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EXECUTIVE SUMMARY

The Lake Champlain-Richelieu River (LCRR) basin is a geographically and culturally
diverse region straddling the Canada-US border. The vast drainage area is susceptible
to springtime flooding that affects both lakeside and riverside residents of New York,
Vermont, and Quebec. The International Joint Commission’s Lake Champlain-
Richelieu River Basin Study Board has undertaken an extensive evaluation of both

structural and non-structural approaches to reduce the impacts of flooding in the

LCRR basin.

STUDY FOCUS To address Theme 4 (floodplain management), the

Study Board convened a group of experts to identify non-
As part of this effort, the Study Board adopted a flood

structural tools for flood risk management in the LCRR
mitigation framework centered on four mitigation
N basin. A 2020 expert workshop identified four key areas
themes:

that the Study Board should focus on in providing

o floodplain management recommendations to the
1 Reduce extreme water levels on the Richelieu
] . ) International Joint Commission:

River and by extension, on Lake Champlain

1 Better flood risk maps are needed.
2 Reduce inflows into Lake Champlain or the
Richelieu River )

Flood risk should be better communicated and

3 understood.

Improve flood response (emergency

preparedness); and
3 Management of floodplain occupancy should

adapt and evolve.
4 Modify floodplain management P

daptation to flooding).
(adaptation fo flooding) 4 Developmentsin Canadian and US flood

insurance should be recognized.



The Study Board subsequently commissioned four White
Papers to address these recommendations. This White
Paper is the first in that series and examines the essential
elements of flood mapping that are useful for decision-
making, with a focus on the Quebec portion of the
watershed. Through a review of the scientific and grey
literature, as well as interviews with professionals in the
field of practice, the document presents the opportunities
and challenges with respect to mapping hazards,
vulnerabilities, and flood risks, particularly in the context
of a changing climate and territory. It also addresses the
issues of distributing these maps and illustrates how the
Study Board’s numerous reports since the 2011 floods
have advanced knowledge for each of these mapping

components.
FINDINGS

In general, hazard maps, which are often related to a
regulatory framework, are of uneven quality and many
are out of date in Quebec and in the Lake Champlain-
Richelieu River (LCRR) basin. To serve their real purpose,
maps need fo be produced according to the latest
methodological standards. Hydrological and hydraulic
models using digital elevation now make it possible to
better represent the extent of floodplains and justify the
addition of new information on hazards such as water
height, current velocity and the presence of infrastructure
that can affect water levels. The LCRR study addressed
these issues with the creation of a digital elevation model
and a two-dimensional hydraulic model for portions of

the basin.

In addition, geomorphological evolution, mapping of
multiple recurrence zones and representation of historical
events are also means of showing the extent of floods

and improving hazard maps.

Historically, the mapping tool for floodplain
management has mainly represented flood hazards.
However, since the turn of the century, scientific literature
on the issue of vulnerability in flood-prone areas has
emerged, particularly in Quebec. This literature
emphasizes the importance of better understanding the

elements exposed to flooding, such as citizens, housing

stock, economic activities, essential infrastructure,

natural heritage, etc., to make better planning decisions.

These elements merit identification in a vulnerability
diagnosis and mapping. Moreover, this work presents
significant challenges in terms of data availability and
updating, as authorities and other sources used have not
structured their data collection for this purpose. Despite
these obstacles, a painstaking exercise in analysing the
vulnerability and resilience of local communities was
carried out by the working group looking into social,
political, and economic (SPE) issues facing the LCRR

basin.

This work has also been used to formulate performance
indicators through the Integrated Social Economical
Environmental (ISEE) System currently being developed
by this study sub-group. In addition to estimating the
economic, social and environmental impacts, this project
proposes a mapping of the loss of road network
accessibility under different submersion scenarios, as well
as detailed mapping of the economic impacts on each

building in certain areas.

These elements are important because they reinforce the
representation of risk, which depends on hazards and
vulnerabilities. To this end, combining hydrological
scenarios with vulnerability and performance indicators
is a sophisticated way to represent risk on a map. While
this practice is emerging in Quebec and elsewhere, the
ISEE System is attempting to do this work for the LCRR
basin. Although such mapping remains difficult to
associate with a regulatory framework today, it would be
valuable in stimulating policy dialogue on flood risk
management, supporting strategic investment decisions,
informing insurance underwriting, and creating public

awareness of flood risks.

To add to these many challenges, floods are dynamic
phenomena that evolve over space and time, and their
consequences will depend as much on the evolution of
the climate as on that of the demographic landscape
and land use. Since maps are static representations of a
territory, consideration of the future in these planning

tools is not simple. That is why the Quebec government is



currently examining the best way to represent the future
in floodplain mapping to support sustainable
development decisions. This paper presents some locall

and international examples of climate mapping.

One of the LCRR study groups is also working on this
sensitive issue. Their work will focus on the impact of
climate change on the severity of floods, the influence of

planning policies on future vulnerability, and the

interaction between these phenomena (Frongois, 2020).

While significant efforts are being made to improve
floodplain mapping in the LCRR watershed and in
Quebec, it is important to ensure that the tools
developed are used in the most optimal way. Therefore,
a carefully thought-out dissemination that is adapted to
the different audiences (professionals and citizens) and
meets the current digital literacy standards must

accompany the deployment of maps.

Quebec is currently engaged in a process of global
deliberations regarding flood risk prevention. These
deliberations culminated in a very recent Flood
Protection Plan, the first axis of which is updating maps

throughout the province.

The Study Board’s numerous reports will be very useful in
implementing this plan, which calls for the creation of
project offices for the planning of floodplains in certain
watersheds. Each office will be tasked with providing an
overview of flood issues over its territory, developing a
response plan based on scientific expertise, consulting
with stakeholders and assisting municipalities in
implementing the plan. The office responsible for the
Richelieu and Yamaska river basins will have a unique
opportunity to quickly develop and test solutions based

on the Study Board’s analyses.



THE INTERNATIONAL JOINT COMMISSION

Under the Boundary Waters Treaty of 1909 (the Treaty), the governments of the
United States and Canada established the basic principles for managing many water-
related issues along their shared international boundary. The Treaty established the
|JC as a permanent international organization to advise and assist the governments
on arange of water management issues. The |JC has two main responsibilities:
regulating shared water uses; and investigating transboundary issues and

recommending solutions.






STAY CONNECTED, BE ENGAGED

Want more information on the Lake Champlain-Richelieu River Study? Have a question

for the Study Board?

Email the Study at lcrr@ijc.org

Sign up to receive Study news, such as notices of public meetings, consultations, reports, fact sheets, and other publications.

Follow the Study on social media

€© @|Csharedwaters

€@ www facebook.com/internationaljointcommission/

@ www.linkedin.com/company/international-joint-commission/

\
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1 BACKGROUND

The Lake Champlain-Richelieu River (LCRR) basin is a geographically and culturally diverse region straddling the Canada-
US border. The vast drainage area is susceptible to springtime flooding that affects both lakeside and riverside residents of
New York, Quebec, and Vermont. The International Joint Commission’s Lake Champlain-Richelieu River Basin Study Board

has undertaken an extensive evaluation of both structural and non-structural approaches to reduce the impacts of flooding

in the LCRR basin.

As part of this effort, the Study Board adopted a flood mitigation framework centered on four mitigation themes:
1 Reduce extreme water levels on the Richelieu River and by extension, on Lake Champlain

2 Reduce inflows into Lake Champlain or the Richelieu River

3 Improve flood response (emergency preparedness)

4 Modify floodplain management (adaptation to flooding)

A Floodjplain Management Solutions in the Lake Champlain-Richelieu River (LCRR) Basin workshop was held February 6-7,
2020 in Montreal, Quebec. The findings from this workshop were synthesized in a report (Henstra and Shabman 2020),
which was submitted to the International Lake Champlain- Richelieu River Study Board.

The workshop report identified four key areas that the Study Board should focus on in providing floodplain management

recommendations to the International Joint Commission:

1 Better flood risk maps are needed.

2 Flood risk should be better communicated and understood.

3 Management of floodplain occupancy should adapt and evolve.

4 Developments in Canadian and US flood insurance should be recognized.

The Study Board agreed with the proposed framework to examine these four areas in more detail. Experts in floodplain
management were subsequently contracted to explore best management practices and provide recommendations for each
of these specific areas. The result was four White Papers, each of which focused on one of these topics. Better
communication of flood risk helps assure that decisions about floodplain use are based on facts. The first and second white
papers are closely connected because flood maps help communicate an accurate assessment of risks. Throughout the study
area, floodplain management has already reduced the vulnerability to flooding since 1976. Quebec is in the process of
revisiting its floodplain management techniques in its Normative Framework, and the United States will be instituting a new
approach called Risk Rating 2.0. The third white paper explores these developments, including new ideas that may or may
not be part of any new policies. The fourth paper explores the potential of universal flood insurance to both reduce personal
financial hazard and drive improvements in floodplain management. The fourth paper is closely connected to the third, in

that it discusses a specific and novel floodplain management measure.



The unifying focus in developing these four White Papers is improving floodplain management. The goal is to ensure the
wise use of floodplains. The principal characteristic of wise useis that it is sustainable; i.e., property owners understand flood
risks but feel that benefits justify or outweigh these risks without the need for an external subsidy. Each of the white papers in
this series focused on compiling best management practices based on interviews with experts and a literature review. The
goal was to identify those practices that may apply to the basin, while also considering existing jurisdictional efforts. This
report is White Paper # 1, Flood Mapping: Best Practices and Recommendations for the Lake Champlain-Richelieu

Basin.

1.1 LOCAL CONTEXT

The Lake Champlain-Richelieu River Basin is a socially, politically, and geographically diverse region. This diversity presents
unique challenges for flood risk communication. Governance of the basin involves two national governments (Canada and
the United States), three regional governments (Quebec, New York, and Vermont) and dozens of local governments.

Variations in topography, flood experience, and exposure to flood hazards make understanding flooding especially difficult

for basin residents.

The severity of the flood threat also varies considerably across the region. The floods in the spring of 2011, the worst in
recorded history, affected residents in Quebec more severely than Basin residents in New York and Vermont. Quebec
sustained almost 80 percent of total damages from the flood, and twice as many primary residences were flooded in the

province as on the US side of the border.
Quebec

In Canada, the federal, provincial, and municipal governments are involved to some extent in managing flood risks. The
government of Canada plays a role by providing forecasts of weather conditions that could lead to flooding, monitoring
flood hazards through the Government Operations Centre, funding small flood mitigation projects, and contributing post-

flood disaster assistance.

