en.pdf
https://pavics.ouranos.ca/pc-extra/config/gel_degel_en.pdf
https://gwf.usask.ca/core-modelling/
https://doi.org/10.1029/2021WR031753
http://www.bv.transports.gouv.qc.ca/mono/1260388.pdf
http://www.bv.transports.gouv.qc.ca/mono/1260388.pdf
https://doi.org/10.1175/JHM619.1
https://doi.org/10.1017/9781009157926

PEAK FLOW ASSESSMENT UNDER A CHANGING CLIMATE: RECOMMENDATIONS FOR THE CANADIAN HIGHWAY BRIDGE DESIGN CODE

[108]

[109]

[110]

[11]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Government of Canada. “The Canadian Earth System Model Large Ensembles.” Accessed: Aug. 5, 2023.
[Online]. Available: https://open.canada.ca/data/en/dataset/aa7b6823-fd1e-49ff-a6fb-68076a4a477¢c

WCRP CORDEX, "The North American CORDEX program.” Accessed: Dec. 12, 2023. [Online]. Available:
https://na-cordex.org/

N. Mizukami et al,, “MizuRoute version 1: A river network routing tool for a continental domain water
resources applications,’ Geosci. Model. Dev.,, vol. 9, no. 6, pp. 2223-2228, Jun. 2016, https://doi.org/10.5194/
gmd-9-2223-2016.

I. Vandervelde et al, “Evaluating a reservoir parametrization in the vector-based global routing model
mizuRoute (v2.0.1) for Earth system model coupling,” Geosci. Model Dev., vol. 15, no. 10, pp. 4163-4192,
Jun. 2022, https://doi.org/10.5194/gmd-15-4163-2022.

S. L. Dingman, Physical Hydrology, 3rd ed., Long Grove, IL, United States: Waveland Press, 2014. [Online].
Available: https://www.waveland.com/browse.php?t=382

J. Li et al,, “Joint effects of the DEM resolution and the computational cell size on the routing methods in
hydrological modelling,’ Water, vol. 14, no. 5, Mar. 2022, Art. no. 797, https://doi.org/10.3390/w14050797.

D. T. Myers, D. L. Ficklin, S. M. Robeson, R. P. Neupane, A. Botero-Acosta, and P. M. Avellaneda, “Choosing an
arbitrary calibration period for hydrologic models: How much does it influence water balance simulations?,’
Hydrol. Process., vol. 35, no. 2, Feb. 2021, Art. no. e14045, https://doi.org/101002/hyp.14045.

W. J. M. Knoben, J. E. Freer, and R. A. Woods, “Technical note: Inherent benchmark or not? Comparing
Nash-Sutcliffe and Kling-Gupta efficiency scores,” Hydrol. Earth Syst. Sci., vol. 23, no. 10, pp. 4323-4331,
Oct. 2019, https://doi.org/10.5194/hess-23-4323-2019.

D. N. Moriasi, M. W. Gitau, N. Pai, and P. Daggupati, “Hydrologic and water quality models: performance
measures and evaluation criteria,’ Trans ASABE, vol. 58, no. 6, pp. 1763-1785, Dec. 2015, http://dx.doi.
org/10.13031/trans.58.10715.

The OSTRICH Calibration Toolkit. (2023). United States Bureau of Reclamation, Washington, DC, United
States. Accessed: Dec. 12, 2023. [Online]. Available: https://usbr.github.io/ostrich/index.html

H. K. McMillan, “A review of hydrologic signatures and their applications,” WIREs Water, vol. 8, no. 1, Jan. 2021,
Art. no. e1499, https://doi.org/10.1002/wat2.1499.

M. D. Wilkinson et al., “The FAIR guiding principles for scientific data management and stewardship,’ Sci.
Data. vol. 3, no. 1, 2016, Art. no. 160018, https://doi.org/10.1038/sdata.2016.18.