The Quebec government has a more direct role in flood risk management. The ministére de la Sécurité publique (Ministry of
Public Security) sets regulatory standards for development, funds structural mitigation projects, and administers disaster
relief. The province recently created a network of experts to improve flood protection and has made changes to land use
policies in floodplains. Provincial flood maps, which were notoriously outdated, inaccessible, and esoteric, are being
updated (Valois, Tessier et al. 2020). The major floods of 2017 prompted adoption of a Civil Protection Flood Action Plan,
consisting of 24 measures to strengthen flood risk management, such as intermunicipal aid, financial support to improve
municipal flood preparedness, and better flood risk communication. The Quebec government has also bought properties

that were severely damaged by flood:s.

Municipal governments serve several key flood risk management functions, including enforcing zoning by-laws to control or

prevent development in flood-prone areas, issuing flood warnings when an event seems imminent, and subsidizing property-

level flood protection measures (MELCC, 2021).



New York and Vermont

In the United States, flood risk management is executed primarily through local government regulatory and spending
decisions, which are influenced by incentives and deterrents embedded in the federal system. The Federal Emergency
Management Agency (FEMA) provides grants that aim to encourage pre-flood planning to reduce hazard exposure and
vulnerability, and that support post-flood recovery and resilience-building. Annual appropriations are limited and there is
intense competition among states and localities to access these funds. FEMA recovery grants are initiated after a flood

emergency is formalized through a presidential disaster declaration.

Most post-flood funding is (a) intended for immediate emergency relief, (b) directed to rebuilding public infrastructure (not
supporting individuals), and (c) designed to reduce flood hazard exposure and vulnerability in anticipation of future events
(Kousky and Shabman, 2015). In sum, post-flood aid to individuals is limited, its distribution is delayed by congressional
appropriation and grant approval processes, and it is tied to the random nature of storms large enough to warrant a
presidential disaster declaration. Federal assistance often requires monetary or in-kind cost sharing from the recipient

and/or undertaking some flood risk management actions as a condition of its receipt.

Flood insurance is much more developed in the United States. than in Canada (see White Paper #4). The main source of
coverage is the National Flood Insurance Program (NFIP), which targets properties in Special Flood Hazard Areas that are
bounded by the elevation of the | percent (or 100-year) flood. To enroll, a community must first adopt an NFIP-specified

land-use plan designed to limit flood risk.

Within the LCRR basin, there are notable differences in the administration flood risk management between New York and
Vermont. In New York, state emergency management is organized at the regional level, so hazard mitigation plans are
developed at this scale. These plans do not differentiate between lake and tributary flooding. New York also has a strong
county administrative system. When floods occur, communities and municipalities work together on mitigation. Vermont, by
contrast, has strong state support for hazard mitigation planning, but weak county administration. There is a great deal of
diversity in how counties across the state integrate flooding into their hazard mitigation planning. In both New York and
Vermont, there was a strong push for hazard mitigation and defence planning following the 2011 floods, but the priority may

have waned since there has not been any significant flooding since that event.

1.2 THENEED FORBETTER MAPPING IN THE LCRR BASIN AND ELSEWHERE

The Lake Champlain-Richelieu River watershed straddles the Canada-US border between New York and Vermont and
Quebec. The region is socially, politically, and geographically diverse. This diversity presents unique challenges for the
harmonization and dissemination of mapping. Obviously, there are differences between the countries, but also and

especially among the sub-regions of each country.

With a large surface area of about 24,000 km2, the LCRR basin has a diverse topography ranging from the Green
Mountains and Adirondacks to the St. Lawrence Lowlands, and large amounts of water flow through Lake Champlain.
However, because of its size, Lake Champlain has a buffer effect on outflows and is extremely effective in controlling floods
in the Richelieu River. The hydrological regime of the Richelieu River and Lake Champlain is not regulated by artificial
structures (Boudreau et al., 2019). However, the significant anthropization (transformation by human octivity) of the
territory over the years, including the creation and expansion of the Chambly Canal, has changed the water level in Lake

Champlain and the natural flow of the Richelieu River.



In the spring of 2011, unprecedented flooding in the LCRR basin affected more than 3,800 properties in Quebec, New York
and Vermont and caused total estimated damage of approximately US$82 million (ILCRRSB, 2019; Saad et al., 2016). At
the time, Quebec suffered nearly 80 percent of the damage and twice as many primary residences were flooded in the
province as on the American side (Henstra & Shabman, 2020). While this flood was exceptional in its duration and
intensity, only six years later, in 2017, spring floods affected more than 5,300 homes across Quebec, costing more than
CDN$360 million (ministere de la Sécurité publique, 2017).1n 2019, thousands more homes were flooded and tens of

thousands more were evacuated (Le Journal de Montréal, 2019).

Despite the frequency and impacts of these hazards, flood mapping is uneven and generally out of date, both for the LCRR
basin and for other basins in Canada and the United States (Henstra & Thistlethwaite, 2017; Smith, 2021). In addition,
existing flood mapping does not yet apply the new flood risk representation standards already implemented by other

European Union countries and the United Kingdom.

This is not surprising, since many challenges accompany the production of floodplain mapping. First, this hazard and its
consequences are not static over time, being influenced by climate change and territorial and social evolution. Moreover, the
representation of hydrological and land regimes requires a great deal of data that is not always of good quality or simple to

collect.

Despite these many challenges, Quebec is currently in a process of comprehensive deliberations on the issue of flood risk
prevention. These deliberations are reflected in a recent Flood Protection Plan' whose first line of action is updating maps
across the province. This effort looks at revising flood ratings and improving the representation of hazards with water height
and areas of mobility. This work is currently underway and is accompanied by a review of the regulatory framework
associated with the new mapping. The first steps in this process are associated with the adoption of Bill 67 in the spring of

2021.

Mapping is a key tool for the engagement and accountability of all parties involved in flood risk management. It provides an
understanding of risk, assists land-use planning, supports decision-making, and assists in disaster response preparation, in
addition to being an outreach and information tool for all stakeholders concerned with flood risks (decision makers, citizens,

planners, insurers, etc.).

Specific elements of risk mapping can also be used to enforce regulatory constraints on land-use planning in floodplains.
Therefore, several types of mapping, each with its own issues and challenges, can coexist and complement each other to

support flood risk management.

The workshop on non-structural floodplain management solutions in the LCRR basin, which took place in February 2020,
identified a need for mapping that clearly delineates different risk zones, such as those used in the United Kingdom. These
go beyond the simple representation of hazards and should be supported by information regarding exposure and
vulnerability. Participants also agreed that maps should be adaptable tools that allow for the integration of new information

such as climate projections that could change the magnitude of flood hazards (Henstra & Shabman, 2020).

! https://cdn-contenu.quebec.ca/cdn-contenu/adm/min/affaires-municipales/publications-
adm/documents/plan_protection_territoire_inondations/PLA_inondations.pdf?1634924214



https://www.quebec.ca/nouvelles/actualites/details/adoption-du-projet-de-loi-67-un-souffle-nouveau-pour-les-municipalites-du-quebec-et-pour-la-relance-economique
https://cdn-contenu.quebec.ca/cdn-contenu/adm/min/affaires-municipales/publications-adm/documents/plan_protection_territoire_inondations/PLA_inondations.pdf?1634924214
https://cdn-contenu.quebec.ca/cdn-contenu/adm/min/affaires-municipales/publications-adm/documents/plan_protection_territoire_inondations/PLA_inondations.pdf?1634924214

The efforts of the International Lake Champlain-Richelieu River Study Board to develop flood adaptation solutions are
based on four themes: reducing high water levels during extreme floods; reducing inflows to the lake and river; improving

flood response (flood forecasting and emergency preparedness); and improving floodplain management.

This white paper looks at the last theme and presents the essence of useful mapping for decision-making in relation to these
questions: what can be mapped, how and for what use? Through a review of the scientific and grey literature, including the
results of studies conducted by various research groups within the International LCRR Study Board, as well as interviews with
professionals in the field of practice, the document presents various elements for mapping risk, particularly in the context of

climate and land change, and addresses the issue of disseminating these maps.

It also focuses more on the Quebec context. Quebec is most likely to be affected by flooding in the LCRR basin, and the

province is currently revising its flood mapping.



2 FLOOD HAZARD MAPPING

Hazard is a physical event or phenomenon that can result in loss of life or injury, property damage, social and economic
disruption, or environmental degradation (Morin, 2008). It can have natural or anthropogenic origins depending on the

agent involved, in this case, the flood phenomenon.

According to Quebec’s ministere de I'Environnement et de la Lutte contre les changements climatiques (Ministry of
Environment and Fight Against Climate Change; MELCC), a flood is “an overflow of water that submerges land that is
usually dry for most of the year” (MELCC, 2021a). However, these overflows can have different origins. Five types of flooding
are typically identified: ice jam flooding, coastal flooding, backflow flooding, water table upwelling, and open water
flooding, which is the focus of this paper (MELCC, 2021c; Moudrak & Feltmate, 2019). Floods occur when a significant
increase in the amount of water in a river or water body (lake) leads to its overflow, which is the type of flooding that

occurred in 2011 in the LCRR basin.

The development of flood risk mapping is based primarily on a characterization of flood hazard. The focus is on several
features such as the extent of the flood zone under different flood scenarios, or the water depth, current velocity, and areas
at risk of erosion during a flood (RNCan, 2018; RNCan & PSC, 2019). In short, the desired information is where the flood will
go, how often it will occur and where it will be the most dangerous. These elements can be represented in flood hazard

mapping by using hydrological, hydraulic and hydrogeomorphological models.

Hazard maps, which are often linked to a regulatory framework for land-use planning, are now outdated and need to be
produced according to 21st century methodological standards. Their production is accompanied by a series of issues that

are explored in this section.

2.1 HAZARD MAPS IN QUEBEC AND THE UNITED STATES

Quebec

In Canada, floodplain mapping and associated regulations are considered a provincial jurisdiction. However, in 1975,
Canada launched the Flood Damage Reduction Program (FDRP) with the provinces. The program mapped over 900
communities across the country and influenced zoning in many of them. The maps produced delineated areas associated
with recurring 0-100-year floods (I percent annual probability). These maps were used to officially designate some 341

floodplains affecting over 980 communities across the country (Government of Canada, 2020).

Since the end of the FDRP’s active mapping phase in 1997, provinces, territories and other levels of government have
continued to map new areas or have updated their maps using their own resources, linking them to their own regulatory

frameworks; however, many of them still have outdated maps.

In Quebec, most of the hazard mapping available is associated with the application of the Protection Policy for

Lakeshores, Riverbanks, Littoral Zones and Floodplains, i.e., with elements of land-use constraints near watercourses,

integrated into municipal regulatory frameworks. A map of floodplains was released by the Quebec government’s water

expertise branch. However, until Bill 67 was passed in spring 2021, mapping fell under the jurisdiction of regional county


https://www.environnement.gouv.qc.ca/eau/rives/
https://www.environnement.gouv.qc.ca/eau/rives/
https://www.cehq.gouv.qc.ca/zones-inond/carte-esri/index.html

municipalities (RCMs) and local municipalities (MELCC, 2021d). They use various means and tools to establish floodplain

boundaries, but flood maps are not up to date across the province.

Generally speaking, Quebec is in the process of remedying this situation. A major effort to update flood mapping began in
2017, following major floods across the province. To this end, the ministére des Affaires municipales et de I'Habitation
(Ministry of Municipal Affairs and Housing; MAMH) has provided $20.5 million in funding to several municipal
organizations such as the Communauté métropolitaine de Montréal (Montreal Metropolitan Community; CMM), the
Communauté métropolitaine de Québec (Quebec Metropolitan Community; CMQ), the Ville de Gatineau (City of
Gatineau) and several RCMs (MAMH, 2019).

In addition, MELCC has set up INFO-Crue, a project that aims to provide tools to delineate floodplains in a large part of
Quebec, taking climate change into account, and to develop a real-time forecasting system that will provide authorities and

the general public with maps of areas that could be flooded in the next few days (MELCC, 2019a).

Furthermore, since Bill 67 was passed, the Environment Minister has been responsible for mapping. He will be able to
mandate certain municipal entities to carry out this mapping if he deems it appropriate and may offer guidelines for its

production.

As well, since 2017, the federal government has established guidelines for flood mapping and basic criteria for the
acquisition, management, and dissemination of geospatial data. These guidelines are further elaborated in the Federal

Flood Mapping Guidelines Series, published by Public Safety Canada and Natural Resources Canada. These documents

provide basic and relevant information, but do not have legal implications at the provincial level. As a result of Bill 67’s

adoption, Quebec will have to establish rules for determining floodplains, which will now be mandatory throughout Quebec.

The hydrogeomorphological approach has historically not been part of the mapping processes leading to the identification
of risk areas (Lelievre et al. 2008). This approach has been the subject of numerous local studies and is gradually being

incorporated into the mapping tools of some municipalities (Demers & Massé, 2017).

With regard to the Richelieu River, the quality and validity of mapping products vary greatly with regard to various sections
of the waterway. Indeed, for the lower part of the Richelieu River, upstream from Chambly and all the way to Sorel, the
official maps are still those the FDRP drew up between the 1970s and 1990s. Mapping of the upper river from the Fryer
Island Dam to Lake Champlain was updated from 2003 to 2005. Mapping of the Sorel-Tracy region, in the floodplain
along the St. Lawrence River, was completed in 2013 and is of better quality.

In conjunction with regulatory mapping, it should be noted that in 2015, the LCRR Study Board completed maps on the
extent of floods along the upper Richelieu River for different flows (Cété et al., 2015).

New York and Vermont

In the United States, flood maps are produced by the Federal Emergency Management Agency (FEMA) or by states in
collaboration with FEMA, and are closely linked to the insurance program offered by FEMA. Participation in this program is
at the discretion of local governments, and the quality of the maps is uneven from one community to another, including for

communities bordering Lake Champlain.


https://www.securitepublique.gc.ca/cnt/mrgnc-mngmnt/dsstr-prvntn-mtgtn/ndmp/fldpln-mppng-fr.aspx
https://www.securitepublique.gc.ca/cnt/mrgnc-mngmnt/dsstr-prvntn-mtgtn/ndmp/fldpln-mppng-fr.aspx

As well, in 2018, the United States Geological Survey (USGS), in cooperation with the International Joint Commission (I]C),

produced digital flood mapping of the entire shoreline of Lake Champlain in the United States. These maps are available
online through the USGS Flood Inundation Mapping Science Web site (Flynn & Hayes, 2019).

Vermont stands out for use of the hydrogeomorphological approach and integration of “river corridors” into its mapping. A
river corridor is the area around and adjacent to a river where fluvial erosion, channel evolution and meander migration in
the valley are most likely to occur. This area is delineated by the Department of Environmental Conservation, according to
several variables, as stipulated in the Flood Hazard Area and River Corridor Protection Procedure (State of Vermont, 2014).
These variables, which include the inherent stability of the channel, its susceptibility to erosion hazards, the presence of

natural or man-made confining features, and several others, affect the corridor boundaries (Kline & Cahoon, 2010).

River corridor maps are available in the Vermont Natural Resources Atlas or by using the Flood Ready Vermont mapping
tool. River corridor data are classified by date and are periodically updated to incorporate new geomorphological data.
These maps are used by the State of Vermont for the review of projects under Acts 248 and 250, and the Floodplain and

River Corridor Regulations.

2.2 HYDROLOGICAL, HYDRAULIC AND HYDROGEOMORPHOLOGICAL STUDIES

2.2.1 Hydrological Study: Flows and Return periods

Flooding is usually defined by a return period or annual exceedance probability (AEP). For example, a flood with an AEP of
0.01 (1 percent) and a flood with a 100-year return period are equivalent when considering a stationary climate. The flow
rate reached during this flood was statistically exceeded once every 100 years and has a | percent chance of occurring every
year. These AEPs are generally used to delineate floodplains in local regulations in Quebec, Vermont and New York. To
represent these exceedance probabilities in the mapping, a hydrological study must first be conducted to determine flows or

flood levels for different return periods.
The Frequency Analysis

One way to do this is to conduct a frequent flood analysis, i.e., a statistical analysis of flow data collected at different

hydrometric stations in a river, as well as historical flood information. This helps determine how often a given flow occurs.

However, the time series of flows required for reliable statistical analysis must be stable over time, free from trends,
irregularities, non-stationarity (changing over time), etc. Indeed, significant changes to the area studied that occur over
time, such as heavy urbanization, extensive reforestation, or heavy upstream developments such as dam construction, are
likely to alter the flood regime. In the LCRR basin, different flow series were analyzed to produce an estimate of a 100-year
recurrent flow. The study found that changes in the hydrology of Lake Champlain and the widening of the Chambly Canal
at the beginning of the 1970s caused irregularities in the flow time series that overlapped that period and affected the
results. Flow patterns following the 1970s have been more stable. On the other hand, inclusion of the 2011 flood in the

frequency analysis also affects the results, so it is important to include recent data as well (International Lake Champlain-

Richelieu River Study, 2021).

Data series regarding flow must also be long and complete enough to provide reliable results. Therefore, the survey period
should ideally exceed or approach the AEP of interest (Syed Moin, personal communication, June 3, 2021). However, this is

not always possible in Quebec, since the hydrometric data used rarely go back to the 1970s and do not cover the entire



territory (MELCC, 2021b). Therefore, it is possible to extrapolate or validate by using historical sources of information or

data from nearby hydrometric stations with longer survey duration, as was done in a recent frequency analysis for Richelieu

River and Lake Champlain in 2019 (Ouarda & Charron, 2019).

Nevertheless, flooding is the result of a complex physical process, and extrapolating data using statistical methods can lead
to uncertainties in results. This is particularly the case for flows calculated for floods with long return periods, for example,

beyond 100 years.

The data sample, for any system, generates only one of the many possible outcomes. Indeed, different flow estimates are
available for the same flood rating (1 percent). These depend heavily on the length of the data used and are important to
consider and compare. For this reason, statistical methods are used to create stochastic water supply datasets that extend
the range of historical datasets to thousands of years, while preserving their properties. These analyses provide a better

representation of natural variability in flows (Syed Moin, personal communication, June 3, 2021).

This exercise was carried out for the LCRR basin through development of a stochastic data set on net water supplies in the
basin. This dataset was used to calculate the occurrence probability of worse events than historical flooding. These are

useful for testing the robustness of flood risk reduction measures (Syed Moin, personal communication, June 3, 2021).
Hydrological Modelling

The determination of flood flows resulting from a particular series of historical or projected weather conditions can also be
achieved through hydrological and hydraulic models. These are used to estimate flow at a specific location using
precipitation and snowmelt data for the watershed. Hydrological models are numerous, ranging from simple water budgets
to complex computer models that estimate several variables influencing flow, such as land use, ice effects, water storage,
evaporation, soil moisture, etc. The more complex models are also distinguished by consideration of numerical elevation

data and the discretization of the watershed into multiple units of calculation.

In some jurisdictions, rather than using a theoretical and arbitrary return interval, the design flood is defined as a historical
storm event that resulted in a flood (e.g., rain associated with Hurricane Hazel (1954) or the Timmins storm (1961) in

Ontario). In those cases, hydrological models are used to determine reference flow (MAMLO, 2020; RNCan, 2019).

Selecting one hydrological model, or a combination of them, should be based on a documented assessment of their
relevance to input data, calculation methods and output data. Modelers must not unilaterally turn to very complex models,
but rather to those that capture the dominant and critical processes of the community being studied. In urban areas, for
example, flows may be impaired by the increased presence of impervious surfaces, as well as numerous storm water

management structures (RNCan, 2019).

In all cases, as in the frequency analysis, hydrological modelling is uncertain and remains a representation of a highly

complex phenomenon. Analyses can be performed to minimize and quantify estimates of uncertainty.



Choice of Method for Hydrological Study

The government of Canada, in consultation with some provincial and territorial partners, but without the participation of
the Quebec government, developed a series of federal guides on floodplain mapping. One of them concerns hydrological
and hydraulic methods for delineating floodplains and suggests a process for identifying appropriate methods (Figure 1).
This process is generally iterative, as it is possible that a chosen method may prove inappropriate due to insufficient data. An
alternative method can then be adopted or carried out in a complementary manner. For example, in cases where high-
quality long-term data are not available close to the area of interest, results can be validated using a hydrological model
(RNCan, 2019). In all cases, the hydrological study should always document the reasons behind the choice of one or more

methods and the selection of the hydrological model, if any.
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Figure 1. Hydrologic procedures flowchart (source: Syed Moin, 202]).




2.2.2 Hydraulic Study: Water Height and Velocity

To represent flows associated with return periods on a map, a hydraulic analysis, i.e., a simulation of water flow in streams
and their floodplains, should be performed. Flows from hydrological analysis (e.g., 100-year floods) are generally
incorporated into numerical models that are fed by a wide variety of data such as stream bathymetry and shoreline

topography, roughness, water obstacles, etc., and which provide the height and velocity of water in the territory.