‘sp ggéupm ‘ csagroup.org

51


https://open.canada.ca/data/en/dataset/aa7b6823-fd1e-49ff-a6fb-68076a4a477c
https://na-cordex.org/
https://doi.org/10.5194/gmd-9-2223-2016
https://doi.org/10.5194/gmd-9-2223-2016
https://doi.org/10.5194/gmd-15-4163-2022
https://www.waveland.com/browse.php?t=382
https://doi.org/10.3390/w14050797
https://doi.org/10.1002/hyp.14045
https://doi.org/10.5194/hess-23-4323-2019
http://dx.doi.org/10.13031/trans.58.10715
http://dx.doi.org/10.13031/trans.58.10715
https://usbr.github.io/ostrich/index.html
https://doi.org/10.1002/wat2.1499
https://doi.org/10.1038/sdata.2016.18

CSA
GROUP”

CSA Group Research

In order to encourage the use of
consensus-based standards solutions to
promote safety and encourage innovation,
CSA Group supports and conducts
research in areas that address new or
emerging industries, as well as topics and
issues that impact a broad base of current
and potential stakeholders. The output of
our research programs will support the
development of future standards solutions,
provide interim guidance to industries on
the development and adoption of new
technologies, and help to demonstrate
our on-going commitment to building a
better, safer, more sustainable world.

© 2024 Canadian Standards Association. All Rights Reserved.



	Executive Summary 
	1 Introduction
	1.1 Understanding the Problem
	1.2 Rationale for Considering Peak 
Flow Estimation in the Code

	CSA Group Research
	2 Investigating Peak Flow 
Estimation across Canada
	2.1 Current State of Knowledge: Review 
of Existing Studies
	2.1.1 State of Climate Change Understanding across Canada
	2.1.2 Assessing Climate Change in Canada
	2.1.3 Best Practice for Climate Change 
Impact Assessment
	2.1.4 Flood Frequency Analysis 
	2.1.5 Considering Climate Change 
Non-Stationarity
	2.1.6 Best Practice in Canadian Peak Flow Estimation
	2.1.7 Consideration of Uncertainty

	2.2 Relevant Research Activities 
across Canada
	2.2.2 FloodNet Regional Frequency 
Analysis Toolbox 
	2.2.3 Downscaled and Bias Corrected Climate Ensembles
	2.2.4 Model Agnostic Framework

	2.3 Practitioner and Agency Interviews

	3 Toward a National Dataset 
of Bounding Curves
	3.1 Recommended Approach to Develop 
a National Bounding Curve Dataset
	3.1.1 Define Study Scope
	3.1.2 Climate Model Ensemble Selection 
	3.1.3 Bias Adjustment of Climate Data 
	3.1.4 Downscaling of Global Climate 
Model Data 
	3.1.5 Hydrologic Model Selection
	3.1.6 Hydrological Model Setup
	3.1.7 Hydrological Model Calibration and Validation
	3.1.8 Global Climate Model-Driven Model Simulations
	3.1.9 Flood Frequency Analysis
	3.1.10 Bounding Curve and Delta-Change Factor Development
	3.1.11 Applying Bounding Curve and Delta-Change Factors

	3.2 Database Quality Control and Dissemination
	3.3 Recommended Elements of Approach
	3.3.1 Study Scope
	3.3.2 Climate Ensemble
	3.3.3 Emission Scenarios
	3.3.4 Downscaling and Bias Adjustment
	3.3.5 Hydrological Model Selection
	3.3.6 Hydrological Model Setup
	3.3.7 Calibrate and Validate Hydrological Models
	3.3.8 Time Horizons for Global Mean Temperature Rise
	3.3.9 Perform Simulations
	3.3.10 Derive Bounding Curves
	3.3.11 Estimate Delta-Change Factors
	3.3.12 Applying Delta-Change Factors 
by Practitioners
	3.3.13	Revision Control
	3.3.14 Data Control and Dissemination

	3.4 Limitations and Other Considerations

	4 Conclusions
	4.1 Benefits to Practitioners and Owners 
	References

	References