The data that shape these models include geospatial data. For example, topography requires a digital terrain elevation
model. Since the first Canadian flood mapping programs in the 1970s and 1980s, field data collection has made significant
progress. Sonar systems for bathymetric data and airborne lidar for surface data acquisition and other forms of remote
sensing now provide a much more detailed representation of the ground surface. At the same time, the power of computers
and the ability of computer models to perform complex calculations have increased. Therefore, hydraulic models can
become more precise. Since 2020, the Canadian government has been proposing guidelines on airborne lidar data

acquisition to provide a framework for this relatively new practice (NRCan & PSC, 2020).

There are still large portions of the territory for which quality ground elevation data are not available in Canada and the
United States. However, this component is essential for good representation of hazard in mapping (Smith, 2021). That is
why, in 2015, Quebec’s water expertise branch, in collaboration with the LCRR watershed study group, created a digital
elevation model from the lidar datasets along the Richelieu River and Lake Champlain’s Missisquoi Bay. Floodplain maps
were then produced, covering the entire shoreline of the Richelieu River and the Canadian portion of Lake Champlain,

presenting 11 hydraulic scenarios corresponding to different lake elevations, rather than to statistical recurrence periods.
Hydraulic Model Selection

Hydraulic models used for floodplain mapping typically model the main channel of the river and the more complex

floodplain space. Modeling approaches are numerous and vary in complexity.

High-resolution, two-dimensional models are particularly appropriate when detailed information on flow rates and depths is
required and when attempting to represent the danger aspects of flood hazards. These allow a flow-depth relationship to be
established and the lateral variation of surface elevations to be considered. In general, detailed elevation numerical models,
such as those generated from lidar data, as well as full flow channel bathymetry (rather than stream cross-sections) are

required to support two-dimensional modeling (RNCan, 2019).

While the latest methods for data acquisition should be encouraged, it should be kept in mind that the complexity of
hydraulic analysis should remain commensurate with the data available and the needs of the project. Indeed, a more
complex modelling platform will not necessarily increase the accuracy of results if there are uncertainties associated with the

flow estimate or topographical data used in the construction of the model (RNCan, 2019).
Opportunities for Hydraulic Modelling

The presence of water protection and management structures deserves a place in modelling to properly simulate water flow
in the watershed and understand the interactions between these structures. In Quebec, design standards for protection
structures other than dams are not codified. There is a lack of information about the number of these structures, what they

protect, their maintenance, their system implementation, etc. It is necessary to map protection works in a systemic and



global way, notably through the vision of the “diking system” and “protected areas” (Thomas & Gagnon, 2020). It is also
an opportunity fo assess the extent of a flood in the event of a rupture or removal of a structure, as well as the downstream

hydrological impacts (Smith, 2021).

Thanks to the work of the LCRR Study Board, the basin benefits from a 2D hydraulic model of the Richelieu River from
Rouses Point to Sorel, which integrates important artificial structures such as bridge piers, dams, locks, etc., which can affect

water levels (Boudreau et al., 2015).

Finally, the available technology now justifies the integration of a third dimension in floodplain mapping: submersion depth.
This element, which historically did not appear on maps, adds much to risk representation by presenting the water depth in
case of aflood on a fairly fine scale. This is a particularly important indicator for the management of public security

measures (CMM, 2020). A colored gradation is generally used to represent this information (Figure 2).

Submersion depth mapping reveals areas of risk that are not intuitively flood prone. For example, basins far from shore may
fill with water during a major flood due to topography. In 2017, this phenomenon caught the population of an area of the
Quebec municipality of Deux-Montagnes by surprise, as they thought they lived in a flood-free zone. Water from a flood of
the Mille-lles River had entered through 13th Avenue and then accumulated in a basin in the heart of the municipality; this
situation is clearly shown in the most recent mapping of this municipality, which is part of the Montreal Metropolitan

Community (Figure 2).

Flow velocity is also an interesting variable, although rarely considered in mapping. Speeds will vary the level of danger of a
flood. More complex models with land elevation information are also needed to determine this variable. In Alberta, the
different hazard zones are defined according to speed depth criteria. For example, according to the Alberta Flood Hazard
Identification Program Guidelines (2011), the floodway is the internal portion of the floodplain, where the current is fastest (1
m/s) and deep (1 m or more). The flood fringe is the outer portion of the floodplain adjacent to the floodway. Water

generally flows more slowly there (less than 1 m/s) and is shallower (less than 1 m).
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Figure 2. Annual flood risk Deux-Montagnes and Laval (adapted from: CMM, Feuillet 31HI2-020-0305). (French only)

2.2.3 Hydrogeomorphological Approach

Rivers are not static in space and over time; they can move, dig, widen, abandon river inlets, etc. River morphology adjusts to
the environmental conditions, such as climatic, geological, and botanical characteristics in the watershed. The inherent
stability of the channel, its sensitivity to erosion risks, the presence of natural or anthropogenic containment features, and
several other characteristics will affect the mobility of a watercourse (Kline & Cahoon, 2010). Geomorphological processes,

as much as water flow and flooding, are an integral part of river dynamics.

The combination of hydrological and hydraulic studies does not allow prediction of the morphological response of a river
system to the flow of large amounts of water into a system. However, this response is important, because geomorphological

processes can temper or exacerbate a river’s response to high-intensity precipitation or snowmelt (Leliévre et al. 2008).

This approach aims to identify areas of flooding and mobility of the waterway by taking into account
hydrogeomorphological processes such as water and sediment transport and connectivity between the river and the water

table, including through wetlands that help regulate flooding (Desjarlais et al., 2013).

The first step is to analyse numerous historical and geo-referenced aerial photographs to observe how the river has evolved
and identify areas where there is a risk of erosion and avulsion in the floodplain. Delineating areas of high frequency flooding

and riparian wetlands is also an objective. Field observations validate the delineation of these areas (Leliévre et al. 2008).

Together, these steps aim to identify the short-term and long-term mobility space of the river. The latter can be subdivided
info zones according to different levels of risk (e.g., areas of imminent avulsion risk vs. limits associated with slow stream

migration) (Desjarlais et al., 2013).


https://sigma.cmm.qc.ca/application/run/448/embedded

The area mapped is commonly referred to as the “river corridor” of the waterway or functional alluvial plain, and many

studies suggest that an integrated management framework should be associated with it.

In the LCRR basin, the sedimentary outflow and mobility of the Richelieu River is not a hazard of concern associated with
flooding. However, this method of analysis could become necessary in the provincial context. In Quebec, river corridors have
already been mapped on certain waterways as part of research projects, and some Quebec RCMs are making it a concrete
part of their land-use plans (Demers et al., 2017; Marcoux-Viel, 2015). Similarly, hydrogeomorphological characterisation is
on the agenda of the INFO-Crue project currently underway at the MELCC. The Coaticook RCM has been bold in adopting
a regulation amending its land-use and sustainable development plan to update the mapping of the natural constraints of

the Coaticook River watershed by including mobility zones, alluvial cones and wetlands ( Thomas & Gagnon, 2019a).

Vermont is also unique in incorporating river corridors into its state mapping and regulation (equivalent to the provinces in
Canada). These maps do not replace the NFIP maps on the probability of flood occurrence, and municipalities are not
required to restrict development. However, Vermont encourages them to opt for more restrictive standards through

incentives, such as technical and financial support to pursue the broad goal of protecting river corridors (Kline & Cahoon,

2010:; State of Vermont, 2014).

2.3 HAZARD MAPPING ISSUES, CHALLENGES AND OPPORTUNITIES

2.3.1 Multiple Hydrological Scenarios and Submersion Depth

Mapping multiple annual exceedance probabilities (AEPs) can greatly support decision-making on land-use planning. The
nuances between AEPs of 1 percent, 5 percent and 50 percent, as mapped in Quebec according to the Protection Policy for
Lakeshores, Riverbanks, Littoral Zones and Floodplains, could help make difficult choices according to locations, such as

removing buildings from floodplains.

In addition to challenges in communicating flood risk with the use of recurrences, flows calculated for floods with long return
periods, for example, beyond 100 years, are generally less certain (MELCC, 2021b). This uncertainty must be considered
when the time comes to give legal meaning to a very long return period. However, these probabilities are an essential

component of the risk estimate.

To address this issue to some extent, some localities are beginning to refine return periods that are mapped to support
decision making by providing a wider spectrum of recurrence. This is the case, for example, in Alberta’s most recent

hydrological studies, which must include 13 different flood scenarios with recurrences ranging from 2 years to 1,000 years

(Government of Alberta, 2021).

As part of the 2018 Lake Champlain floodplain mapping carried out by the US Geological Survey (USGS) in cooperation
with the IJC, an approach similar to Alberta’s was used. Eleven hydrological scenarios were generated, ranging from the
designated minimum flood level of 100.0 feet at the Burlington (VT) and Rouses Point (NY) gauging stations, up to the
record peak observed in May 2011 (Flynn & Hayes, 2019).

Furthermore, while mapping multiple scenarios helps to provide a better picture of the hazard, the probability of occurrence
is no longer sufficient on its own to represent the risk associated with the hazard. Submersion depth becomes an inescapable
variable in mapping both in land-use planning and emergency management, allowing for a more detailed analysis of the

expected impacts at different depths of water.



However, inclusion of depth in mapping requires a paradigm shift in the definition of different areas, since two neighbouring

areas may reach a different flood depth for the same flood depending on the topography of the site.

2.3.2 Mapping Historical Events

During flood events, areas may be flooded that are not identified by return period maps as being located in floodplains
(Figure 3). For this reason, in addition to the representation of occurrence probabilities, it is interesting to map historical

flood events. This adds a more realistic dimension to a risk analysis and facilitates the adoption of information by users.

Figure 3. Example of a comparison between a modelled flood scenario (red line) and the magnitude of the historical flood that occurred in
2011 (blue polygon); red dots: some sites identified as flooded, over a portion of the Richelieu River (Cété et al., 2015)

The delineation of historical events can be done by modelling the maximum flood rate measured during the event in
question, as well as drawing on aerial photos, field surveys and satellite remote sensing images. This was done to delineate
the many territories flooded in 2017 and 2019 across Quebec (MELCC, 2019b). According to the recent Flood Protection
Plan, the Quebec government, in collaboration with relevant partners, will establish a process to delineate the areas

flooded. Maps of flood events, known as event maps, should be produced.

Historical events can also be used as standards for defining regulatory flood risk areas. In Ontario, for example, according
to the standards of the Provincial Policy Statement, along rivers, waterways and small inland lakes, the boundary of the
floodplain is based on the largest flood among: (1) one that would result from a major rainstorm, such as Hurricane Hazel
(1954) or the Timmins hurricane (1961), carried over a specific watershed; (2) a 100-year recurring flood; and (3) a flood

greater than (1) or (2) that was actually experienced in the watershed.

In the case of the LCRR watershed, the exceptional 2011 event could complement the regulatory flood ratings.


https://cdn-contenu.quebec.ca/cdn-contenu/adm/min/affaires-municipales/publications-adm/documents/plan_protection_territoire_inondations/PLA_inondations.pdf?1634924214
https://cdn-contenu.quebec.ca/cdn-contenu/adm/min/affaires-municipales/publications-adm/documents/plan_protection_territoire_inondations/PLA_inondations.pdf?1634924214

2.3.3 Wind and Wave Influence

Although hydrological analyses convey a picture of possible flood extent, because the system is complex, each watershed

has its own characteristics that can influence the flood hazard.

For example, Lake Champlain is large, so the wind and waves can exacerbate flooding. In Venise-en-Québec, the
combination of a flood with a southerly wind causes water levels to rise significantly, a parameter that is not currently taken
into account in floodplain delineation methods. A regulatory and scientific effort is needed to nuance both the mapping of

the hazard and the associated rules in the floodplain (Thomas & Gagnon, 2020).

It would be interesting to learn from Ontario’s practices in integrating wind and waves into Great Lakes hydraulic modelling.
According to Ontario Provincial Policy Statement standards, the flood hazard boundary along the shores of the Great Lakes
system, is the 100-year recurrent flood that can be increased by wind setup (Provincial Policy Statement 2014, 2014).

Moreover, the current normative framework is based mainly on a “river corridor” type of flood and is not suitable for use
regarding ice jams, backups, etc. The hazard is delineated with a 0-20 year and 20-100-year line, without further
consideration of external parameters or specific risk factors such as submersion duration. For some watersheds, these
nuances can be very important to properly represent the risk. For example, the long duration of submersion in Richelieu River
floods, with an event lasting more than six weeks in 2011, caused additional damage to homes and networks and severely

tested flood-proofing measures (Thomas & Gagnon, 2020).

2.3.4 Quality, Reliability and Scope of Maps

The precision and accuracy of flood hazard maps depends heavily on the quality of the data used and the methods selected
throughout the map production process. Analysts of the Lake Champlain and Richelieu River system have access to a large

amount of historical flow data at various gauging stations which facilitates the analysis and reduces uncertainties

(Boudreau et al., 2019)

However, even when data are available and methods are applied rigorously, mapping remains a representation of reality
that cannot be easily validated. Uncertainties associated with the hydrological analysis are added to those of the hydraulic
analysis and necessarily result in a subjective product. This is also the case for representations of historical events based on
aerial photos and field surveys. In addition, the results will vary greatly from analyst to analyst based on methodological
choices, hence the importance of providing guidelines to improve consistency in analytical methods within a watershed and

along a single watercourse (Richard Turcotte, personal communication, March 18, 2021).

Therefore, the acceptability of maps remains a major challenge and requires decision-making work that is highly political.
This work involves not only methodological choices, but also the scope and usefulness of maps. Indeed, the tolerance for
uncertainty is not the same when a map has regulatory effect as when it is used as a planning aid. In fact, it is a good thing

that these different types of maps coexist.

The 1 percent AEP (100-year flood) is chosen as the regulatory limit quite widely in Canada and the United States. If it seems
irrelevant to regulate the territory where the probability of occurrence is extremely low (e.g., an AEPof 0.2 percenT), this
information may be of interest when the fime comes to develop these territories and where significant investments can be

made for infrastructure, activities or populations that are highly vulnerable to these events.



3 VULNERABILITY MAPPING

Historically, the mapping tool for floodplain management has primarily represented flood hazard. Since the turn of the
century, scientific literature on the issue of vulnerability in floodplains has emerged, particularly in Quebec, emphasizing the
importance of better understanding flood-prone elements such as citizens, building stock, economic activities, critical

infrastructure, natural heritage, etc., to make better planning decisions (Thomas et al., 2012; Thomas & Da Cunha, 2017).

Some of these elements have heritage value or strategic importance, such as hospitals. Their vulnerability varies according
to their susceptibility to hazards and their ability to adapt (IPCC, 2014). The elements presented may also cover intangible
aspects such as public health, emotional value or social cohesion of a community (Morin, 2008). However, in general, flood
risk studies focus on estimating direct tangible damage, primarily for data availability reasons, and because they are

relatively easy to quantify (Ounaceur et al., 2019).

These elements deserve to be identified in a vulnerability diagnosis and mapped. To synthesize all this information and help
prioritize issues, vulnerability maps aggregate many socio-economic, demographic, geographical and environmental data,

and often represent vulnerability indices that reflect harmful impacts floods can have (Barrette et al., 2018; Thomas &

Gagnon 2020; Thomas & Da Cunha, 2017).

Although the exercise can be laborious, the specificities of the territory and its vulnerabilities are generally known by
stakeholders at the local and regional levels (Thomas & Gagnon, 2019b). It is therefore important to capitalize on this
knowledge and pool it with that of other experts as well as the knowledge of citizens (Cloutier & Demers, 2017; Massé et al.,
2018; Thomas, 2017). This mapping not only helps to make better planning decisions, but also to translate this knowledge

into action and to know who to talk to when communicating the risk of flooding.

In Quebec, these types of analyses are deployed by university teams that partner with local actors. For example, the Conseil
de gouvernance de I'eau des bassins versants de la riviere Saint-Francois? (COGESAF), with the help of the ARlaction team
at the Université de Montréal, produced a vulnerability diagnosis as well as a portrait of hydroclimatic events affecting the
Coaticook River watershed (COGESAF, 2018). Through its various action-research projects, this team has helped to

develop vulnerability analysis methodologies.

Members of this team are part of the LCRR Basin Social, Political and Economic (SPE) Analysis Group for which a Local
Community Vulnerability and Resilience Analysis was conducted (Thomas & Gagnon, 2020).

Laval University has also developed an atlas of the vulnerability of the Quebec population to climate hazards, a

mapping tool that provides, among other things, information on the vulnerability to hydrometeorological hazards of the

population of municipalized Quebec (Université Laval, 2018).

2 St. Francis River Watersheds Water Governance Council
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The new Flood Protection Plan does not provide a concrete association of vulnerability and hazard mapping in the
regulations. However, according to the 7th measure of this plan, a process to update the normative framework will
incorporate elements related to the vulnerability of populations and the built environment that cannot currently be mapped
because of a lack of extensive knowledge (Gouvernement du Québec, 2020). It would therefore be interesting for the work

of the international study on the LCRR to be used in the future normative framework.

3.1 VULNERABILITY INDICATORS

At the social and territorial level, vulnerability to flooding is assessed based on socioeconomic and demographic data that
characterize the population and built environment in floodplains. Because floods can have numerous impacts, there are
many indicators that can be used in this assessment; vulnerability assessment experts must choose those that are most
relevant to analyze according to the territory under study and the needs of the planners to whom they are directed.
Examples of vulnerability indicators include the proportion of the population over 65, the proportion of lone-parent families,
the unemployment rate and the presence of relevant infrastructure such as schools, hospitals, etc., (Barrette et al., 2018;

Thomas & Gagnon, 2020).

3.1.1 Thematic indices
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Figure 5. Example of mapping of exposure of territorial elements to a I00-year recurrent flood in Ontario (Plato, 2019).

By contrast, adaptive capacity (or coping capacity) helps reduce the vulnerability of people or infrastructure. It is the ability
to use the resources and means available to mitigate the adverse effects of a flood. This may include the presence of
institutional services (e.g., fire department, support organizations), the quality of human, financial, natural resources and

social capital, and the accessibility and proximity to these resources (Barrette et al., 2018; Thomas & Gagnon, 2020).

To highlight analytical findings, these two thematic indices can be subdivided into several categories and sub-categories.
One of the teams from the International Lake Champlain-Richelieu River Study Board conducted a vulnerability and
resilience analysis of local communities exposed to floods in the Canadian portion of the watershed. This work identified
social and territorial sensitivity, as well as adaptability and accessibility to infrastructure. Each of these indices is subdivided
into sub-themes, for example, sensitive populations, precarious status and limited resources, and levers are the components

of social sensitivity. This categorization allows for a more detailed analysis of the data (Thomas & Gagnon, 2020).

3.1.2 Component Aggregation

The components of the thematic indices can be aggregated using a mesh to provide a picture of each index and even the
so-called total vulnerability of the territory. Methods such as major component analysis (MCA), quantitative aggregation,

hierarchical analysis procedure, and regression analysis synthesize the variables (Barrette et al., 2018).

The total vulnerability index links the different indices to obtain a more general picture of vulnerability (Figure 6). The latter
is obtained by subtracting the coping capacity from the sensitivity. This overview reveals the major trends, but does not
replace the analysis of each component, so it is important to keep maps with disaggregated indicators to fully understand

the source of vulnerabilities (Thomas & Gagnon, 2020).
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On maps, vulnerability indices are typically translated into

sensitivity levels or adaptive capacity levels and represented A SERILIC ek,
capacité d'adaptation et

sensibilité territoriale

by colour coding. The addition of geomatic layers of interest o

such as flood delineation, building locations, urban and iy

residential perimeters, road network, location of critical
infrastructure such as fire halls, etc., supports the

interpretation of maps (Figure 6).

3.2 PERFORMANCE INDICATORS

In addition, vulnerability indicators can be adapted and used

as performance indicators addressing economic and

Saint-Jean-sur-Richelieu

environmental perspectives, for example. The purpose is to

assess the value of potential residential damage and income
losses to businesses in the agricultural, commercial, industrial  Figure 6. Vulnerability level, Saint-Jean-sur-Richelieu
and fourism sectors, or to consider the potential impacts of (Thomas & Gagnon, 2020). (French only)

these hazards on certain species of flora and fauna that are

unique to the floodplain. Some species of cultural significance, particularly to Indigenous communities, may be affected by

significant floods in the LCRR basin (Mathieu Roy, personal communication, March 26, 2021; Oubennaceur et al., 2019).

For example, it is possible to map and count residential buildings at risk of flooding and the number of kilometres of roads
flooded to a depth of 30 centimetres or more. Performance indicators are particularly useful for understanding the impacts
of floods of varying severity, identifying thresholds and comparing the effectiveness of different mitigation measures

(particularly structural mitigation measures, as they have a direct impact on water levels).

Many performance indicators have been modelled as part of the /nfegrated Social, Economic and Environmental System
(ISEE), which is currently being developed by one of the subgroups of the International LCRR Study Board. In addition to
estimating the economic, social and environmental impacts according to several levels of flooding, this project proposes to
map the loss of access to the road network according to different flooding scenarios, which refines the analysis of the

sensitivity related to the accessibility of infrastructure (Mathieu Roy, personal communication, March 26, 2021).

This tool could be very useful for municipalities, not only in their territorial planning but also in their flood preparedness.
However, in the absence of such an integrated tool, the overlay of hazard mapping with vulnerability mapping, as described

in the next section, would provide an interesting portrait to tailor the impact analysis to stakeholders and their needs.

3.3 VULNERABILITY ASSESSMENT ISSUES AND CHALLENGES

Depending on the thematic indices analyzed, the data may have diverse sources. These sources vary among the Canadian
census, municipal property assessment rolls, the libraries of several government departments and their partner institutions

such as the Institut national de santé publique® du Québec, etc., (Barrette et al., 2018).

3 National Institute of Public Health
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For vulnerability indicators to be represented in map form, data are aggregated at the dissemination block level. These are
territories whose sides are bounded by streets and boundaries of standard geographic areas. These blocks are the smallest
geographic unit for which population and dwelling counts are disseminated. They can then be grouped into larger
dissemination areas to cover the location of interest. However, this representation of space is not always adapted to that of
floods. The aggregation requires averaging results and redistributing them over the floodplain, which can increase

uncertainties and decrease map resolution (Barrette et al., 2018).

Depending on the region, the low diversity of variables is a challenge for constructing indices of vulnerability to hydroclimatic
hazards. The actual vulnerability is very complex and depends on a multitude of factors that are not necessarily identified
and geolocated by the authorities. As a result, proxy-type data are sometimes needed to construct indices, i.e., data that
allow indirect estimation of a vulnerability component (Barrette et al., 2018). For example, most communities do not have a
database on the physical and structural condition of each building located in a floodplain, or the proportion of dwellings
requiring major repairs. These factors greatly influence vulnerability. Therefore, vulnerability may be characterized based on
the year of construction of the buildings, because that data is availoble and it can be deduced that the older the building,
the more vulnerable it is. However, proxies do not have the same level of accuracy and reflect instead an estimate of

vulnerability. As well, the built environment and demographics are changing and data can quickly become outdated

(Barrette et al., 2018).

Another important example of these deficiencies is the almost universal lack of reliable estimates of the first-floor elevation of
buildings in the floodplain. Flood damage estimates are generally based on the depth of flooding above or below the first
floor, with some exceptions (such as in North Carolina); these altitude estimates are based on informed assumptions rather

than field studies, which make them inaccurate (Smith, 2021).

To address these potential uncertainties, the first-floor elevation of each residence along certain sections of the Richelieu
River was measured, as part of the ISEE system development, to estimate the damage value under different submersion
scenarios. Field surveys and algorithms based on geographic information systems were used, and claims data from the 2011

flood were used to calibrate the estimates (Mathieu Roy, personal communication, March 26, 2021).

Because the task is time-consuming and costly, it can be implemented at smaller scales by prioritizing areas of interest, for

example, the densest urban areas with the greatest probability of flooding (Oubennaceur et al., 2019).

Despite their uncertainties, vulnerability maps remain essential tools for prioritizing the most vulnerable sectors and selecting
the most relevant adaptation solutions. In addition, it is important to remember that these maps must be complemented by
the expertise of experienced municipal staff. These employees are a real asset to municipalities, and they have a good
knowledge of the territory and the dynamics that are responsible for floods and their impacts. Knowledge transfer to the next
generation should be an integral part of flood risk management strategies, complementing vulnerability mapping (Demers

et al., 2017).
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4 RISK MAPPING

There are many definitions of risk in the literature, but they all say that it is generally a function of environmental hazard and

vulnerability (European Environment Agency, 2016; IPCC, 2014; Morin, 2008).

The ministére de la Sécurité publique du Québec defines risk as “the combination of the probability of occurrence of a
hazard and the consequences that may result from it on the vulnerable elements of a given environment” (Morin, 2008).
The concept of risk therefore reflects the relationship between the probability of a hazard occurring and its potential impact
on people, property and other elements subjected to its manifestation. Despite this fairly broad definition, the term “flood

risk” is still often associated solely with hazard.

Neither hazard nor vulnerability alone is sufficient to define risk. Combining them is essential to properly understand the
scope of the problem and take appropriate action. For example, a potential flood in an uninhabited area where there is no
economic activity does not pose a significant risk, as few vulnerable elements are exposed. However, this same flood could
pose a significant risk if it is likely to occur in an urban setting with a high population density and flood-sensitive buildings

and infrastructure.

Risk mapping is a way to combine the hazard and its probability of occurrence with vulnerability indices to extract levels of
risk in the territory and manage it accordingly. It synthesizes and popularizes relatively complex information and plays a role

in improving maps as a communication tool.

Risk maps are most useful to support decision-making, emergency management and planning, and are more difficult to
associate with a regulatory land use planning framework. Nevertheless, some difficult development decisions, such as

relocation of residences, should be based on an overall understanding of risk and not just on the probability of hazards

(Alberti-Dufort, 2021).

4.1 INTEGRATING HAZARD AND VULNERABILITY INTO THE SAME MAPPING

Risk can be estimated from the product of a flood probability level, submersion depth, and vulnerability level (Figure 7). In
practical terms, in a map, this could result in two dissemination areas with the same level of total vulnerability becoming

different, since one of the two could have been in an area with a higher probability of flooding (Meyer et al., 2009).
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Figure 7. Flood frequency (left), total vulnerability (centre) and risk level (righf), in the Richelieu Valley, LCRR product from ISEE System
(Environment and Climate Change Canada, 2021 and Thomas and Gagnon, 2020).

In economic terms, the risk of flooding is often expressed as expected annual damage. Flood damage is estimated for a
series of events with different annual exceedance probabilities (Oubennaceur et al., 2019). In that case, the map
representation will identify the level of risk for each building located in the different recurrence areas (Figure 8) or at different

submersion levels as was done with the ISEE mapping tool (Figure 9).
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Figure 8. Example of expected annual damage Figure 9. Example of expected residential damage (%)
map ($) (Oubennaceur et al., 2019). for the specific water level of 31.3m of Lake Champlain
(Environment and Climate Change Canada, 202]).
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Some countries offer mapping tools with risk levels on which regulations are based. In France, for example, flood risk maps
generate zoning regulations that dictate development in floodplains. Depending on the intensity of the hazard and so-called
territorial issues associated with vulnerability, risk zones are defined. Territorial issues are classified according to their level of
urbanization and combined with two levels of hazard probability (Figure 10) (Cerema Méditerranée Service Vulnérabilité et

Gestion de Crise, 2019; Préfecture des Bouches-du-Rhéne — Direction Départementale des Territoires et de la mer, 2017).

Vulnérabilités |

Centre urbain (CU)

Autres zones urbanisées (AZU)

Figure 10. Zoning map based on the risk of flooding in France, (legend taken and modified from: Prefecture des

Bouches-du-Rhéne, 2017). (French only)

In Quebec, this work is also being done by certain government bodies such as the ministére de la Sécurité publique through
research projects (Pascal Marceau, personal communication, March 30, 2021) and even at the municipal level within the
Communauté métropolitaine de Montréal (CMM). Risk maps are also being drawn as part of the development of the ISEE

system for the LCRR basin (Mathieu Roy, personal communication, March 26, 2021).

In the absence of a unified mapping of flood risk, the diverse types of mapping discussed in this white paper (hazards and
vulnerability) can coexist and complement one another. However, it is important that they share a common language and
be centralized where information can be selected for use. This is what Wales, United Kingdom, is proposing with a Web

browser that brings together all maps relevant to flood risk management.
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4.2 RISK MAPPING ISSUES AND CHALLENGES

4.2.1 Sensitivities and Uncertainties

To highlight areas of interest, risk maps use colours and shapes to indicate severity of the risk. These visual indicators must
gather and simplify a large amount of data on the basis of consistent methodological choices that include uncertainties. It is

important to keep in mind that methodological choices can bias or distort issues affecting the mapped areas.

For example, a map on risks of damage to dwellings may interpret a low risk where flood water covers lawns but does not
enter buildings; however, if this floodwater over the lawns reaches septic tanks, it may require evacuations. Stakeholder

engagement in the mapped area can help produce more useful and relevant flood risk maps (Alberti-Dufort, 2021).

Also, if some indices are weighted more strongly, it may affect the characterization of risk; for example, in agricultural areas,
risk may be determined to be lower if the assessment gives weight to indices such as the presence of infrastructure or the

presence of low-income families. However, that does not mean that risks are not significant in those areas.

To address this issue, it is possible to conduct sensitivity tests, which exacerbate the weighting of certain indices to fully
understand the dominant factors in the analysis (Meyer et al., 2009). Furthermore, several risk maps can coexist to meet the

needs of different actors.

4.2.2 Definition of Risk Thresholds

Once flood risks are understood on a granular scale, it is necessary to simplify and categorize this information so that it can

be more easily and quickly appreciated.

The creation of a “high risk” category can be mapped to point out areas where buildings are exposed to such severe
consequences that owners would require assistance to exit the building and move to a safer location, for example. At the
other extreme, a “low risk” category could identify areas where owners would be responsible for implementing personal
adjustment strategies and where the purchase of insurance would be optional, for example. In addition, areas of near-zero

risk are also of interest since they can guide vulnerable development away from risk.

That said, defining the thresholds that distinguish these risk categories remains a challenge. At what level can risk be
determined to be high, medium, or low? It depends very much on risk tolerance, and this tolerance may vary in different
contexts and localities. This is why it will be important to involve local decision-makers in discussions (Meyer et al., 2009). A

common definition of thresholds, however, remains important to ensure equity across the territory.

It will be important to focus on the distribution of results when determining thresholds, as there may be little geographic
disparity, i.e., the same level of risk for the entire territory (Mathieu Roy, personal communication, March 26, 2021).

Moreover, the tool should be able to prioritize actions on a smaller scale as well.

Notwithstanding these challenges, flood risk maps are valuable in stimulating policy dialogue on flood risk management,

supporting strategic investment decisions, informing insurance underwriting and increasing public awareness of flood risks

(Albano et al., 2017).
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4.2.3 Data Update and Scarcity

As risk mapping is dependent on vulnerability analysis, it shares the same challenges of lack of data and updating. As
technologies multiply to improve the representation of randomness quickly and on a large scale, vulnerability factors remain
more expensive, longer and more complex to represent with a good level of certainty (Smith, 2021). It is therefore difficult to
give legal value to this type of map; however, these maps must provide additional support for decision-making and event

management. This information will also be vital for insurance companies.

In its risk-based regulatory model, France has opted for less granular and more general vulnerability indicators that
characterize the territory. For example, instead of listing all the buildings on display and their year of construction, territorial
categories were created based on the level of urbanization and different uses (Cerema Méditerranée Service Vulnérabilité et
Gestion de Crise, 2019). Accordingly, in an “urban centre,” even if the hazard is strong, a certain level of development is
allowed, since economic vitality and urban densification are given priority, as opposed to urban sprawl. This model is

imperfect but is one of the few examples of regulation associated with risk mapping.
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5 THE EVOLUTION OF FLOOD RISK

Following the 2011 floods (in the LCRR basin) and those of 2017 and 2019 (which affected Quebec), there was a need to
update available maps to describe flood hazards. Indeed, the existing hazard maps, produced with older data that

obviously did not take these events into account, have become less representative of real risk.

This is not surprising, since flooding is a dynamic phenomenon that evolves over space and time and its consequences will
depend as much on changes in climate as on changes in the demographic landscape and land use (Richard Turcotte,
personal communication, March 18, 2021). Since maps are static representations of territory, consideration of the future in
these planning tools presents challenges. There is, however, a real interest in representing the future in flood mapping as

these tools are used to support sustainable development decisions.

One of the groups studying the LCRR is working on this sensitive issue. Their work will focus on the impact of climate change
on the severity of floods, the influence of development policies on future vulnerability, and the interaction between these

phenomena (Frongois, 2020).

5.1 CLIMATE EVOLUTION

Due to climate change, all characteristics of flood hazards are likely to change over time. Climate change is generally
associated with warming: in Quebec, since the pre-industrial era, the average annual temperature has warmed by 110 3°C
depending on the region, and is expected to reach 3 to 4°C by 2050 (Ouranos, 2015, 2018). Because the climate system is

complex, changes in temperature affect the water cycle, including precipitation, snow and ice melt, evapotranspiration, efc.

The process of making hydroclimatic projections is based on climate simulation results that provide information on
temperature and precipitation in the future. This information is then processed and scaled across the watershed studied and

incorporated into a hydrologic model that estimates future flood flows (Lachance-Cloutier et al., 2018).

In Quebec, this work is being done by MELCC's water expertise branch (WEB) for many rivers in the southern portion of the
province. In general, the hydrological regimes of these rivers will be subject to more frequent winter thaws, increased

precipitation in the form of rain in winter and spring, and more extreme rainfall in summer and fall (Mailhot et al., 2012;

Monette et al., 2012; Sillmann et al., 2013).

For rivers in southern Quebec, this means by 2050, higher average flows during the winter and more severe low flows in the
summer, contrasted by more intense flooding in the summer and fall over a large portion of that territory (Lachance-Cloutier

etal., 2018). For the same time horizon, maximum snow accumulation and days with snow on the ground will likely decrease

(Guay et al., 2015).

In some watersheds in the southernmost part of Quebec, the increase in rainfall would not be large enough to compensate
for the decrease in snow, resulting in a decrease in spring flows. As well, spring flooding is expected to be a few weeks earlier

due to shorter winters (Lachance-Cloutier et al., 2018).

This is consistent with some of the projections made by the International LCRR Study Board that predict a slow decline in
average net water supplies to Lake Champlain. This would result in a slow downward trend in the probability of flood

occurrences (Frcm(;ois, 2020:; Lucas Picher et al., 2021). However, this conclusion needs to be nuanced, as the effects of
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climate change are provided by numerical simulations that are very useful for predicting the future but remain uncertain, due

in part to uncertainty in greenhouse gas scenarios and the ability of numerical models to simulate complex phenomena.

This study implemented a state-of-the-art hydrological model on the LCRR basin. The project was driven by three large,
multi-resolution sets of climate projections for two greenhouse gas (GHG) emission scenarios and three-time horizons. The
resulting differences in climate and hydrology vary between sets and emission scenarios. Simulations using ClimEx, a large
set of high-resolution regional climate models, with a high-GHG emission scenario (RCP8.5) and longer time horizon

(H80), indicated a future climate that was the warmest of the other sets and the other GHG scenario (Lucas Picher et al.,

2021).

These analyses do not exclude peaks of spring flooding of the same magnitude or greater than that which occurred in 2011
(flow rate of 1,580 m3/s) from happening in the future. Indeed, it is still possible that a succession of snowpack and
snowmelt events and heavy rains may occur, despite declining trends in overall statistics. On the other hand, the high
interannual (natural) variability of the system is expected to keep flood risks relatively unchanged in the near future (Lucas

Picher et al., 2021).

Finally, projections point to a time horizon, but do not reflect the climate trajectory between now and then. For this reason,

climate information should never be the sole basis on which decisions are made; rather, it should be used in conjunction with

other tools (Bleau & Roy, 2020).

5.2 REPRESENTATION OF CLIMATE CHANGE IN HAZARD MAPPING

Recognizing the complexity and uncertainty regarding climate change projections, it remains relevant to consider the future
probability of occurrence of flood hazards. Currently, the Atlas hydroclimatique du Québec méridional is the only interactive
mapping tool that provides information on the evolution of river flows in Quebec. However, the tool presents only the
direction of trends and the confidence level of projections, without spatially representing the extent of projected flows. This
tool is therefore disconnected from flood mapping and requires appropriate expertise in parallel (Lachance-Cloutier et al.,
2018). The atlas also does not include flows for less frequent recurrences such as 0-100 year floods. However, it is expected

that the 2021 version of this atlas will provide that type of information (Richard Turcotte, personal communication, March

18,2021).

Moreover, it would be useful for decision makers to obtain maps on the extent of floods that take into account future
changes. Some jurisdictions have begun to do this work. Internationally, the United Kingdom has produced a 100-year flood
map for the 2080 timeframe, available online. Closer to home, in British Columbia, maps of coastal flooding hazards in the

context of climate change were produced. Only the score predicted for the year 2100 is mapped (Government of British

Columbia, 2018) (Figure m.
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Figure I1. British Columbia, coastal floodplain map.

In the case of open-water flooding, since not all trends are towards increasing flows, it would be possible to model the

largest flow between today and a future horizon by incorporating the percentage change into the recurrence calculation.
For example, if a planning decision is made that should be sustainable for the next 40 to 50 years, such as locating a new
hospital, it is useful to observe the largest area covered by the recurrence zone with an AEP of 1 percent between now and

2070. The horizon chosen should reflect the needs of decision-makers and planners (Richard Turcotte, personal

communication, March 18, 2021).

Another option would be to have interactive multi-layer maps, which would allow the selection of flood ratings for different
time horizons. That option is interesting, since each group of actors who use maps tend to use their own maps, which best
represent their own issues, references and scales. The ISEE System project adopts this idea by grouping different maps for
each submersion scenario (Mathieu Roy, personal communication, March 26, 2021). Nevertheless, this type of tool must be

accompanied by explanations to ensure proper use, as well as an appropriate choice of recurrence.

In 2013, the province of Newfoundland and Labrador in Canada also initiated, for certain sectors, floodplain mapping for
two recurrence periods (0-20 and 0-100 years) and three-time horizons (2020, 2050 and 2080). Monochrome maps,
different for each time horizon and in PDF format, are proposed (Figure 12), making comparisons with present conditions

difficult (Government of Newfoundland and Labrador, 2013).
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Figure I12. Floodplain map for 1-20 years and I-100 years for the 2050 horizon — Corner Brook, NL, Canada.
However, there are very few examples of maps that integrate climate change. The International Lake Champlain-Richelieu
River Study Board benefits from a large amount of land characterization data, which offer a good opportunity to test

different mapping options.

In the absence of incorporating climate change into its maps, FEMA in the United States is revising them to take into
account new data that could influence flooding, such as new figures on precipitation. This is also what the new Quebec
legislation requires, with a 10-year update cycle. However, renewal of mapping across the territory requires a lot of resources

and time. For this reason, it is ideal to include a flood risk scenario in the mapping now.

5.3 UNCERTAINTIES AND TERRITORIAL EVOLUTION

Besides changes in precipitation and temperatures, occupation of the territory will also make the flood risk vary.

On the one hand, factors such as surface waterproofing, river rectification and dredging, removal of wetlands and
vegetation, addition of dams, dikes and several others, are human interventions on the territory that can accelerate or halt
water drainage to watercourses (GEMAPI, 2018). The long-term evolution of these factors is not simple to project, not to
mention that they are already difficult to represent in the present: their influence on the probability of occurrence requires use

of complex hydraulic models and numerous data.

3]



On the other hand, as is the case for hazards, vulnerabilities will evolve over time and should be re-assessed periodically. For
example, since the 2011 flood, many buildings have been protected from flooding, some roads have been raised, and the

overall picture of the population has changed.

Regularly revised databases and standardized analysis models could allow analysts to update their social and territorial
portraits. In addition, it is useful to stay connected with local actors who are familiar with their territory and whose

knowledge is not always accessible to the public.

In this sense, the risk of floods in the future depends on planning choices made today, considering they can both affect

hazard, exposure, and vulnerability.
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6 DISTRIBUTION OF MAPS

Maps are a powerful tool used around the world to communicate flood risks. They serve as aids for decision-makers and
urban planners, but also aim to raise public awareness of the impacts of floods and to increase the transparency of
government actions (Hagemeier-Klose & Wagner, 2009). Despite their great influence, the interpretation of flood maps is
highly subjective. For this reason, mapping tools must ensure that target audiences are able to understand and interpret the

information presented correctly and to access it easily and intuitively.

Several authors highlight the need to adapt floodplain visualization to users (Fundel et al., 2019; Ramos et al., 2010; Terti et
al., 2019). One of the barriers to understanding the message is the very wide range of different needs and interests related to
floodplain mapping. Indeed, each group of actors tends to use their own maps, those that best represent their own issues,
references and scales (Gueben-Veniére, 2017). For example, an insurance broker and a home buyer will interpret the same

map very differently.

6.1 DIFFERENT MAPS FOR DIFFERENT AUDIENCES

One solution to address these issues is the ability to produce different visualization tools for different users, as it is virtually
impossible to create a map that works for everyone. In this context, it is important to question the needs of different users to

convey information that these different audiences can understand.

As a result, some maps may only be intended for professionals, like those containing sensitive information useful for planning
purposes, such as vulnerability maps or residential damage maps. These maps, with more technical vocabulary, require
basic knowledge to be used properly. That said, there is sometimes a gap between the specialists who produce the maps

and those who interpret them in the course of their work, so interpretive guides are always relevant and useful (Wernstedt et

al., 2019).

Since there are many needs among professionals, there may be a range of maps that address the different issues. To
promote collaboration between stakeholders involved in flood risk management, mapping should integrate a plurality of

issues so that it can be shared by users with different needs and spatial representations (Gueben-Veniére, 2017; Petersen,

2017).

In contrast, simpler maps with some of the more sensitive information filtered out (e.g., expected damage in $/building) may

be available to the general public. The vocabulary used should be adapted to an uninformed audience. For example, the

Toronto Conservation Authority has conducted conceptual mapping of areas that are subject to regulations related to

flooding, erosion, beach dynamics, and where there may be interference with a wetland, shoreline or watercourse.

This interactive mapping, where a user can search by address, is available to citizens online, but is not regulatory in scope.
Since regulatory maps are legal documents typically sealed by certified professionals, which may change or be available
only in paper format, this basic tool was created as a first step in educating the public about land-use planning and flood-
prone areas in their municipality. Citizens who believe their property is in a potentially regulated area are invited to contact

the Board to consult an expert.
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https://trca.ca/planning-permits/regulated-area-search-v3/

6.2 DECREASING INTERPRETATION BIASES

Many biases can affect the correct interpretation of maps, so they should be considered when creating them. Typically
associated with visual representation choices, these biases refer to cultural habits and conventions that many people have
(Padilla et al., 2018). For example, if a visualization tool deviates from the convention that red is associated with danger and
green is associated with safety, its interpretation will require more attention and may lead to errors. Similarly, in English and
French, which read from left to right and from top to bottom, the information on the top left of a figure is seen first; these are

just a few examples of the visual elements that influence interpretation (Grounds et al., 2017).

It will also be important to adapt the vocabulary used to the target audience and present uncertainty in a variety of formats
(Wernstedt et al., 2019). For example, the concepts of recurrence period or recurrence zone may be misleading to a non-
technical audience, who may mistakenly infer that two “100-year floods” cannot occur, for example, within a 25-year
interval, which is false. On the other hand, as mentioned above, these probabilities are likely to vary, in particular because of
climate change. Some authors therefore suggest favoring both verbal and numerical scales (Jenkins et al., 2019) so that

high, medium and low hazard levels with a percentage designation (%) would be preferable.

The interactive nature of maps is also a strategy to facilitate interpretation. For example, allowing users to choose the
probability threshold or indicator that is useful to them is an interesting option (Fundel et al., 2019). As well, with the
widespread current use of tools like Google Maps, the level of digital literacy is such that a minimum level of cartographic
interactivity is generally expected (for example, being able to select layers and click on hyperlinks to other pages of interest).
The interactive format also allows one to position explanatory elements (tutorials, interpretation guides, and brief
explanatory texts) that are easy to locate within the tool. The United Kingdom has had an interactive and centralized web-

based resource for the past few years, where all flood maps are available and navigable (Figure 13).
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Figure I3. Interactive flood maps of Northern Ireland (2021).
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6.3 OPTIMIZING DISTRIBUTION AND USE OF MAPS

Finally, to promote public awareness and proactive use of maps, it is essential to centralize mapping tools on a user-friendly
online and interactive platform where searches can be done, for example, by using postal codes. This centralization should
also be accompanied by a communication and advertising campaign to promote floodplain mapping (Henstra &

Shabman, 2020).

Dissemination strategies will obviously depend on the target audiences and types of maps. In the case of citizens, a
significant number of Canadians are unaware that they live in a floodplain and are exposed to risks; they cannot logically

feel the need for measures that will make them more resilient to this hazard (CBC Radio, 2019; Thistlethwaite et al., 2017).

According to Jason Thistlethwaite, Professor of Environment and Economics at the University of Waterloo, it is currently
extremely difficult for Canadian citizens to know whether or not they live in a floodplain because the information provided by
municipalities is insufficient; it is either outdated, inaccessible or unintelligible to the average homeowner (CBC Radio,
2019). This raises the question of the role of municipalities, networks and other regional bodies (RCMs, watershed
organizations) in the development of education programs on prevention and the dissemination of up-to-date and accessible

information.

The many mapping tools representing hazards and vulnerabilities that are desirable for planning purposes require
considerable effort and are quite costly. It will therefore be important to ensure that these are available to professionals and
decision-makers, and that they are trained to make the best possible use of them. This is all the more important when these

maps are regulatory in scope.

To date, regulations are relatively complex and difficult to interpret and there is a lack of training. To be applied, the
normative framework must first be clearly understood by relevant actors, such as municipal inspectors, urban planners and
even elected officials. In the LCRR basin, some local players on the Quebec side say it is difficult to find out about regulations
such as the special intervention zones, and that they are often at a loss when faced with superimposed regulations. In

addition, interpretation may vary among public servants (Thomas & Gagnon, 2020).

These various issues are addressed in the fourth axis of intervention of the Quebec government’s Flood Protection Plan,

which deals with knowledge and communication. More specifically, measures 20, 22 and 23 aim to foster the development
and maintenance of flood expertise in the province, to network available information and make it accessible to various

stakeholders and citizens, since an official source of information can determine whether a property is located in a floodplain.
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/ CONCLUSION

This white paper is the first in a series of four documents commissioned by the Study Board to assess best practices for flood
risk management in the Lake Champlain-Richelieu River watershed. The LCRR International Study Board has given special
attention to this watershed since the 2011 flood. These findings are not prioritized, but reflect the order in which they were

discussed in the report.

1 Update hazard maps with the latest technology: In general, hazard maps, which are often linked to a land-use
regulatory framework, are of uneven quality and many are out of date. As time goes by, the territory changes and new
floods occur, the time series used to analyze hydrology must adapt and take these changes into account, so that data
sets are stable and representative of hydrological variability. At the same time, new technologies such as hydrological
and hydraulic modeling using numerical elevation models now make it possible to use the best available knowledge to
better represent floodplains. To serve their real purpose, these hazard maps need to be produced according to 2lst

century methodological standards.

2 Represent water depth: This justifies adding new elements to define flood hazards on a map, such as water depth,
velocity and presence of infrastructure, that may affect water level (this could include structural mitigation measures).
The LCRR study addressed these issues by creating a digital elevation model and a two-dimensional hydraulic model of

sections of the basin.

3 Map multiple areas of recurrence and historical events: New methods available also justify mapping multiple areas
of recurrence beyond a 100-year flood and representing historical events. These are ways to show the extent of floods

and improve hazard maps.

4 Account for specific natural processes: Processes such as geomorphological evolution or, in the case of the LCRR
basin, around the shores of the lake, should be accounted for; consideration of wind and waves would also be an

important addition because of their influence on water levels during floods.

5  Standardize methods along the basin: Uncertainty is inevitable and highly dependent on methodological choices.
This is why the standardization of methods along the Richelieu River is important and must take into account that
Quebec is currently in the process of updating its mapping. The latter not only looks at revising flood ratings, but also at

improving the representation of hazards with water height and areas of mobility.

6  Analyze and map vulnerabilities: Historically, the mapping tool for floodplain management has mainly represented
flood hazards. Since the turn of the century, scientific literature on the issue of vulnerability in floodplains has emerged,
particularly in Quebec. This literature highlights the importance of better understanding flood-prone elements such as
citizens, housing stock, economic activities, critical infrastructure, natural heritage, etc., to make better planning
decisions. These elements merit identification through a vulnerability diagnosis and mapping. However, this work
presents significant challenges in terms of data availability and updating, as authorities and other sources have not

structured their data collection for this purpose.

Despite these obstacles, a laborious review of the vulnerability and resilience of local communities was carried out by
the study group that examined social, political, and economic (SPE) issues affecting the LCRR basin (Thomas &
Gagnon, 2020). This work has also been used to develop performance indicators modeled through the /ntegrated
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Social, Economic and Environmental System (ISEE), currently being developed by this subgroup of the International
LCRR Study Group. Besides estimating the economic, social and environmental impacts of several submersion levels,
this project proposes a mapping of the loss of road network accessibility under different submersion scenarios. This

refines the sensitivity analysis related to infrastructure accessibility.

Assess and map risks on a granular scale: Vulnerability factors are important as they strengthen risk representation,
which is not just contingent on hazard. To this end, combining hydrological scenarios with vulnerability and
performance indicators is a sophisticated way of representing risk on a map, allowing, for example, estimation of the
probability of damage to each building in a specific area. It can also help designate areas for future development away

from high-risk locations.

While this practice is emerging in Quebec and elsewhere, the ISEE system is attempting to do so for the LCRR basin.
Such mapping remains difficult to link to a regulatory framework because of the many uncertainties and challenges
that arise from the analysis of hazards and vulnerabilities, such as data collection and availability. However, it would be
valuable in stimulating policy dialogue on flood risk management, supporting strategic investment decisions, informing

insurance underwriting and raising public awareness of flood risks.

Integrate climate change and changing vulnerability into maps: Adding to these many challenges, floods are a
dynamic phenomenon that changes over space and time, and their consequences will depend as much on changing
climate as on changing demographics and land use. However, since maps are static representations of a territory, it is
not easy to take the future into account in these planning tools. That is why the Quebec government is currently

considering how best to represent the future in floodplain mapping to support sustainable development decisions.

One of the LCRR study groups is also working on this sensitive issue. Their work will focus on the impact of climate
change on flood severity, the influence of planning policies on future vulnerability, and the interaction between these

phenomena.

Recognize that different maps with different purposes can co-exist: Maps can be used by professionals, as well as
the general public. Since uses vary between these two categories of users and among different professionals, producing
different visualization tools for these users based on their needs is recommended. In addition, some maps are linked to a

regulatory framework and others are not; however, they are still useful for communication or planning purposes.

Ensure that mapping tools are used to their full potential in flood management: As significant efforts are made to
improve flood mapping in the LCRR watershed and in Quebec, it becomes important to ensure that the tools developed
are used in the most optimal way. Therefore, thoughtful dissemination, adapted to different audiences (professionals

and citizens) and meeting current digital literacy standards, must accompany the dissemination of maps.

Learn from the results of research in the LCRR basin: The numerous research projects conducted by LCRR study
groups should be used by local authorities and could inspire the Quebec government’s current thinking on updating

flood maps and their regulatory framework.

Finally, even if high-quality mapping can be produced, the associated regulatory constraints and planning decisions will

have a concrete impact on society. The third paper in this series deals with land use issues in floodplains.
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